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Sodium propionate exerts anticancer effect in mice bearing
breast cancer cell xenograft by regulating JAK2/STAT3/ROS/

p38 MAPK signaling

Hyun-Soo Park’, Joo-Hui Han', Jeong Won Park?, Do-Hyung Lee', Keun-Woo Jang', Miji Lee', Kyung-Sun Heo' and

Chang-Seon Myung'

Propionate is a short-chain fatty acid (SCFA) mainly produced from carbohydrates by gut microbiota. Sodium propionate (SP) has
shown to suppress the invasion in G protein-coupled receptor 41 (GPR41) and GPR43-overexpressing breast cancer cells. In this
study we investigated the effects of SP on the proliferation, apoptosis, autophagy, and antioxidant production of breast cancer cells.
We showed that SP (5—20 mM) dose-dependently inhibited proliferation and induced apoptosis in breast cancer cell lines JIMT-1
(ER-negative and HER2-expressing) and MCF7 (ER-positive type), and this effect was not affected by PTX, thus not mediated by the
GPR41 or GPR43 SCFA receptors. Meanwhile, we demonstrated that SP treatment increased autophagic and antioxidant activity in
JIMT-1 and MCF?7 breast cancer cells, which might be a compensatory mechanism to overcome SP-induced apoptosis, but were not
sufficient to overcome SP-mediated suppression of proliferation and induction of apoptosis. We revealed that the anticancer effect
of SP was mediated by inhibiting JAK2/STAT3 signaling which led to cell-cycle arrest at Go/G; phase, and increasing levels of ROS
and phosphorylation of p38 MAPK which induced apoptosis. In nude mice bearing JIMT-1 and MCF7 cells xenograft, administration
of SP (20 mg/mL in drinking water) significantly suppressed tumor growth by regulating STAT3 and p38 in tumor tissues. These
results suggest that SP suppresses proliferation and induces apoptosis in breast cancer cells by inhibiting STAT3, increasing the ROS

level and activating p38. Therefore, SP is a candidate therapeutic agent for breast cancer.
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INTRODUCTION

Breast cancer is the second-leading cause of cancer-related death
in women and exhibits abnormal proliferation, invasion, and
evasion of apoptosis [1, 2]. When cell cycle regulation is
dysfunctional and apoptosis is inhibited, cancers can be aggra-
vated [3, 4]. Breast cancer can be subclassified based on gene
expression, such as the presence or absence of the estrogen
receptor (ER), human epidermal growth factor receptor 2 (HER2)
expression and triple-negative status (ER-, progesterone receptor-,
HER2-) [2, 5]. Thus, investigating the responses of different
subtypes is important for understanding the therapeutic efficacies
of pharmacologic tools.

Although reactive oxygen species (ROS) production in cancer
cells is greater than in healthy cells due to metabolic and hypoxia
stresses, cancer cells also produce ROS scavengers and antioxidant
enzymes (superoxide dismutase, glutathione, glutathione perox-
idase, and peroxiredoxin) to maintain an appropriate level of ROS,
which ameliorates oxidative stress and inhibits apoptosis, thus
promoting cancer progression [6]. Autophagy is induced by
various cellular stresses, such as a lack of nutrients and oxidative
stress, and involves the degradation of organelles and

unnecessary proteins [7, 8]. The formation of autophagosomes is
initiated by the activation of the unc-51-like autophagy activating
kinase 1 complex by a class Ill phosphoinositide 3-kinase complex
containing beclin-1, and the autophagy-related protein 5
(Atg5)-Atg12 complex catalyzes microtubule-associated protein
light chain 3 (LC3)-l to LC3-ll maturation [9]. The increased
autophagic activity in cancer cells plays an important role in tumor
survival and growth [10]. Autophagy also decreases the anticancer
drug-induced increase in ROS levels, causing drug resistance in
cancer cells [11]. Therefore, modulation of the proliferation,
apoptosis, antioxidant activity, and autophagy of cancer cells
could be a therapeutic strategy for cancer.

The Janus kinase 2 (JAK2)-signal transducer and activator of
transcription 3 (STAT3) signaling pathway promotes tumor growth
by regulating the expression of cell cycle regulatory and
antiapoptotic genes [12]. However, small-molecule inhibitors of
STAT3 have not been approved by the United States Food and
Drug Administration (FDA) [13]. The rapid increase and main-
tenance of p38 mitogen-activated protein kinase (MAPK) activity
induces apoptosis in cancer cells, and p38 MAPK-deficient cells are
resistant to apoptosis [14]. ROS-mediated p38 activity also induces
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apoptosis in breast cancer cells [15]. However, p38 protects
human melanoma cells by inhibiting ultraviolet-induced apoptosis
[16]. Recent studies have focused on treating cancer by targeting
combinations of proteins. BP-1-102, a novel inhibitor of STAT3,
induced apoptosis and suppression of migration and invasion by
inhibiting STAT3 and activation of p38 in gastric cancer [17].
Isoliquiritigenin induced apoptosis and cell cycle arrest by
regulating the ROS-mediated MAPK/STAT3/nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) pathways in
hepatocellular carcinoma cells [18]. Tannic acid upregulated p38/
STAT1 signaling and inhibited epidermal growth factor receptor/
STAT1/3 signaling, which induces apoptosis and G, phase arrest in
breast cancer cells [19]. However, there is insufficient evidence to
support multiple modulations of STAT3 and p38 to achieve
antiproliferative effects and induction of apoptosis in breast
cancer cells as a treatment strategy. In addition, experimental
evidence regarding the functional regulation of cancer cells is
lacking.

