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Abstract. Short‑chain fatty acids (SCFAs; butyrate, propionate 
and acetate) are metabolites derived from the gut microbiota 
via dietary fiber fermentation. In colon cancer, treatment 
with SCFAs, mainly butyrate and propionate, suppresses cell 
proliferation, migration and invasion. Furthermore, although 
sodium butyrate is known to induce cell apoptosis in lung 
cancer, the anticancer effects of sodium propionate (SP) on 
lung cancer are not well understood. In the present study, SP 
treatment induced cell cycle arrest, especially in the G2/M 
phase, and cell apoptosis in the H1299 and H1703 lung cancer 
cell lines. As determined by reverse transcription‑quantitative 
PCR and western blotting, Survivin and p21 expression levels 
were significantly affected by SP treatment, suggesting that 
SP treatment suppressed cell proliferation in these lung cancer 
cell lines. Thus, it was proposed that the SP‑mediated regula-
tion of Survivin and p21 in lung cancer may be applicable to 
lung cancer therapy.

Introduction

The microbiota and microbiome‑derived metabolites in the 
colon have been recognized as an alternative therapy for colon 
cancer treatment  (1). The microbiota in the colon produce 
short‑chain fatty acids (SCFAs; butyrate, propionate and 
acetate) via dietary fiber fermentation to maintain human 
health (2). Several in vivo and in vitro studies have reported 
that SCFAs, mainly butyrate, exert anticancer effects, such 

as suppressing cell growth, migration and invasion, on colon 
cancer (3,4). Recently, sodium butyrate treatment was shown 
to upregulate miR‑3935 expression, which prohibited the 
proliferation and migration of A549 cells (5). However, despite 
studies on the roles of SCFAs in the colon, the anticancer 
effects of SCFAs, especially propionate, on lung cancer are 
not well understood. Therefore, the present study examined 
the anticancer effects and molecular mechanism of sodium 
propionate (SP) using lung cancer cell lines.

Survivin, an antiapoptotic protein, is overexpressed in 
several types of cancer, and knockdown of Survivin induces 
cell apoptosis by increasing Bad and Bax expression and 
inducing G2/M arrest (6). Additionally, in an in vivo xenograft 
model of KRAS‑mutant lung adenocarcinoma, Survivin 
knockdown and trametinib treatment induced cell death (7). 
Moreover, in hepatocellular carcinoma cells, treatment with 
ATB‑263, a novel Bcl‑2 inhibitor, and silencing of Survivin 
induced cell apoptosis; these results implied that Survivin 
knockdown is an important method to overcome the hurdle of 
drug resistance in cancer therapy (8), and the development of a 
method for silencing Survivin is urgently needed.

Therefore, in the present study, cell cycle arrest and apop-
tosis were investigated in lung cancer cell lines treated with 
SP, and downregulated Survivin expression and upregulated 
p21 expression was found. Based on the results of this study, 
the novel utilization of propionate for lung cancer treatment is 
proposed, due to its anticancer effects.

Materials and methods

Cell culture and reagents. H1299 and H1703 are non‑small 
cell lung carcinoma (NSCLC) cell lines. NSCLC accounts 
for ~85% of all lung cancer cases and is more insensitive to 
chemotherapy than small cell lung carcinoma (SCLC). As 
NSCLCs are a main lung cancer type and are difficult to treat, 
NSCLC cell lines were selected to assess the activity of propio-
nate. The human lung cancer cell lines H1299 and H1703 were 
purchased from the Korean Cell Line Bank and cultured in 
RPMI supplemented with 10% FBS and 1% penicillin/strepto-
mycin in a humidified atmosphere with 5% CO2 at 37˚C. The 
normal human lung cell line MRC5 was purchased from the 
Korean Cell Line Bank and cultured in MEM supplemented 
with 10% FBS and 1% penicillin/streptomycin in a humidi-
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fied atmosphere with 5% CO2 at 37˚C. SP (cat. no. P5436) was 
purchased from Sigma‑Aldrich; Merck KGaA. H1299 and 
H1703 cells were treated with 10 mM SP for 48 h. Distilled 
water was used for the control treatments (9).

