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Purpose: Alcohol consumption increases the risk of breast cancer and promotes

cancer progression. Alcohol exposure could affect both processes of the

mammary carcinogenesis, namely, the cell transformation and onset of

tumorigenesis as well as cancer aggressiveness including metastasis and drug

resistance/recurrence. However, the cellular and molecular mechanisms

underlying alcohol tumor promotion remain unclear. There are four members

of the mammalian p38 mitogen-activated protein kinase (MAPK) family, namely,

p38a, p38b, p38g and p38d. We have previously demonstrated alcohol exposure

selectively activated p38g MAPK in breast cancer cells in vitro and in vivo.

Pirfenidone (PFD), an antifibrotic compound approved for the treatment of

idiopathic pulmonary fibrosis, is also a pharmacological inhibitor of p38g
MAPK. This study aimed to determine whether PFD is useful to inhibit alcohol-

induced promotion of breast cancer.

Methods: Female adolescent (5 weeks) MMTV-Wnt1 mice were exposed to

alcohol with a liquid diet containing 6.7% ethanol. Some mice received

intraperitoneal (IP) injection of PFD (100 mg/kg) every other day. After that, the

effects of alcohol and PFD on mammary tumorigenesis and metastasis

were examined.

Results: Alcohol promoted the progression of mammary tumors in adolescent

MMTV-Wnt1 mice. Treatment of PFD blocked tumor growth and alcohol-

promoted metastasis. It also significantly inhibited alcohol-induced

tumorsphere formation and cancer stem cell (CSC) population.

Conclusion: PFD inhibited mammary tumor growth and alcohol-promoted

metastasis. Since PFD is an FDA-approved drug, the current findings may be

helpful to re-purpose its application in treating aggressive breast cancer and

alcohol-promoted mammary tumor progression.
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Introduction

Both epidemiological and experimental studies indicate that

alcohol consumption increases the risk of breast cancer and

promotes cancer progression (1–6). In addition to the promotion

of the tumorigenesis, alcohol may also enhance the growth of

existing breast tumors and increase the aggressiveness of breast

cancer cells to invade and metastasize (5). However, the cellular and

molecular mechanisms underlying alcohol tumor promotion

remain unclear. We have previously demonstrated that alcohol

exposure selectively activated p38g MAPK without affecting other

p38 MAPK isoforms in breast cancer cells in vitro and in vivo (7–9).

p38gMAPK is a member of p38 MAPK family which contains four

isoforms p38a, p38b, p38g, and p38d. Although p38g MAPK has

been less investigated, it has unique functions particularly in the

regulation of cell cycle progression, mobility, migration/invasion,

cancer stem cells (CSCs), and epithelial-mesenchymal transition

(EMT) (10, 11). The activation and over-expression of p38gMAPK

is associated with malignant tumors (11, 12). We have previously

showed that alcohol activated p38g MAPK, which may lead to

increased CSCs and metastasis of breast cancer cells (7–9).

Therefore, these results suggest that p38g MAPK may play an

important role in alcohol-induced promotion of breast cancers.

Pirfenidone (PFD) is a synthetic pyridone compound that is an

FDA-approved drug for the treatment of idiopathic pulmonary fibrosis

(IPF). IPF is a progressive and fatal lung disease of unknown etiology.

The therapeutic effects of PFD may be mediated by its beneficial

property of anti-TGF-b signaling, anti-inflammation and anti-

oxidative stress (13). PFD has recently been identified as a

pharmacological inhibitor of p38g MAPK (14–16). Since p38g MAPK

plays an important role in the progression of breast cancer and alcohol-

induced promotion of mammary tumor, we hypothesized that the

inhibition of p38g MAPK activation by PFD was able to ameliorate

alcohol-induced promotion of breast cancer. To test this hypothesis, we

used an animal model of spontaneousmammary tumor,MMTV-Wnt1

mice in which alcohol was shown to promote breast cancer (9). Since

adolescent MMTV-Wnt1 mice are more sensitive to alcohol-induced

mammary tumor promotion (9), we used adolescent mice for this

study. Our results indicated PFD effectively inhibited alcohol-induced

promotion of tumorsphere formation, CSC population, tumor growth,

and metastasis. Since PFD is an FDA-approved drug, the current

findings may be helpful to re-purpose its application.
Materials and methods

Breast cancer cell cultures

The cultures of mouse and human breast cancer cells have been

previously described (10, 17). Human breast cancer cells BT474

cells were cultured in full RPMI medium with insulin and 10% fetal

bovine serum (FBS). SKRB3 cells were cultured in IMEM with 10%

FBS. Mice mammary adenocarcinoma cell line E0771 was provided

by Dr. Enrico Mihich (Roswell Park Cancer Institute, Buffalo, NY)

and maintained in DMEM media supplemented with 10% FBS,

penicillin (100 U/ml)/streptomycin (100 U/ml) and 0.25 mg/ml
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amphotericin B at 37°C in a humidified air containing 5% CO2.