Short-chain fatty acids (SCFAs; principally acetate, propionate,
and butyrate) have fewer than six carbons and are produced from
carbohydrates by gut microbiota [20]. Depending on the diet, the
total concentration of SCFAs in the distal colon is 20-70 mM [21].
Among SCFAs, propionate is produced from succinate through the
succinate pathway or from lactate via the acrylate pathway [22].
Propionate is an agonist of G protein-coupled receptor 41 (GPR41)
and GPR43 and influenced insulin-induced glucose uptake by
activating GPR41 in 3T3-L1 adipocytes and C2C12 myotubes [23].
In addition, propionate inhibited the proliferation of liver cancer
cells by activating GPR43 [24] and inhibited proliferation and
induced apoptosis through the GPR43-mediated signaling path-
way in colon cancer cells [25]. Propionate also suppressed invasion
by activating large tumor suppressor kinase 1 and inhibiting
extracellular signal-requlated kinase 1/2 in GPR41- and 43-
overexpressing breast cancer cells [26]. However, studies on
propionate for the proliferation and apoptosis of breast cancer are
lacking. Thus, we investigated the anticancer effect of sodium
propionate (SP) on the proliferation, apoptosis, autophagy, and
antioxidant production of breast cancer cells.

MATERIALS AND METHODS

Materials

SP, pertussis toxin (PTX), S31-201, SB203580, N-acetyl-L-cysteine
(NACQ), zinc protoporphyrin IX (ZnPP), and 2’,7-dichlorofluorescin
diacetate (H,DCFDA) were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Rapamycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), and 3-methyladenine (3-MA) were
purchased from Merck Millipore (Billerica, MA, USA). [*H]-thymidine
was obtained from AgenBio, Ltd. (Seoul, South Korea). Anti-B-actin,
anti-cyclin E1, anti-cyclin D1, anti-CDK2, anti-CDK4, and anti-
proliferating cell nuclear antigen (PCNA) antibodies were pur-
chased from AbFrontier (Geumcheon, Seoul, South Korea). Anti-
phospho-retinoblastoma protein (Rb) (Ser®®”8'"), anti-LC3 A/B,
anti-Atg12, anti-beclin-1, anti-phospho-p38, anti-p38, anti-
phospho-JAK2 ~ (Tyr'%7/1%%8) " anti-JAK2,  anti-phospho-STAT3
(Tyr’®%), anti-STAT3, anti-poly (ADP-ribose) polymerase (PARP),
anti-B-cell lymphoma 2 (Bcl-2), and anti-nuclear factor erythroid
2-related factor 2 (Nrf2) antibodies were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). Anti-heme oxyge-
nase 1 (HO-1) was purchased from Abcam (Cambridge, UK).

Cell culture

JIMT-1 (ER-negative and HER2-expressing), MCF7, and T47D (ER-
positive type) and MDA-MB-231 (triple-negative) breast cancer cells
were cultured in Dulbecco’s modified Eagle’s medium containing
10% (v/v) fetal bovine serum (FBS), 4.5 g/L D-glucose, SP, 2 mM L-
glutamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin at 37
°C in a humidified atmosphere containing 5% CO,.
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Cell proliferation and viability assays

For evaluation of the effect of SP on proliferation, cells were
cultured in medium containing 10% FBS for 24 h. The cells were
then seeded in 12-well plates at a density of 5 x 10* per well with
or without SP (day 0). The cells were further cultured in medium
with or without SP, and the cell numbers were counted every 24 h
for 3 days using a hematocytometer. For determination of the
effect of SP on proliferation and analysis of the underlying
signaling pathways, cells were seeded in 96-well plates at a
density of 3x 10% cells per well and treated with or without SP,
PTX, NAC, 3-MA, rapamycin, S3I-201, SB203580, or ZnPP for 48 h.
Next, the medium was removed, and 200 pL of 5 mg/mL MTT was
added for 4 h. After the MTT solution was replaced with 200 pL of
dimethyl sulfoxide, the absorbance at 565 nm was measured using
a microplate reader (Infinite M200 Pro; Tecan Group, Ltd.,
Méannedorf, Switzerland).

Analysis of cell cycle progression

Cell cycle progression was analyzed using the Muse® Cell Cycle Kit
(Merck Millipore, Billerica, MA, USA) according to the manufacturer’s
protocol. Briefly, cells were seeded in 6-well plates at a density of
1.5 x 10° cells per well and treated with or without 20 mM SP for 48
h. The cells were washed in phosphate-buffered saline (PBS) and
fixed in 70% ethanol for 24 h at 4 °C. Next, the cells were mixed with
kit solution (catalog no. MCH100106) and stained for 30 min at room
temperature (RT) in the dark. Cell cycle progression was analyzed
using a Muse™ Cell Analyzer (Merck Millipore).