Cell viability assay. For crystal violet staining (10,11), cells 
treated with 0 mM (DW), and 10 mM SP for 48 h were washed 
twice with PBS and fixed with cold 100% methanol for 5 min 
at 20˚C. After being washed twice with PBS, the cells were 
stained with a 0.1% crystal violet solution (cat. no. C0775; 
Sigma Aldrich; Merck KGaA) for 5 min at room temperature. 
The cells were then washed five times with distilled water 
and observed under a light microscope (magnification, x100; 
OLYMPUS 1X71; Olympus Corporation).

Fluorescence‑activated cell sorting (FACS) analysis. After 
treatment with SP for 48 h, the cells were collected and incu-
bated with Muse Annexin V & Dead Cell Reagent (Merck 
KGaA; cat. no. MCH100105) for 20 min at room temperature. 
After incubation, approximately 5x103 cells were analyzed 
with a Muse cell analyzer (Merck KGaA) (12). FACS analysis 
with propidium iodide staining was performed. For cell cycle 
analysis after treatment with SP, cells treated with SP for 48 h 
were fixed with 70% ethanol and incubated with Muse® Cell 
Cycle Assay reagent (Merck KGaA; cat. no. MCH1001060) for 
30 min at room temperature, according to the manufacturer's 
instructions. To measure the activity of caspase 3/7, the Muse 
Caspase‑3/7 kit (Merck KGaA; cat. no. MCH100108) was 
used. According to the user's guide, cells treated with SP for 
48 h were treated with Muse Caspase‑3/7 working solution 
and incubated for 30 min in a 37˚C incubator with 5% CO2. 
After incubation, ~5x103 cells were analyzed with a Muse cell 
analyzer (EMD Millipore). The FACS results were analyzed 
using Muse 1.5 Analysis software (Merck KGaA).

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was isolated from the indicated cell lines using a Qiagen 
RNeasy Mini kit (Qiagen, Inc.), according to the manufacturer's 
instructions. RNA aliquots of 1 µg were then reverse tran-
scribed using the iScript™ cDNA synthesis kit (Bio‑Rad 
Laboratories, Inc.), according to standard protocols: 5 min at 
25˚C, 20 min at 46˚C and 1 min at 95˚C. qPCRs were performed 
using the AriaMx Real‑Time PCR instrument (Agilent 
Technologies, Inc.), according to the manufacturer's instruc-
tions. qPCR was performed on cDNA samples using Brilliant 
III Ultra‑Fast SYBR® Green qPCR Master Mix (Agilent 
Technologies, Inc.), and the signal was detected by the AriaMx 
Real‑time PCR System (Agilent Technologies). The thermocy-
cling conditions were as follows: 95˚C for 3 min, followed by 
40 cycles of 95˚C for 5 sec and 55˚C for 10 sec. The fluorescence 
threshold value was calculated using Agilent Aria 1.6 software 
(Agilent Technologies, Inc.) (13,14). Using the Agilent Aria 1.6 
software, ΔCq values were calculated and normalized to 
β‑actin (ACTB; https://www.agilent.com/cs/library/applica-
tions/application‑fod‑cannabis_5994‑0430en‑agilent.pdf). The 
following PCR primers were used: E2F transcription factor 
(E2F)1 (forward, 5'‑GGACCTTCGTAGCATTGCAG‑3' and 
reverse, 5'‑CTGATCCCACCTACGGTCTC‑3'), E2F2 
(forward, 5'‑AGGAGCTGAAGGAGCTGATG‑3' and reverse, 
5'‑TCTTGTTGGCCTTGTCCTCA‑3'), E2F4 (forward, 5'‑CGG 

GAGCAAGAACTAGACCA‑3' and reverse, 5'‑TCCTCATGA 
GTGACGTAGGC‑3'), CDK4 (forward, 5'‑ACAGCTACCAGA 
TGGCACTT‑3' and reverse, 5'‑GTCGGCTTCAGAGTTTCC 
AC‑3'), cyclin A2 (CCNA2; forward, 5'‑CATGGACCTTCA 
CCAGACCT‑3' and reverse, 5'‑AGTGTCTCTGGTGGGTTG 
AG‑3'), cyclin B2 (CCNB2; forward, 5'‑AGTTCCAGTTCA 
ACCCACCA‑3' and reverse, 5'‑GCAGAGCAAGGCATC 
AGAAA‑3'), p21 (forward, 5'‑CTTTGTCACCGAGAC 
ACCAC‑3' and reverse, 5'‑CAGGTCCACATGGTCTTCCT‑3'), 
Survivin (forward, 5'‑AGGACCACCGCATCTCTACAT‑3' and 
reverse, 5'‑AAGTCTGGCTCGTTCTCAGTG‑3') and ACTB 
(forward, 5'‑ACTCTTCCAGCCTTCCTTCC‑3' and reverse, 
5'‑CAATGCCAGGGTACATGGTG‑3').