Pirfenidone (PFD) was obtained from Selleckchem (S-7701;

Houston, TX). BT474, SKBR3 and E0771 cells were used for this

study because they are aggressive breast cancer cell lines with high

expression of p38gMAPK and suitable for further studies of the role

of p38g MAPK in EMT and CSCs in mouse xenograft models

(10, 17). The concentrations of PFD were selected based on previous

studies showing effectiveness in cell cultures (18, 19).
Animals and treatment

FVB MMTV-Wnt1 [FVB.Cg-Tg (Wnt1)1Hev/J, #002934] mice

were obtained from The Jackson Laboratories (Bar Harbor, ME),

bred, and housed in a climate-controlled animal facility. All

procedures were reviewed and approved by the Institutional

Animal Care and Use Committee (IACUC) of the University of

Kentucky and the University of Iowa. Only female mice were used for

this study. For alcohol exposure, adolescent mice (5 weeks-old) were

assigned into control and alcohol exposure groups. Adolescent mice

were used for this study because our previous study indicated that

adolescent MMTV-Wnt1 mice were more sensitive to alcohol-

induced mammary tumor promotion than adult mice (9). Mice

were exposed to alcohol by feeding with alcohol containing liquid

diet (Cat #: F1258SP, Bio-Serv, Flemington, NJ), while control mice

were feed with isocaloric liquid diet (Cat #: F1259SP, Bio-Serv,

Flemington, NJ) in which maltose was used to substitute

isocalorically for alcohol. The alcohol concentration in the diet

increased as the following: week 1, 2% alcohol; week 2, 4% alcohol;

weeks 3 and on: 6.7% alcohol. Diet was provided ad libitum for the

experimental period. During the experimental period, body weights

of mice were evaluated. No significant body weight difference was

observed among these animals. To monitor tumorigenesis, mice were

examined weekly after the initiation of alcohol exposure. Tumor

development/growth was monitored weekly. Mice with tumors

exceeding 20 mm maximum diameter were euthanized and

evaluated for metastasis. Mice were euthanized by IP injection of

ketamine/xylazine (≥ 160 mg/kg/20 mg/kg). Dissected mammary

tumor tissues or mammary glands were either immediately

dissociated or fixed for the following procedures. To determine the

blood alcohol concentrations (BACs), the blood was collected one

week after feeding with 6.7% alcohol diet. The BACs were determined

using Alcohol Analyzer AM1 (Analox Instruments, MA), and the

mean BACwas around 80 mg/dl. PFD was dissolved in DMSO at 100

mg/ml and intraperitoneal (IP) injected to animals at 100 mg/kg two

days before alcohol exposure. Mice received PFD injection every

other day. The concentration of PFD was selected was based on

previous studies in mice showing the effectiveness in inhibiting tumor

growth (18, 20). The recommended concentration of PFD for the

treatment of IPF in human is 1800 mg/day (21).
Analysis of tumor volume and metastasis

The volume of the tumors was measured as previously

described (22): two perpendicular dimensions of tumors were
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measured with a dial caliper. The volume was calculated based on

the formula: V = 0.5a x b2; a is the longest and b is the shortest

dimension. Tumor metastasis was determined as previously

described (9). Briefly, when tumors reached 20 mm maximum

diameter, mice were sacrificed, and lung tissues were removed and

fixed with 4% paraformaldehyde. The paraffin-embedded lung

tissues were sectioned at a thickness of 5 mm. The Hematoxylin–

Eosin (H&E)-stained sections were examined and photographed

under a microscope.
Dissociation of mouse mammary tumor
cells, determination of CSC population and
tumorsphere formation

Dissociation of mouse mammary tumor cells was performed

using reagents and procedures provided by STEMCELL

Technologies Inc (Cambridge, MA). Briefly, resected mammary

tumors were minced and incubated in collagenase/hyaluronidase-

containing dissociation solution at 37°C for 4 hours. Pellets were

washed with HBSS and Ammonium Chloride solution followed by

incubations with Trypsin and then Dispase. Cells were washed by

HBSS containing 2% FBS and then filtered through a 40 µm cell

strainer. After centrifuging, the single-cell suspensions were

collected for next experiments. The breast cancer stem cells were

identified by aldehyde dehydrogenase (ALDH) activity and Thy1

+/CD24+ as previously described (7, 9, 23). Briefly, dissociated

mouse mammary tumor cells (5x105 cells) were incubated with

ALDEFLUOR assay buffer containing ALDH substrate for 45 min

at 37°C. Some cells were stained under the same condition with a

specific ALDH inhibitor as a negative control. Cells were sorted

using flow cytometry and analyzed using WINMDI software.

ALDEFLUOR-positive cells were considered as the population of

CSCs. Data were presented relative to control groups. For Thy1

+/CD24+ staining, briefly, dissociated mouse mammary tumor cells

were incubated with fluorescent conjugated CD24 or Thy1+

antibodies for 30 min on ice followed by 2 times of wash in PBS.