Apoptosis assay

Cell apoptosis and viability were measured using the Muse® Count
& Viability Assay Kit and Muse™ Annexin V & Dead Cell Kit (Merck
Millipore) according to the manufacturer’s protocol. In brief, cells
were seeded in six-well plates at a density of 1.5x 10° cells per
well and treated with or without 20 mM SP, NAC, 3-MA, rapamycin,
S31-201, SB203580, or ZnPP for 48 h. The cells were washed in PBS,
mixed with kit solution (catalog no. MCH100102 for dead cell
counting; catalog no. MCH100105 for apoptosis analysis), and
stained for 20 min at RT in the dark. Cell apoptosis and viability
were measured using a Muse™ Cell Analyzer (Merck Millipore).

DNA synthesis assay

The [*H]-thymidine incorporation assay was used to measure DNA
synthesis, as described previously [26]. Cells were seeded in 24-well
plates at a density of 2.5x 10* cells per well, with or without SP.
After 2 days, 2 uCi/mL [*H]-thymidine was added to the medium,
and the cells were incubated for 4 h. [*H]-thymidine incorporation
was stopped by washing with cold PBS containing 10% (v/v)
trichloroacetic acid and ethanol/ether (1:1, v/v). The cells were
dissolved in cold 0.5 N NaOH for 1 h; acid-insoluble [*H]-thymidine
was collected, mixed with 3 mL of scintillation cocktail (Ultimagold;
Packard Bioscience, Meriden, CT, USA), and quantified using a liquid
scintillation counter (LS3801; Beckman, Palo Alto, CA, USA).

Immunofluorescence staining

Immunofluorescence staining was performed as described pre-
viously [27]. Cells were seeded on cover slips, incubated for 24 h,
and treated with or without 20 mM SP for 48 h. Next, the cells
were washed in cold PBS, fixed with cold 4% formaldehyde for 20
min, and permeabilized in chilled 0.1% Triton X-100 for 2 min.
After treatment with 3% bovine serum albumin (BSA) in PBS for 1
h at RT, the cells were incubated with a primary anti-phospho-Rb
(5er®781)  anti-phospho-p38, or anti-phospho-STAT3 (Tyr’®)
antibody overnight at 4°C, followed by incubation with a
fluorescein isothiocyanate-labeled secondary antibody for 2 h at
RT. Nuclei were stained with 4/,6-diamidino-2-phenylindole, and
immunofluorescence images were obtained using a super-
resolution confocal laser scanning microscope (LSM 880 with
Airyscan; Zeiss, Oberkochen, Germany).
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Analysis of ROS generation

The intracellular ROS level was determined as described previously
using H,DCFDA [27]. After pretreatment with or without SP, NAC,
S31-201, or SB203580 for 48 h, the cells were incubated with 20 uM
H,DCFDA for 30 min at 37°C. The intracellular ROS level was
determined by measuring the fluorescence intensity using a
microplate reader (Infinite F200 Pro; Tecan Group, Ltd.).

Western blot analysis

Western blotting was performed as described previously [27]. Briefly,
total cell lysates were prepared using radioimmunoprecipitation
assay lysis buffer (150 mM sodium chloride, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50 mM
Tris-HCl [pH 7.5], and 2mM ethylenediaminetetraacetic acid)
containing proteinase inhibitors. After incubation for 1h at 4°C,
the cell lysates were centrifuged at 15,000 rom for 10 min at 4°C,
and the supernatants were collected. The protein concentrations
were determined using a Bicinchoninic Acid Protein Assay Kit
(Pierce, Rockford, IL, USA). The proteins were subjected to SDS-
polyacrylamide gel electrophoresis and transferred to a polyvinyli-
dene fluoride membrane (Atto Corporation, Tokyo, Japan). After
blocking, the membranes were incubated with primary antibodies
against PCNA (1:1,000), cyclin E1 (1:1000), cyclin D1 (1:1000), CDK2
(1:1000), CDK4 (1:1000), phospho-Rb (Ser®®”®1") (1:1000), PARP
(1:1000), Bcl-2 (1:1000), GPR41 (1:500), GPR43 (1:1000), Nrf2 (1:1000),
HO-1 (1:1000), phospho-p38, (1:1000), total-p38 (1:1000), phospho-
JAK2 (Tyr'097/1998) (1:1000), total-JAK2 (1:1000), phospho-STAT3
(Tyr’®) (1:1000), total-STAT3 (1:1000), and B-actin (1:2000). The
membrane was washed and incubated with the corresponding
horseradish peroxidase-conjugated secondary antibody, and the
signals were detected using an enhanced chemiluminescence
immunoblotting detection system. The protein levels were normal-
ized to that of B-actin or the total protein level. Band intensities were
quantified using Quantity One software (Bio-Rad, Hercules, CA, USA).

Xenograft tumorigenicity assay

The protocols for the use and care of experimental animals were
approved by the Animal Care and Use Committee of Chungnam
National University (approval number, CNU-00897). Six-week-old
female athymic NCr-nu/nu mice were obtained from Samtako
(Osan, Gyeonggi-do, South Korea). Administration of 20 mg/mL SP
in drinking water was started simultaneously with injection of
cells. For development of tumors from MCF7 cells, 10 ug/mL
water-soluble B-estradiol (Sigma-Aldrich, Saint Louis, MO, USA)
was administered in drinking water beginning 1 week before the
injection of cells [28]. JIMT-1 and MCF7 (5x 10°% cells) cell
suspensions (200 L) mixed with Matrigel basement membrane
matrix (BD Life Sciences, Franklin Lakes, NJ, USA) were inoculated
subcutaneously into the right flank of the mice. The tumor size
was measured using calipers weekly until the end of the study.
The mice were euthanized, and the tumors were dissected. The
tumor volume was calculated as L x W x H x 0.5236.