Western blot analysis. Cells were washed once with PBS 
and then lysed in cold lysis buffer [50 mM Tris HCl (pH 7.4), 
150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, 
1 mM Na3VO4, 1 mM NaF and 1X protease inhibitor cock-
tail]. Cell lysates were centrifuged at 14,000 x g for 15 min 
at 4˚C, boiled in 5X sample buffer, and subjected to protein 
determination (BSA; cat. no. 23208; Thermo Fisher Scientific, 
Inc.). Protein samples (10  µg) were subjected to western 
blot analysis as follows: Nitrocellulose membranes (cat. 
no. 1620145; Bio‑Rad Laboratories, Inc.), blocking reagent 
(5% skim milk; 1 h at room temperature) and precast gels 
(4‑20% Mini‑PROTEAN® TGX™; cat. no. 456 1094; Bio‑Rad 
Laboratories, Inc.) were used with the indicated antibodies 
at a 1:1,000 dilution ratio  (15,16). Samples were stained 
with anti‑Survivin (cat. no. 2803S), anti‑poly (ADP‑ribose) 
polymerase (PARP; cat. no.  9542S), and anti‑Caspase  3 
(cat. no. 9662S) antibodies from Cell Signaling Technology, 
Inc., and anti‑p21 (cat. no. SC‑6246) and anti‑ACTB (cat. 
no. SC‑47778) antibodies from Santa Cruz Biotechnology Inc. 
at 4˚C (overnight). Secondary antibodies at a 1:5,000 dilution 
(rabbit, cat. no. SC‑2357; mouse, cat. no. SC‑2031; Santa Cruz 
Biotechnology, Inc.) were incubated at room temperature 
for 1 h, and an ECL solution (cat. no. 170‑5060; Bio‑Rad 
Laboratories, Inc.) was used for visualization. The results 
were analyzed using ImageJ software (version 1.8.0; National 
Institutes of Health).

Statistical analysis. Results are expressed as the mean ± SD 
of three independent experiments. Student's t‑test was used 
to assess significance using Microsoft Excel 2013 (Microsoft 
Corporation). P<0.05 was considered to indicate a statistically 
significant difference.

Results

SP suppresses the growth of lung cancer cell lines. To inves-
tigate the anticancer effect of SP against lung cancer, cell 
growth assays were performed on H1299 and H1703 cell lines 
after SP treatment. After 10 mM SP treatment, cell growth was 
significantly lower than that after control treatment, as deter-
mined by crystal violet staining (Fig. 1). However, treatment 
of a normal lung cell line (MRC5) with SP had no effect on 
cell growth compared to that observed in the lung cancer cell 
lines, as determined by the cell growth assay (data not shown). 
Although several studies have recently shown that SCFAs, 
including propionate, suppress growth in colon cancer cell 
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lines (17‑19), it was observed in the present study that SP also 
has anticancer effects against lung cancer cell lines. Thus, an 
alternative therapeutic method using SP is proposed for lung 
cancer treatment.

SP induces G2/M arrest in lung cancer cell lines. SCFA treat-
ment initiates cell cycle arrest and apoptosis in colon cancer 
cell lines (18,20). Thus, the present study also assessed the 
effects of SP on the cell cycle in lung cancer cell lines. To verify 
the relationship between the cell cycle and SP treatment in the 
H1299 and H1703 cell lines, FACS analysis with propidium 
iodide staining was performed. As shown in Fig. 2A and B, 
dose‑dependent G2/M arrest was clearly observed after treat-
ment of the H1299 and H1703 cell lines with SP, implying that 
SP‑induced G2/M arrest inhibited cell growth in these lung 
cancer cell lines.