Cells were then analyzed by flow cytometry. Propidium iodide (PI)

was used to determine the live cells which were subjected to

the analysis.

Tumor sphere formation was determined as previously

described (9). Briefly, dissociated single mammary tumor cell

suspension (1000 cells) from either control or alcohol-fed mice

were plated on ultra-low attachment plates in full Essential 8™

basal medium without further alcohol exposure, and incubated at

37°C and 5% CO2 for 10 days. The ability of tumor cells to form

spheres was determined manually and presented relative to

control groups.
Immunoblotting

Mammary tissues were collected, and proteins were extracted.

Around 30–50 mg of extracted protein was used in immunoblots to

examine the levels of total and phosphorylated p38g MAPK. The

nitrocellulose membranes were first probed with specific primary
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antibodies overnight at 4°C. The generation and usage of primary

phosphospecific antibody against p38g MAPK has been previously

described (7). Anti-p38gMAPK antibody was obtained from R & D

Systems (Cat # AF1347, Minneapolis, MN). Anti-p38a MAPK

antibody (Cat # 9218) and Anti-GAPDH antibody (Cat # 2118)

were obtained from Cell Signaling Technology (Danvers, MA).

Anti-phospho-p38a antibody (Cat # 09-272) was obtained from

Sigma Aldrich (St. Louis, MO). Anti-phospho-p38g antibody was

customized synthesized as previously described (7). After washing

with TBS containing 0.05% Tween-20 three times, the membranes

were incubated with anti-rabbit or anti-mouse secondary antibodies

(horseradish peroxidase-conjugated) for one hour at room

temperature. Protein-specific signals were then detected with

enhanced chemiluminescence substrate (GE Healthcare, Chalfont,

Buckinghamshire, UK) using a Chemi™Doc imaging system (Bio-

Rad 215 Laboratories, Hercules, CA) and then quantified with the

software of Image lab 5.2 (Bio-Rad Laboratories, Hercules, CA).
MTT assay

To examine cell metabolic activity, 3-(4, 5-dimethyl-thiazol-2-

yl)-2, 5-diphenyltetrazolium bromide (MTT) assay was used as

previously described (8). Cells were seeded on 96-well plates at

2x103 cells per well. At times indicated, MTT was added to each well

at the final concentration of 500 µg/ml and incubated at 37°C for 2

hours. After the incubation, media were carefully removed and 100

µl DMSO was added to each well to dissolve the MTT formazan.

Plates were read using the Beckman Coulter DTX 880 Multimode

Detector plate reader (Analytical Instruments, Golden Valley, MN)

at the wavelength of 595 nm.
Statistical analysis

Differences among treatment groups were analyzed using

analysis of variance (ANOVA). Differences in which p was less

than 0.05 were considered statistically significant. In cases where

significant differences were detected, specific post-hoc comparisons

between treatment groups were examined with Student-Newman-

Keuls tests. The prevalence of metastasis between control and

ethanol-treated groups was determined by the Fisher exact test.
Results

PFD inhibits p38g MAPK activation in breast
cancer cells in vitro and in vivo

It was reported that PFD is a pharmacological inhibitor of p38g
MAPK (14–16). We first wanted to determine whether PFD

inhibited p38g MAPK activation in breast cancer cells in vitro

and in vivo. As shown in Figure 1A, PFD effectively decreased the

phosphorylation and the expression of p38g MAPK in cultured

mouse and human breast cancer cells without affecting other p38

MAPK isoform (p38a MAPK). Consistently, PFD inhibited the
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growth of these breast cancer cells (Figure 1B). To test whether PFD

was effective in vivo, we IP injected PFD into adolescent MMTV-

Wnt1 mice. We demonstrated that PFD administration inhibited

alcohol-induced expression and phosphorylation of p38gMAPK in

the mammary tissues of MMTV-Wnt1 mice without affecting p38a
MAPK (Figure 2).
PFD inhibits mammary tumor growth and
alcohol-stimulated metastasis

Our previous studied indicated that p38g MAPK activation

played an important role in alcohol-induced metastasis of breast

cancer (7–9). We sought to determine whether PFD was able to

inhibit alcohol-induced promotion of breast cancer. As shown in

Figure 3A, PFD had little effect on the onset of mammary

tumorigenesis. Alcohol did not significantly enhance the growth

rate of mammary tumors but drastically promoted metastasis in the

lung (Figures 3B, 4). PFD treatment completely abolished the
Frontiers in Oncology 04
growth of mammary tumors (Figure 3B). Furthermore, PFD

eliminated alcohol-induced metastasis in the lung (Figure 4).
PFD inhibits alcohol-induced increase of
tumorsphere formation and cancer stem
cell population