Statistical analysis

Data are expressed as the mean + standard error of the mean.
Significant differences among groups were identified by one-way
analysis of variance and Dunnett’s test using Prism 5.01 (GraphPad
Software, San Diego, CA, USA). A value of P<0.05 was taken to
indicate statistical significance.

RESULTS

SP inhibits the proliferation of breast cancer cells by inducing cell
cycle arrest

The effect of SP on the proliferation of various breast cancer cells
[JIMT-1 (ER-negative & HER2-expressing), MCF7 & T47D (ER-
positive), and MDA-MB-231 (triple-negative)] was examined by
cell counting assays. Cell growth was significantly reduced by 5
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and 10 mM SP in a time-dependent manner regardless of cell type
(Fig. 1a, e and Supplementary Fig. S1). Since SP-induced inhibition
of cell proliferation in JIMT-1 and MCF-7 cells was greater than that
in other cell types, hereafter, these two cells were used in further
studies to measure cell viability and DNA synthesis using MTT and
[*H]-thymidine incorporation assays. As expected, the viability of
both cell lines was significantly decreased by 0.5-20 mM SP at 48
h in a dose-dependent manner (Fig. 1b, f). Correspondingly, [>HI-
thymidine incorporation was decreased in the JIMT-1 and MCF7
cells in a dose-dependent manner (Fig. 1¢, g). To assess cell cycle
arrest in the JIMT-1 and MCF7 cells, we assayed the levels of cell
cycle regulatory proteins by Western blotting, immunofluores-
cence, and flow cytometry using a Muse® Cell Cycle Kit. The
expression levels of PCNA, cyclin E1/D1, and CDK2/4 in both cell
lines were decreased by SP in a dose-dependent manner, as was
the phosphorylation of Rb (Fig. 1d, h). These results were
confirmed by immunofluorescence analysis of phospho-Rb (Fig. 1i,
j)- The population of Go/G; phase cells was significantly increased
and that of S and G,/M phase cells was decreased by 20 mM SP in
both cell lines (Fig. 1k, I). These results indicate that SP inhibits the
proliferation of breast cancer cells by inhibiting the expression or
activity of cell-cycle checkpoint proteins and suppressing DNA
synthesis, resulting in arrest at Go/G; phase.

SP induces cell death by inducing apoptosis in breast cancer cells
To confirm the effect of SP on apoptosis, we determined the
changes in the levels of apoptotic markers and in nuclear
morphology by Western blotting and immunofluorescence assays.
SP resulted in an increased cleaved PARP level and decreased Bcl-
2 level in both cell lines (Fig. 2a-d) in a dose-dependent manner.
In addition, nuclear fragmentation was induced by 20 mM SP in
the JIMT-1 and MCF7 cells (Fig. 2e, f). Next, viability and apoptosis
were analyzed using the Muse® Count & Viability Kit and Annexin
V & Dead Cell Kit. The proportion of dead 20 mM SP-treated JIMT-1
and MCF7 cells was significantly increased compared with that of
the control cells (Fig. 2g). Moreover, the proportion of apoptotic
and dead cells was significantly increased by 20 mM SP (Fig. 2h).
Although SP increased the expression of GPR41, but not GPR43
(Supplementary Fig. S2a, b), the effect of SP was not affected by
PTX, a Gormediated signaling inhibitor (Supplementary
Fig. S2c-h). Thus, SP induces apoptosis and causes death of
breast cancer cells independent of GPR41 or GPR43.

Effect of SP on autophagy in breast cancer cells

Autophagy plays an important role in the maintenance of
intracellular homeostasis and viability and affects cell proliferation,
migration, and differentiation [29, 30]. Cancer cells form tumors by
increasing autophagy, which also confers resistance to che-
motherapy [11]. To confirm the effect of SP on autophagy in
breast cancer cells, we measured the levels of the autophagic
markers LC3-ll, beclin-1, and free Atg12 by Western blotting. SP
increased the levels of LC3-Il and beclin-1 and decreased that of
free Atg12 at 48h in a dose-dependent manner (Fig. 3a, b).
Therefore, SP increases autophagic activity in JIMT-1 and MCF7
breast cancer cells.