Next, to evaluate the role of SP treatment at the molecular 
level, primers were designed for the amplification of various 
cell cycle‑related genes (E2F1, E2F2, E2F4, CDK4, CCNA2, 
CCNB2, p21 and Survivin) (6,21‑23). The RT‑qPCR results 
clearly showed that the expression levels of the E2F family 
members, CDK4, CCNA2, CCNB2 and Survivin were signifi-
cantly decreased after SP treatment in the H1299 and H1703 
cell lines. Moreover, the expression of p21, a cyclin‑dependent 
kinase inhibitor (22), was clearly induced by SP treatment in 
both lung cancer cell lines. In particular, G2/M arrest‑related 
genes (CCNA2, CCNB2, Survivin and p21) were significantly 
reduced or induced in the SP‑treated groups compared to those 
in the control groups (Fig. 2C). Thus, it may be concluded that 
SP treatment reduced the transcription of cell cycle‑related 

genes, especially those related to the G2/M phase, to inhibit 
the cell growth of lung cancer cell lines.

SP treatment induces the apoptosis of H1299 and H1703 cells. 
Li et al  (6) reported that silencing Survivin expression by 
siRNA treatment resulted in cell apoptosis and G2/M arrest in 
the Heal and MCF7 cell lines. In addition, the upregulation of 
p21 expression induced cell apoptosis and cell cycle arrest (24). 
Thus, to confirm the regulation of Survivin and p21 expres-
sion by SP treatment in more detail, western blot analysis was 
performed with anti‑Survivin and anti‑p21 antibodies. After 
treatment with SP (10 mM), the Survivin and p21 protein 
expression levels were significantly decreased and increased, 
respectively (Fig. 3A). Next, to determine whether SP‑induced 
growth suppression was related to cell apoptosis, FACS analysis 
was performed using Annexin V. The proportions of cells in 
early and late apoptosis were greater in the SP treatment group 
than in the control group (Fig. 3B). Moreover, the induction 
of the apoptosis markers cleaved PARP and cleaved caspase 3 
by SP treatment was investigated in the H1299 and H1703 cell 
lines, revealing that SP treatment induced cell apoptosis by 
controlling Survivin and p21 expression in these lung cancer 
cell lines (Fig. 4A). In addition, to confirm the western blot-
ting results, FACS analysis was performed to measure the 
activity of caspase 3/7. As shown in Fig. 4B, the activity of 
caspase 3/7 was increased by SP treatment. Taken together, 
the present data show that SP treatment induced apoptosis and 
cell cycle arrest by regulating Survivin and p21 expression in 
lung cancer cell lines, similar to its effects on colon cancer; 
these molecular mechanism data provide useful information 

Figure 1. SP suppresses the proliferation of H1299 and H1703 cells. Cell growth assays were performed (crystal violet staining). After SP treatment (0 and 
10 mM), (A) H1299 and (B) H1703 cells were fixed in 100% methanol and stained with crystal violet solution. The cells were imaged with a microscope. Scale 
bar, 140 µm. P‑values were calculated using Student's t‑tests. **P<0.01; ***P<0.001. SP, sodium propionate.
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Figure 3. SP treatment induces cell apoptosis by regulating Survivin and p21 expression. (A) Western blot analysis after treatment with SP using anti‑Survivin 
and anti‑p21 antibodies. ACTB was used as the internal control (left panel), and the signal intensity corresponding to Survivin and p21 was quantified using 
ImageJ software (right panel). P‑values were calculated using Student's t‑tests. ***P<0.001. (B) Fluorescence activated cell sorting analysis using Annexin V 
staining was performed after SP treatment. The lower right and upper right panels indicate early and late apoptosis, respectively. SP, sodium propionate; ACTB, 
β‑actin.

Figure 2. Cell cycle‑related genes in lung cancer cell lines are regulated by SP treatment. FACS analysis using PI staining was performed after treatment of 
(A) H1299 and (B) H1703 cells with SP (0 and 10 mM). (C) Reverse transcription‑quantitative PCR analysis of cell cycle‑related genes after treatment with 
SP. P‑values were calculated using Student's t‑tests. **P<0.01; ***P<0.001. SP, sodium propionate; E2F, E2F transcription factor; CCNA2, cyclin A2; CCNB2, 
cyclin B2.
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on the potential role of the anticancer effector propionate in 
lung cancer treatment (Fig. 4C).