Tumorsphere formation and CSC population are indicative of

the aggressiveness of breast cancer (10). Our previous studied

suggested that alcohol-induced activation of p38g MAPK may be

involved in regulating tumorsphere formation and CSC population

(7–9). Therefore, we sought to determine whether PFD could

inhibit alcohol-induced formation of tumorspheres and CSCs. As

shown in Figure 5A, PFD indeed blocked alcohol-stimulated

formation of tumorspheres. Using two CSC assays (ALDH

activity and Thy1+/CD24+ population), we showed that PFD

significantly inhibited on alcohol-stimulated CSC population

(Figure 5B). These data are consistent with the findings that PFD
B

A

FIGURE 1

Effects of PFD on the phosphorylation of p38g MAPK and the growth of breast cancer cells in vitro. (A) PFD specifically inhibited p38g MAPK
phosphorylation and expression in cultured breast cell lines. Mouse breast cancer cells (E0771) and human breast cancer cell lines (SKBR3 and
BT474) were treated with PFD at 200 µg/ml in DMSO for three days. The controls received equal amount of DMSO only. Cell lysates were collected
and subjected to immunoblotting (IB) analysis of the phosphorylation of p38g and p38a MAPK (left panel). The expression of phosphorylated p38g
and p38a MAPK was quantified and normalized to the levels of GAPDH, p38g or p38a MAPK, respectively (right panel). * p < 0.05, ** p < 0.01,
*** p < 0.001 or **** p < 0.0001 denotes significant difference from controls. Each data point was the mean± SEM of three independent experiments.
(B) PFD inhibited growth of cultured breast cell lines. E0771, SKBR3 and BT474 cells were treated with PFD at 50, 100 or 200 µg/ml for 3-7 days
(3-7d). The cell viability was determined by MTT assay as described in Materials and Methods. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
denotes significant difference from controls. Each data point was the mean± SEM of three independent experiments.
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can block alcohol-promoted aggressiveness of breast cancer

(Figures 3, 4).
Discussion

We used MMTV-Wnt1 mice to evaluate the effects of PFD on

alcohol-induced tumor promotion. Transgenic expression of Wnt1
Frontiers in Oncology 05
using a mouse mammary tumor virus LTR enhancer causes

extensive ductal hyperplasia early in life and mammary

adenocarcinomas in approximately 50% of the female transgenic

(MMTV-Wnt1) mice by 6 months of age (24). In this animal model,

metastasis to the lung and proximal lymph nodes is rare at the time

tumors are detected but may occur at the later times (24). In our

study, metastasis to the lung and proximal lymph nodes was rarely

observed in the absence of alcohol exposure. This study was the first
B

C

A

FIGURE 3

Effects of PFD on the onset of tumorigenesis and growth of mammary tumors. (A) Adolescent MMTV-Wnt1 mice were exposed to alcohol through
liquid diet as described above. PFD (100 mg/kg) was delivered by IP injection every other day starting two days before alcohol exposure is initiated.
The mice were monitored weekly for the appearance and growth of mammary tumors. The percentage of tumor-free mice was determined. n = 16
for control group; n = 20 for alcohol-exposed group (EtOH); n = 18 for the PFD; n = 18 for the PFD + EtOH group. (B) Adolescent MMTV-Wnt1
mice were exposed to alcohol and PFD as described above. The tumor volume was measured weekly as described in Materials and Methods. The
average was calculated from tumor bearing mice only. # denote significant difference between control and PFD group; * denote significant
difference between EtOH and EtOH + PFD group, p < 0.05; n = 6 for control group; n = 6 for EtOH group; n = 7 for PFD group; n = 6 for EtOH +
PFD group. (C) Individual data points on tumor volumes are shown.
BA

FIGURE 2

Effects of PFD on alcohol-induced expression and phosphorylation p38g MAPK in mammary tissues of MMTV-Wnt1 mice. Adolescent MMTV-Wnt1
mice (5-weeks-old) were exposed to alcohol through liquid diet as described in Materials and Methods. PFD (100 mg/kg in DMSO) was delivered by
IP injection every other day starting two days before alcohol exposure is initiated. The controls received IP injection of equal amount of DMSO. Mice
were euthanized when tumors reached 20 mm maximum diameter. (A) Mammary tissues were collected and processed for IB analysis of
phosphorylation/expression of p38g and p38a MAPK. (B) The expression of phosphorylated and total p38g and p38a MAPK was quantified and
normalized to the levels of GAPDH, p38g or p38a MAPK, respectively. *denotes significant difference from controls, * p < 0.05, ** p < 0.01, n = 3.
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to determine the effects of PFD, an inhibitor of p38g MAPK, on

alcohol-induced promotion of breast cancer. We demonstrated here

PFD treatment blocked alcohol-promoted tumor growth and

metastasis in adolescent MMTV-Wnt1 mice. It also significantly

inhibited alcohol-induced tumorsphere formation and CSC

population. Thus, PFD may be beneficial in treating aggressive

breast cancer and particularly effective for ameliorating alcohol-

promoted progression of breast cancer. Since PFD is an FDA-

approved drug, our findings have important implication for

repurposing this drug.