To determine the role of autophagy in the SP-mediated
apoptosis and inhibition of proliferation, we used 5mM 3-MA
(autophagy inhibitor) and 200 nM rapamycin (autophagy activa-
tor). The SP-induced increase in the cleaved PARP level was
greater in the 3-MA-treated cells than in the control cells (SP
treatment) (Fig. 3¢, d). In contrast, the level of cleaved PARP was
lower than that in the control group following rapamycin
treatment. The regulation of autophagy by 3-MA or rapamycin
might not alter the SP-mediated inhibition of proliferation.
However, MTT assays showed that 3-MA significantly enhanced
the SP-mediated inhibition of proliferation in both cell lines
(Fig. 3e, f). In contrast, the antiproliferative activity of 20 mM SP
was weakened by rapamycin in both cell lines. Similarly, the
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Fig. 1 Effect of sodium propionate (SP) on the proliferation of breast cancer cells. a, e Proliferation of JIMT-1 (ER-negative & HER2
expressing) and MCF7 (ER-positive) breast cancer cells in the presence or absence of 5 or 10 mM SP for 1, 2, or 3 days (n=5). Cells were
cultured with or without SP (0-20 mM) for 48 h, and viability (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide [MTT] assay) (b, f)
and DNA synthesis ([*H]-thymidine incorporation assay) (c, g) were measured (n = 5). The effect of SP (0-20 mM) on the levels of the cell cycle
proteins proliferating cell nuclear antigen (PCNA), cyclin E1, cyclin D1, cyclin-dependent kinase 2 (CDK2), CDK4, and phospho-retinoblastoma
protein (Rb) was examined by Western blotting (d, h) and immunofluorescence (nuclei, blue; phospho-Rb, green; scale bar = 40 pm; i, j). Band
densities were normalized to those of p-actin. Gel and immunofluorescence images are representative of three independent experiments. k, |
Effect of SP on cell cycle progression (flow cytometry) in JIMT-1 and MCF7 cells (n = 3). Data are the mean + SEM. Significance by Dunnett’s
test: *P < 0.05, **P <0.01, ***P < 0.001 vs. the control (Ctrl, no treatment group).
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Fig.2 Effect of SP on the apoptosis of breast cancer cells. a-d Effect of SP on the levels of cleaved poly (ADP-ribose) polymerase (PARP) and
B-cell lymphoma 2 (Bcl-2) in JIMT-1 and MCF7 breast cancer cells. Cells were cultured with or without SP (0-20 mM) for 48 h, and apoptosis
and survival were examined by measuring the levels of cleaved PARP and Bcl-2, respectively, by Western blotting. Gel images are
representative of three independent experiments. Band densities were normalized to those of f-actin. e, f Effect of SP on nuclear
fragmentation in the JIMT-1 and MCF7 breast cancer cells. Nuclei of the cells treated with or without SP (20 mM) were stained with 4,6-
diamidino-2-phenylindole (DAPI) (nuclei, blue; arrow, nuclear fragmentation; scale bar=20pm). Immunofluorescence images are
representative of three independent experiments. g Effect of SP on the viability of the JIMT-1 and MCF7 breast cancer cells. Cells treated
with or without SP (20 mM) were mixed with the Muse® Count & Viability reagent, and cell viability was analyzed using Muse® software (n = 3).
h Effect of SP on the proportion of viable and apoptotic JIMT-1 and MCF7 breast cancer cells. Cells treated with or without SP (20 mM) were
mixed with Muse® Annexin V and Dead Cell reagent, and the proportions of viable and apoptotic cells were measured using a Muse® Cell
Analyzer (n = 3). Data are the mean + SEM. Significance by Dunnett’s test: *P < 0.05, **P < 0.01 vs. the control (no treatment group).
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Fig.3 Effect of SP on autophagy in breast cancer cells. a, b Effect of SP on autophagy in JIMT-1 and MCF7 breast cancer cells. Cells were cultured
with or without SP (0-20 mM) for 48 h, and the levels of light chain 3 (LC3)-ll, beclin-1, and free autophagy-related protein 12 (Atg12) were
assessed by Western blotting. ¢, d Effect of autophagic regulation on SP-induced apoptosis and proliferation in JIMT-1 and MCF7 breast cancer
cells. The levels of phospho-Rb and cleaved PARP were determined by Western blotting in the cells treated with or without SP or 3-MA (autophagy
inhibitor) or rapamycin (autophagy activator) for 48 h. Band densities were normalized to those of f-actin. Gel images are representative of three
independent experiments. e, f The viability of the JIMT-1 and MCF7 cells treated with or without SP or autophagic regulators was measured by
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vs. the control (no treatment group) or the indicated group.
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proportion of apoptotic cells was increased by 3-MA and
decreased by rapamycin in both cell lines (Fig. 3g, h). Therefore,
the SP-mediated increase in autophagic activity may be a
compensatory mechanism to overcome SP-induced apoptosis.

SP modulates the ROS level in breast cancer cells

Intracellular ROS act as signaling molecules [31]. However, when
ROS are maintained at an excessively high level, cell death is
induced via oxidative damage [6]. Due to the increase in
metabolic rate, gene mutation and relative hypoxia, tumor cells
have excessive ROS levels, which are eliminated by increasing
antioxidant signaling pathways in the same cells [32]. To
determine the role of ROS in SP-induced apoptosis, we measured
the ROS levels in the SP-treated breast cancer cells. The ROS levels
in the JIMT-1 and MCF7 cells were increased by SP but were
abolished by 5 mM NAC (ROS scavenger) (Fig. 4a). Moreover, the
antiproliferative effect of SP was attenuated by NAC (Fig. 4b). The
SP-mediated decrease in the phospho-Rb levels was not altered
by NAC; however, the cleaved PARP levels were decreased
(Fig. 4c). When the ROS level increases, Nrf2 induces HO-1 to
mediate a reduction of ROS [33]; thus, we measured Nrf2 and HO-
1 expression in both cell lines. The expression of Nrf2 and HO-1
was increased by SP (0-20 mM) in the JIMT-1 and MCF7 cells at 48
h in a dose-dependent manner, indicating a compensatory
mechanism to overcome the SP-induced apoptosis (Fig. 4d). To
investigate the role of HO-1 in the regulation of SP-mediated
inhibition of proliferation and apoptosis, we used 25uM ZnPP
(HO-1 inhibitor). The ability of SP to suppress proliferation was
enhanced by ZnPP in both cell lines (Fig. 4e). As expected, in the
presence of ZnPP, the cleaved PARP level was increased, and Bcl-2
expression was decreased (Fig. 4f). The proportion of apoptotic
cells in the SP-treated group was decreased by NAC and increased
by ZnPP (Fig. 4g, h). These results indicate that SP induces
apoptosis by increasing ROS levels and that cancer cells
upregulate HO-1 expression to prevent apoptosis, which may
play an important role in the survival of breast cancer cells.