Discussion

SCFAs derived from the microbiome affect colon cancer 
proliferation by modulating histone hyperacetylation and 
dysregulating Bcl‑2, Bax, p21 and proliferating cell nuclear 
antigen expression (18,25). In addition, sodium butyrate can 
also suppress the proliferation of other cancer types, such as 
lung and prostate cancer, by regulating p21 expression (26, 27). 
However, as most studies on SCFAs have focused on butyrate, 
the functionality of propionate in lung cancer is not widely 
known. Therefore, the present study established a hypothesis 
regarding the relationship between lung cancer and propionate 
based on several previous studies (25‑27), and provided novel 
functional information regarding the role of propionate in 
lung cancer treatment. To assess the function of propionate in 
lung cancer, it was necessary to choose between two types of 
propionate, SP and propionic acid (PA), because propionate 
cannot exist solely in nature. However, when PA is added to 
cell culture media, the acidic effects on cancer cells must be 
negated. Thus, to assess the anticancer activity of propionate, 
SP was selected, although its general use is as a mold inhibitor 
in baked goods.

SP inhibited lung cancer cell proliferation by inducing cell 
cycle arrest, especially in the G2/M phase. Moreover, to iden-
tify the relationship between cell cycle‑related genes and SP 
treatment, RT‑qPCR analysis was performed, and it was found 
that several cell cycle‑related genes were up‑ or downregu-
lated by SP treatment. Although downregulation of the E2F 
family and CDK4 was previously shown to be mainly involved 
in G1 arrest (21), the reduction rates of the E2F family and 

CDK4 were broadly lower than those of CCNA2, CCNB2 and 
Survivin as determined by RT‑qPCR analysis. Thus, it was 
hypothesized that in the lung cancer cell lines, SP treatment 
may affect the entire cell cycle machinery, particularly G2/M 
arrest, and that this regulation may suppress cell proliferation.

The anticancer drug epigallocatechin‑3‑gallate (EGCG) 
augments the anticancer effect of leptomycin  B (LMB) 
treatment on lung cancer cells by upregulating p21 and down-
regulating Survivin. Although the clinical usage of EGCG is 
a subject of debate, combination therapy with LMB exerts a 
synergistic effect on lung cancer cell lines (28). In the present 
study, the induction of caspase 3/7 activity and apoptosis by 
SP treatment was observed in lung cancer cell lines. Western 
blot analysis also showed that SP treatment increased cleaved 
PARP and caspase 3 expression by down‑ and upregulating 
Survivin and p21, respectively. Thus, the novel suggestion 
is proposed that SP may function as a sensitizer of LMB 
treatment and could be combined with LMB in lung cancer 
therapy. However, to translate this hypothesis to the clinic, 
the activity of SP must be evaluated in vivo, and an accurate 
mode‑of‑action study on propionate treatment for the regula-
tion of Survivin and p21 expression is required.

In conclusion, although propionate treatment is known to 
suppress cell growth and induce apoptosis in colon cancer cell 
lines, the results of the present study suggested that it could 
also function as an anticancer drug for the treatment of lung 
cancer, by inducing cell apoptosis and cell cycle arrest by 
down‑ and upregulating Survivin and p21 expression, respec-
tively. Therefore, although many hurdles must be cleared for 
SCFAs to be applicable in lung cancer treatment, the present 
results suggest that SCFAs derived from the microbiome and 
dietary therapy may help patients with lung cancer; however, 
in vivo studies are needed to validate the effectiveness of SP.

Figure 4. SP treatment induces cleaved PARP and caspase-3/7 activity in H1299 and H1703 cells. (A) Western blot analysis after SP treatment using anti‑PARP 
and anti‑caspase‑3 antibodies. Actin (ACTB) was used as the internal control. (B) FACS analysis using the Muse Caspase‑3/7 working solution was performed 
after SP treatment. The upper right panel indicates apoptotic and dead cell portions. (C) Schematic summary of the effects of SP on lung cancer. SP, sodium 
propionate; PARP, poly (ADP‑ribose) polymerase; ACTB, β‑actin; 7‑AAD, 7‑aminoactinomycin D.
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