Drug repurposing strategy is to identify new clinical

applications of drugs that are already approved for the treatment

of other medical conditions. This innovative process has several

advantages, as it reduces or eliminates the steps associated with

early pharmacological development, such as safety, toxicity,

pharmacokinetic and pharmacodynamic studies, and therefore

significantly reduces the time and costs associated with traditional

new drug discovery/development. PFD, an anti-fibrotic, anti-

inflammatory and antioxidant drug, is approved by the European

Medicines Agency (EMA) and the United States Food and Drug

Administration (FDA) for the treatment of idiopathic pulmonary

fibrosis. It has a wide range of targets due to its ability to diffuse

across membranes and is rapidly absorbed from the gastrointestinal

tract (25). The main action of PFD is considered as an antagonist of

TGF-b signaling. It also has anti-inflammatory effects through
Frontiers in Oncology 06
suppressing proinflammatory cytokines such as TGF-b, tumor

necrosis factor a (TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-

6), and several other cytokines (13). It was reported that PFD can

attenuate oxidative stress (13). Due to this variety of potential

targets, PFD is a valuable candidate for treating a wide range

of diseases.

PFD has been tested in preclinical models and clinical trials to

treat several cancers including pancreatic cancer, lung cancer,

colorectal cancer, liver cancer, renal cancer and breast cancer, and

the outcomes are promising (26–30). It appears that the anti-cancer

property of PFD involves in different mechanisms. For example, the

anti-colorectal cancer property seems mediated by PFD’s effects on

TGF-b signaling. PFD inhibited TGF-b-induced cell proliferation,

migration, and tumor progression of colorectal cancer (25). PFD

blocked alcohol-stimulated TGF-b signaling and cell migration/

invasion and the epithelial-mesenchymal transition (EMT) in

cultured colorectal cells (31). Similarly, PFD suppressed the

metastasis triple-negative breast cancer by inhibiting TGF-b/
SMAD pathway (20). PFD may inhibit cancers by mechanisms

other than blocking TGF-b signaling. For instance, PFD is reported

to target the tumor microenvironment and tumor-stroma

interaction as a novel treatment for non-small cell lung cancer

(NSCLC) (32). PFD can sensitize NSCLC cells to chemotherapy

(33). PFD promoted miR200 expression to down-regulate ZEB1

and repress the EMT of NSCLC (34, 35). PFD attenuated cell
B

A

FIGURE 4

Effects of PFD on metastasis of breast cancer cells in vivo. Adolescent MMTV-Wnt1 mice were exposed to alcohol and PFD as described above.
When tumor size reached maximal diameter of 20 mm, the mice were euthanized, and the lung metastasis was determined (A). A representative
image of H&E staining of lung metastasis from each group was shown (B). * denote significant difference from other groups, p < 0.05; n = 6 for
control group; n = 10 for EtOH group; n = 7 for PFD group; n = 11 for EtOH + PFD group. The incidence of lung metastases: Control: 1 out of 6;
EtOH: 7 out of 10; PFD: 1 out of 7; EtOH + PFD: 1 out of 11.
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proliferation and promoted apoptosis of hepatocellular carcinoma

cells by Inhibiting Wnt/b-Catenin signaling pathway (27).

p38gMAPK has been shown to regulate cell cycle transition, cell

mobility, metastasis, EMT, CSC population, and tumorigenesis

(10, 36–39). Importantly, p38g MAPK is overexpressed and

implicated in several types of cancers including colorectal cancer,

liver cancer, pancreatic cancer, and breast cancer (16, 37, 40, 41);

increased p38gMAPK expression predicts a poor clinical prognosis

(18, 36). CSCs are a subpopulation of tumor cells capable of self-

renewal and differentiation and involved in tumor initiation,

recurrence, progression, chemoresistance and metastasis (38).

Overexpression of p38g MAPK increases CSCs and tumorspheres

(38), suggesting that p38gMAPK may regulate CSC population and

cancer aggressiveness. Therefore, targeting p38g MAPK signaling

network could be an important strategy for therapeutic intervention

of cancers (39). PFD is identified as a pharmacological inhibitor of

p38g MAPK (14–16). As a result, PFD has been tested for its

therapeutic effects in several cancers associated p38g MAPK

activation, such as colorectal cancer, pancreatic cancer and breast

cancer and demonstrated effective in inhibiting the tumorigenesis
Frontiers in Oncology 07
and progression (16, 18, 40, 42). Our findings that PFD can block

alcohol-induced growth, CSC population, and metastasis of

mammary tumors in mice support the notion that PFD may be

beneficial in treating breast cancer, particularly for those of

aggressive types and in the context of alcohol exposure. These

results may also provide new value for PFD for the treatment of

other alcohol-associate diseases. For example, alcohol is a known

etiological factor for pancreatitis and pancreatic cancer (43). As a

result, PFD may be a candidate drug for treating alcoholic

pancreatitis and associated pancreatic cancer. Indeed, PFD is

effective ameliorating chronic pancreatitis in mice (44), and

inhibiting pancreatic tumorigenesis (16).