Effects of SP on JAK2-STAT3 and p38 MAPK activation in breast
cancer cells

STAT3 is a transcription factor that has multiple pro-oncogenic
functions in cancer cells and is mainly activated by JAK-mediated
phosphorylation [34]. p38 MAPK plays an important role in the
regulation of cancer cell survival, death, differentiation/dediffer-
entiation, apoptosis, and checkpoint control [35]. SP attenuated
the expression and subsequent phosphorylation of JAK2, inhibited
the phosphorylation of STAT3 and increased the phosphorylation
of p38 in a dose-dependent manner in both cell lines (Fig. 5a, b).
These results were confirmed by immunofluorescence (Fig. 5¢, d).
To determine the relationship between these two signaling
proteins, we assessed the phosphorylation levels of STAT3 and
p38 at 0-360min and 0-48h. At early time points, the
phosphorylation level of p38 was increased, whereas that of
phospho-STAT3 was unchanged in both cell lines (Fig. 5e, f).
Interestingly, the phospho-p38 level increased continuously up to
24 h, and the phosphorylation of STAT3 significantly decreased
beginning at 24 h in both cell lines (Fig. 5g, h). These results
suggest that SP induces phosphorylation of p38 earlier, and
phosphorylation of STAT3 is decreased when p38 activity peaks.
The interaction of these two proteins at different time points
might constitute a breast cancer cell regulatory mechanism.

SP exerts an anticancer effect by regulating STAT3 and p38 in
breast cancer cells

To confirm the roles of STAT3 and p38 in the anticancer effect of
SP on JIMT-1 and MCF7 cells, we used inhibitors of STAT3 (100 uM
S31-201) and p38 (10uM SB203580). Interestingly, S31-201
enhanced p38 phosphorylation in the cells treated with or
without SP, decreased the level of phospho-Rb and increased
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the levels of cleaved PARP, Nrf2 and HO-1, implying that STAT3
can regulate cell cycle progression, apoptosis and ROS levels
(Fig. 6a, b). Thus, SP with S31-201 resulted in enhanced inhibition
of STAT3, leading to potentiation of the anticancer effect of SP.
Similar to that of S31-201, the anticancer effect of SP was due to
direct activation of p38. When p38 upregulation in the SP-treated
cells was inhibited by SB203580, the levels of phospho-STAT3,
phospho-Rb, Nrf2 and HO-1 were unchanged. However, the SP-
mediated increases in the levels of cleaved PARP were decreased
by SB203580 in the JIMT-1 and MCF7 cells. In the presence of NAC,
the ability of SP to phosphorylate p38 and increase the expression
of Nrf2 and HO-1 was weakened, while phospho-STAT3 was not
affected in both cell lines, implying that ROS can regulate p38
activation and induce the antioxidant pathway (Fig. 6¢). S31-201,
but not SB203580, increased the ROS level and decreased cell
viability, which was ameliorated by NAC (Fig. 6d, e), indicating the
involvement of the STAT3-ROS-p38 signaling axis. SB203580 did
not alter the viability of either cell line because it did not affect the
ROS levels. Compared with that of the control, the proportion of
apoptotic cells was increased by S31-201 alone, and STAT3
regulation (S31-201) potentiated the SP-induced apoptosis in both
cell lines (Fig. 6f). However, SB203580 did not alter the proportion
of apoptotic cells, and p38 regulation (SB203580) decreased the
SP-induced apoptosis (Fig. 6g). These results suggest that the
inhibition of STAT3 activity by SP exerts an anticancer effect by
increasing the ROS level and activating p38. Thus, an elevated ROS
level and sustained p38 activation are implicated in the SP-
induced apoptosis of breast cancer cells.

SP inhibits tumor growth in a breast cancer cell xenograft model
To confirm the ability of SP to suppress tumor growth in vivo, we
injected JIMT-1 or MCF7 cells into athymic nude mice. Tumor
growth in the SP-administered JIMT-1 group was slower than that
in the JIMT-1 control group (Fig. 7a). Similarly, the growth of
tumors derived from the MCF7 cells was significantly reduced by
SP compared with that of the MCF7 control group (Fig. 7e). SP also
reduced the tumor weight by 50% (Fig. 7b, f) and the tumor size
(Fig. 7¢, g) compared with the control, regardless of whether the
tumors were derived from JIMT-1 or MCF7 cells. The regulatory
effects on STAT3 and p38 showed the same patterns in vitro and
in vivo (Fig. 7d, h). These results indicate that SP suppressed tumor
growth by regulating STAT3 and p38 MAPK in JIMT-1 and MCF7
breast cancer cells.

DISCUSSION

Our findings suggest that the regulation of JAK2-STAT3-ROS-p38
MAPK signaling pathways could be an effective therapeutic
strategy for breast cancer and confirm the potential of SP for
the treatment of breast cancer. Our study yielded three major
findings (Fig. 7i). First, SP exerted an anticancer effect by inducing
cell cycle arrest and apoptosis in breast cancer cells, to which
breast cancer cells responded by increasing autophagy and Nrf2
and HO-1 expression. Second, the antiproliferative effect of SP in
breast cancer cells was mediated by inhibition of JAK2-STAT3,
which led to increased intracellular ROS generation, in turn
resulting in apoptosis. Third, the relationship between ROS
generation and long-term activation of p38 was regulated by
SP-induced STAT3 inhibition, resulting in apoptosis of breast
cancer cells. This is the first report of the mechanism of the
anticancer effect of SP, the sodium salt of propionate, which is
produced from indigestible carbohydrates by bacteria resident in
the human gut.

The suppression of proliferation and induction of apoptosis in
cancer cells have been investigated as anticancer therapies
[36, 37]. Although many studies have used small molecule
inhibitors of cancer cell proliferation as anticancer drugs [38], we
focused on SP, which is used as a food additive. SP significantly
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Fig. 4 Effects of reactive oxygen species (ROS) on SP-induced proliferation and apoptosis in breast cancer cells. a, b Effect of SP on ROS
production and viability in JIMT-1 and MCF7 breast cancer cells. The ROS level was measured in the cells treated with or without SP (10 or 20
mM) or N-acetyl-L-cysteine (NAC; 5 mM, ROS scavenger) for 48 h by 2/,7'-dichlorofluorescin diacetate (H,DCFDA) assays (n = 3). Viability was
determined in the cells treated with or without SP or NAC by MTT assays (n = 3). ¢ Effect of NAC on SP-induced apoptosis and proliferation.
The levels of cleaved PARP and phospho-Rb were measured in the cells treated with or without SP or NAC. d Effect of SP on the expression of
nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1). Nrf2 and HO-1 expression was assessed in the cells treated
with or without SP (0-20 mM) by Western blotting. Band densities were normalized to those of f-actin. Gel images are representative of three
independent experiments. e Effect of zinc protoporphyrin IX (ZnPP; HO-1 inhibitor) on the SP-induced proliferation. The viability of the cells
treated with or without SP or ZnPP (25 pM) for 48 h was measured by MTT assays (n = 3). f Effect of ZnPP on the SP-induced apoptosis and
proliferation. The levels of cleaved PARP and Bcl-2 were assessed by Western blotting in the cells treated with or without SP or ZnPP (n =3).
g, h Effect of NAC or ZnPP on the SP-induced apoptosis. The proportion of viable and apoptotic cells treated with or without SP, NAC or ZnPP
was determined using a Muse® Annexin V and Dead Cell Analyzer (n = 3). Data are the mean + SEM. Significance by Dunnett’s test: *P < 0.05,
**P < 0.01, ¥***P < 0.001 vs. the indicated group.
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Fig. 5 Effects of SP on Janus kinase 2 (JAK2)-signal transducer and activator of transcription 3 (STAT3) and p38 mitogen-activated
protein kinase (MAPK) activation in breast cancer cells. a, b Effect of SP on the expression and phosphorylation of JAK2, STAT3 and p38 in
JIMT-1 and MCF7 breast cancer cells. Cells cultured with or without SP (0-20 mM) for 48 h were lysed, and the lysates were subjected to
Western blotting using the indicated antibodies. Gel images are representative of five independent experiments. ¢, d The cells treated with or
without SP (20 mM) were incubated with primary antibodies for phospho-p38 and phospho-STAT3 (green), followed by a fluorescein
isothiocyanate (FITC)-conjugated secondary antibody and DAPI (blue, nuclei). Immunofluorescence images are representative of three
independent experiments (scale bar =40 pm). The levels of phospho-p38 and phospho-STAT3 in the JIMT-1 and MCF7 cells treated with 20
mM SP for 0-360 min (e, f) or 0-48 h (g, h) were assessed by Western blotting (n = 5). The intensity of the phosphorylated protein bands was
normalized to that of the total protein or B-actin. Data are the mean + SEM. Significance by Dunnett’s test: *P < 0.05, **P < 0.01, ***P < 0.001 vs.
the control (no treatment or O time-point group).
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Fig. 6 Effects of STAT3 and p38 regulation on SP-induced ROS generation, proliferation and apoptosis in breast cancer cells. a, b JIMT-1
and MCF7 cells were cultured with or without SP (10 or 20 mM), S31-201 (100 pM, STAT3 inhibitor) or SB203580 (10 uM, p38 inhibitor) for 48 h.
Cell lysates were subjected to Western blotting using the indicated antibodies. ¢ Effects of NAC on SP-induced phosphorylation of p38 and
STAT3 in JIMT-1 and MCF7 cells. The levels of p38 and STAT3 phosphorylation and the expression of Nrf2 and HO-1 were determined in the
cells treated with or without SP or NAC by Western blotting. Band densities were normalized to those of p-actin. Gel images are representative
of three independent experiments. d, e Effects of STAT3 or p38 inhibitors on ROS production and cell viability. ROS levels and viability were
determined in the cells treated with or without S3I-201, SB203580, or NAC (5 mM, ROS scavenger) by H,DCFDA and MTT assays, respectively
(n=23). f, g The proportions of viable and apoptotic JIMT-1 or MCF7 cells treated with or without SP, S31-201, or SB203580 were determined
using a Muse® Annexin V and Dead Cell Analyzer (n = 3). Data are the mean + SEM. Significance by Dunnett’s test: *P < 0.05; **P < 0.01; ***P <
0.001 vs. the indicated group. N.S., not significant.
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inhibited cell proliferation regardless of subtype (Fig. 1a, e,
Supplementary Fig. S1). In addition, SP induced cell cycle arrest at
Go/Gy, which inhibited cell cycle-regulated protein activation
(Fig. 1) and induced apoptosis by enhancing PARP cleavage and
decreasing Bcl-2 expression in both the JIMT-1 and MCF7 cells
(Fig. 2). Notably, the suppression of proliferation and induction of
apoptosis in breast cancer cells were independent of the GPR41-
and GPR43-mediated signaling pathways (Supplementary Fig. S2).
Therefore, the ability of SP to inhibit cancer growth warrants
further investigation.