Due to the regulatory role of p38g MAPK in tumorigenesis and

progression, development of more specific p38g MAPK inhibitors

other than PFD becomes an important and exciting future research

direction. There are some p38g MAPK inhibitors with varied

efficacy and specificity (39). Recently, some novel p38g MAPK

inhibitors with higher specificity are developed (41, 45). One of

them, CSH71 which targets the lipid-binding-domain (LBD) of

p38gMAPK shows high specificity. CSH71 is selectively cytotoxic to
B

A

FIGURE 5

Effects of PFD on the formation of tumorsphere and cancer stem cell (CSC) population. (A) Adolescent MMTV-Wnt1 mice were exposed to alcohol
and PFD as described above. Mice were euthanized when tumors reached 20 mm maximum diameter, mammary tumor tissues dissected and
assayed for tumorsphere formation as described in Materials and Methods. *denotes significant difference from control group, p < 0.05. # denotes
significant difference from EtOH group, p < 0.05. n = 6 for control group; n = 10 for EtOH group; n = 7 for PFD group; n = 6 for EtOH + PFD group.
(B) Adolescent MMTV-Wnt1 mice were exposed to alcohol and PFD as described above. Mice were euthanized when tumors reached 20 mm
maximum diameter, and mammary tumor tissues dissected, and tumor cells were isolated. The CSC population in tumor cells was determined and
calculated by flow cytometry analysis of Thy1+/CD24+ (top panel) and ALDH ratio (bottom panel) as described in Materials and Methods.
Representative FACS plots of Thy1/CD24 and ALDH staining were shown on the left. * denotes significant difference from controls p < 0.05; #
denotes significant difference from alcohol-treated group, p < 0.05, n = 6 for control group; n = 10 for EtOH group; n = 7 for PFD group; n = 6 for
EtOH + PFD group.
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cutaneous T-cell lymphoma (CTCL) Hut78 cells but spares normal

healthy peripheral blood mononuclear (PBMC) cells (41). These

novel p38g MAPK inhibitors are promising for the treatment of

alcohol-stimulated cancers and other diseases. It is unclear how

alcohol activates p38g MAPK. It has been proposed that the

interaction of several upstream signaling molecules, such as

CD40L and CD40, may result in p38 MAPK activation which

stimulates diverse cytokine profile, transcription factors and

oxidative stress (46). These processes may be involved metastasis

or cancer stemness. Therefore, understanding of these signaling

cascades may be helpful to develop additional targets for the

treatment of alcohol-induced tumor promotion.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

Ethical approval was not required for the studies on humans in

accordance with the local legislation and institutional requirements

because only commercially available established cell lines were used.

The animal study was approved by Institutional Animal Care and

Use Committee (IACUC) of the University of Kentucky and the

University of Iowa. The study was conducted in accordance with the

local legislation and institutional requirements.
Author contributions

HL: Data curation, Formal analysis, Investigation, Methodology,

Writing – review & editing. MX: Conceptualization, Data curation,

Formal analysis, Investigation, Methodology, Writing – review &

editing. DC: Data curation, Investigation, Methodology, Writing –

review & editing. WW: Methodology, Writing – review & editing. JL:

Conceptualization, Funding acquisition, Investigation, Project
Frontiers in Oncology 08
administration, Resources, Supervision, Writing – original draft,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research was supported by NIH grants (AA017226 and

AA015407). It was also supported in part by the Department of

Veterans Affairs, Veterans Health Administration, Office of

Research and Development [Biomedical Laboratory Research and

Development: Merit Review (BX001721)].
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1351839/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

Gross image of the lung showing potential metastases. Mice were treated as
described in. The lungs were dissected, and gross images were recorded.

Arrow indicates a potential lung tumor.
References
1. Chen WY, Rosner B, Hankinson SE, Colditz GA, Willett WC. Moderate alcohol
consumption during adult life, drinking patterns, and breast cancer risk. JAMA. (2011)
306:1884–90. doi: 10.1001/jama.2011.1590

2. Mostofsky E, Mukamal KJ, Giovannucci EL, Stampfer MJ, Rimm EB. Key findings
on alcohol consumption and a variety of health outcomes from the nurses' Health
study. Am J Public Health. (2016) 106:1586–91. doi: 10.2105/AJPH.2016.303336

3. Shield KD, Soerjomataram I, Rehm J. Alcohol use and breast cancer: A critical
review. Alcohol Clin Exp Res. (2016) 40:1166–81. doi: 10.1111/acer.13071

4. Wang Y, Xu M, Ke ZJ, Luo J. Cellular and molecular mechanisms underlying
alcohol-induced aggressiveness of Breast Cancer. Pharmacol Res. (2017) 115:299–308.
doi: 10.1016/j.phrs.2016.12.005
5. Xu M, Luo J. Alcohol and cancer stem cells. Cancers (Basel). (2017) 9.
doi: 10.3390/cancers9110158

6. Scheideler JK, Klein WMP. Awareness of the link between alcohol consumption
and cancer across the world: A review. Cancer Epidemiol Biomarkers Prev. (2018)
27:429–37. doi: 10.1158/1055-9965.EPI-17-0645

7. Xu M, Ren Z, Wang X, Comer A, Frank JA, Ke ZJ, et al. ErbB2 and p38gamma
MAPK modulate alcohol-induced increase in breast cancer stem cells and metastasis.
Mol Cancer. (2016) 15:12. doi: 10.1186/s12943-016-0532-4

8. Xu M, Wang S, Ren Z, Frank JA, Yang XH, Zhang Z, et al. Chronic ethanol
exposure enhances the aggressiveness of breast cancer: the role of p38 gamma.
Oncotarget. (2016) 7:3489–505. doi: 10.18632/oncotarget.v7i3
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2024.1351839/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1351839/full#supplementary-material
https://doi.org/10.1001/jama.2011.1590
https://doi.org/10.2105/AJPH.2016.303336
https://doi.org/10.1111/acer.13071
https://doi.org/10.1016/j.phrs.2016.12.005
https://doi.org/10.3390/cancers9110158
https://doi.org/10.1158/1055-9965.EPI-17-0645
https://doi.org/10.1186/s12943-016-0532-4
https://doi.org/10.18632/oncotarget.v7i3
https://doi.org/10.3389/fonc.2024.1351839
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Li et al. 10.3389/fonc.2024.1351839
9. Xu M, Li H, Chen D, Wu H, Wen W, Xu H, et al. Adolescent- and adult-initiated
alcohol exposure in mice differentially promotes tumorigenesis and metastasis of
breast cancer. Alcohol Clin Exp Res (Hoboken). (2023) 47:251–62. doi: 10.1111/
acer.14986

10. Xu M, Wang S, Wang Y, Wu H, Frank JA, Zhang Z, et al. Role of p38gamma
MAPK in regulation of EMT and cancer stem cells. Biochim Biophys Acta Mol Base Dis.
(2018) 1864:3605–17. doi: 10.1016/j.bbadis.2018.08.024

11. Xu W, Liu R, Dai Y, Hong S, Dong H, Wang H. The Role of p38g in Cancer:
From review to outlook. Int J Biol Sci. (2021) 17:4036–46. doi: 10.7150/ijbs.63537

12. Qin JZ, Xin H, Qi XM, Chen G. Isoform-specific and cell/tissue-dependent
effects of p38 MAPKs in regulating inflammation and inflammation-associated
oncogenesis. Front Biosci (Landmark Ed). (2022) 27:31. doi: 10.31083/j.fbl2701031

13. Antar SA, Saleh MA, Al-Karmalawy AA. Investigating the possible mechanisms
of pirfenidone to be targeted as a promising anti-inflammatory, anti-fibrotic, anti-
oxidant, anti-apoptotic, anti-tumor, and/or anti-SARS-CoV-2. Life Sci. (2022)
309:121048. doi: 10.1016/j.lfs.2022.121048

14. Moran N. p38 kinase inhibitor approved for idiopathic pulmonary fibrosis. Nat
Biotechnol. (2011) 29:301. doi: 10.1038/nbt0411-301

15. King TEJr., Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole I, Glassberg
MK, et al. A phase 3 trial of pirfenidone in patients with idiopathic pulmonary fibrosis.
N Engl J Med. (2014) 370:2083–92. doi: 10.1056/NEJMoa1402582

16. Wang F, Qi XM, Wertz R, Mortensen M, Hagen C, Evans J, et al. p38gMAPK is
essential for aerobic glycolysis and pancreatic tumorigenesis. Cancer Res. (2020)
80:3251–64. doi: 10.1158/0008-5472.CAN-19-3281

17. Wang S, Xu M, Li F, Wang X, Bower KA, Frank JA, et al. Ethanol promotes
mammary tumor growth and angiogenesis: the involvement of chemoattractant factor
MCP-1. Breast Cancer Res Treat. (2012) 133:1037–48. doi: 10.1007/s10549-011-1902-7

18. Qi X, Yin N, Ma S, Lepp A, Tang J, Jing W, et al. p38g MAPK is a therapeutic
target for triple-negative breast cancer by stimulation of cancer stem-like cell
expansion. Stem Cells. (2015) 33:2738–47. doi: 10.1002/stem.2068

19. Wu SB, Hou TY, Kau HC, Tsai CC. Effect of pirfenidone on TGF-b1-induced
myofibroblast differentiation and extracellular matrix homeostasis of human orbital
fibroblasts in graves' Ophthalmopathy. Biomolecules. (2021) 11:1424. doi: 10.3390/
biom11101424

20. Luo D, Zeng X, Zhang S, Li D, Cheng Z, Wang Y, et al. Pirfenidone suppressed
triple-negative breast cancer metastasis by inhibiting the activity of the TGF-b/SMAD
pathway. J Cell Mol Med. (2023) 27:456–69. doi: 10.1111/jcmm.17673

21. Li H, Yang J, Chen S, Wang P, Yu X, Zhou Q, et al. Analysis of the safety and efficacy
of different plasma concentrations of pirfenidone in patients with idiopathic pulmonary
fibrosis. Front Pharmacol. (2022) 13:1055702. doi: 10.3389/fphar.2022.1055702