The regulation of autophagy has received increased attention as
a tumor suppressor or tumor promoter [39]. The induction of
apoptosis by downregulating autophagy and the cytoprotective
effect in response to a toxic stimulus with the aim of alleviating
cellular stress are possible strategies [40]. SP increased the
autophagic activity of breast cancer cells (Fig. 3a, b), and an
activator of autophagy (rapamycin) inhibited SP-induced apopto-
sis (Fig. 3c—h). Therefore, these results suggest that the SP-
mediated increase in autophagic activity is a compensatory
response to overcome SP-induced apoptosis for the survival of
breast cancer cells.

Although ROS at normal levels function as messengers in
intracellular signaling pathways [31], an excessive ROS level
induces apoptosis by causing intracellular oxidative damage [41].
Conversely, blockade of ROS production prevents intracellular
signaling [31]. In this study, SP increased the ROS level in breast
cancer cells, and a decreased ROS level inhibited SP-induced
apoptosis (Fig. 4a—c). Interestingly, the expression of the
antioxidant proteins Nrf2 and HO-1 was increased by SP, and
the inhibition of HO-1 expression significantly promoted the SP-
induced apoptosis of breast cancer cells (Fig. 4d-h). Thus, SP
increased the ROS level, which induced apoptosis in breast cancer
cells, and Nrf2 and HO-1 expression was increased to maintain cell
survival. Although both autophagic activity and antioxidant levels
were increased by SP, this change cannot overcome the apoptosis
of breast cancer cells. Therefore, the ability of SP to increase
intracellular ROS generation mediates its main anticancer effect
against breast cancer cells.

Next, we focused on the molecular mechanisms of the SP-
induced antiproliferative effects and apoptosis of breast cancer
cells. Interestingly, SP decreased the expression and phosphoryla-
tion of JAK2. Although JAK2 is known to be negatively regulated
by the ubiquitin-proteasome pathway [42], further study of the SP-
mediated JAK2 ubiquitination is needed. In addition, SP decreased
STAT3 activation and induced and maintained p38 activation after
12 h (Fig. 5). The knockdown or blockade of STAT3 increased the
ROS levels and induced apoptosis in breast cancer cells [43]. ROS-
induced p38 activation induced apoptosis in breast cancer cells
[44, 45]. In this study, ROS generation, p38 MAPK activation, and
Nrf2 and HO-1 expression were increased in the breast cancer cells
treated with both SP and a STAT3 inhibitor, resulting in inhibition
of phospho-Rb and promotion of apoptosis, whereas STAT3
activity, Rb phosphorylation, and ROS generation were not
affected in the cells treated with a p38 inhibitor (Fig. 6). Thus,
the SP-induced increase in ROS generation is mainly caused by
inhibition of STAT3. Compared with S31-201 alone, SP with S3I-201
increased p38 phosphorylation without affecting Nrf2 and HO-1
expression, indicating direct activation of p38 by SP. Therefore, SP-
induced STAT3 inhibition plays an important role in cell cycle
arrest, and direct stimulation of ROS generation and activation of
p38 lead to apoptosis. These in vitro results were confirmed in
cancer tissues (Fig. 7d, h).

In conclusion, SP inhibits JAK2-STAT3 activation, causing cell
cycle arrest, and stimulates ROS generation, leading to p38
activation and apoptosis in breast cancer cells. To compensate,
breast cancer cells induce autophagy and antioxidant pathways
(Nrf2 and HO-1) to prevent apoptosis; however, this process does
not counteract the anticancer effect of SP. Therefore, SP is a
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potential candidate for the management of breast cancer through
the regulation of the JAK2-STAT3-ROS-p38 MAPK signaling path-
way. This study provides insight into a novel therapeutic strategy
for breast cancer.
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