22. Tomayko MM, Reynolds CP. Determination of subcutaneous tumor size in
athymic (nude) mice. Cancer Chemother Pharmacol. (1989) 24:148–54. doi: 10.1007/
BF00300234

23. Cho RW, Wang X, Diehn M, Shedden K, Chen GY, Sherlock G, et al. Isolation
and molecular characterization of cancer stem cells in MMTV-Wnt-1 murine breast
tumors. Stem Cells. (2008) 26(2):364–71. doi: 10.1634/stemcells

24. Li Y, HivelyWP, VarmusHE. Use ofMMTV-Wnt-1 transgenic mice for studying the
genetic basis of breast cancer. Oncogene. (2000) 19:1002–9. doi: 10.1038/sj.onc.1203273

25. Jamialahmadi H, Nazari SE, TanzadehPanah H, Saburi E, Asgharzadeh F,
Khojasteh-Leylakoohi F, et al. Targeting transforming growth factor beta (TGF-b)
using Pirfenidone, a potential repurposing therapeutic strategy in colorectal cancer. Sci
Rep. (2023) 13:14357. doi: 10.1038/s41598-023-41550-2

26. Kozono S, Ohuchida K, Eguchi D, Ikenaga N, Fujiwara K, Cui L, et al.
Pirfenidone inhibits pancreatic cancer desmoplasia by regulating stellate cells. Cancer
Res. (2013) 73:2345–56. doi: 10.1158/0008-5472.CAN-12-3180

27. Zou WJ, Huang Z, Jiang TP, Shen YP, Zhao AS, Zhou S, et al. Pirfenidone
inhibits proliferation and promotes apoptosis of hepatocellular carcinoma cells by
inhibiting the wnt/b-catenin signaling pathway. Med Sci Monit. (2017) 23:6107–13.
doi: 10.12659/MSM.907891

28. Zhao J, Zhu Y, Li Z, Liang J, Zhang Y, Zhou S, et al. Pirfenidone-loaded
exosomes derived from pancreatic ductal adenocarcinoma cells alleviate fibrosis of
premetastatic niches to inhibit liver metastasis. Biomater Sci. (2022) 10(22):6614–26.
doi: 10.1039/d2bm00770c
Frontiers in Oncology 09
29. Wang G, Zhou X, Guo Z, Huang N, Li J, Lv Y, et al. The Anti-fibrosis drug
Pirfenidone modifies the immunosuppressive tumor microenvironment and prevents
the progression of renal cell carcinoma by inhibiting tumor autocrine TGF-b. Cancer
Biol Ther. (2022) 23:150–62. doi: 10.1080/15384047.2022.2035629

30. Sakairi Y, Yoshino I, Iwata T, Yoshida S, Kuwano K, Azuma A, et al. A
randomized controlled phase III trial protocol: perioperative pirfenidone therapy in
patients with non-small cell lung cancer combined with idiopathic pulmonary fibrosis
to confirm the preventative effect against postoperative acute exacerbation: the PIII-
PEOPLE study (NEJ034). Thorac Dis. (2023) 15:1486–93. doi: 10.21037/jtd

31. Zheng K, Yu J, Chen Z, Zhou R, Lin C, Zhang Y, et al. Ethanol promotes alcohol-
related colorectal cancer metastasis via the TGF-b/RUNX3/Snail axis by inducing TGF-
b1 upregulation and RUNX3 cytoplasmic mislocalization. EBioMedicine. (2019)
50:224–37. doi: 10.1016/j.ebiom.2019.11.011

32. Fujiwara A, Funaki S, Fukui E, Kimura K, Kanou T, Ose N, et al. Effects of
pirfenidone targeting the tumor microenvironment and tumor-stroma interaction as a
novel treatment for non-small cell lung cancer. Sci Rep. (2020) 10:10900. doi: 10.1038/
s41598-020-67904-8

33. Branco H, Oliveira J, Antunes C, Santos LL, Vasconcelos MH, Xavier CPR.
Pirfenidone sensitizes NCI-H460 non-small cell lung cancer cells to paclitaxel and to a
combination of paclitaxel with carboplatin. Int J Mol Sci. (2022) 23:3631. doi: 10.3390/
ijms23073631

34. Fujiwara A, Shintani Y, Funaki S, Kawamura T, Kimura T, Minami M, et al.
Pirfenidone plays a biphasic role in inhibition of epithelial-mesenchymal transition in
non-small cell lung cancer. Lung Cancer. (2017) 106:8–16. doi: 10.1016/
j.lungcan.2017.01.006

35. Liu J, Cao L, Li Y, Deng P, Pan P, Hu C, et al. Pirfenidone promotes the levels of
exosomal miR-200 to down-regulate ZEB1 and represses the epithelial-mesenchymal
transition of non-small cell lung cancer cells. Hum Cell. (2022) 35:1813–23.
doi: 10.1007/s13577-022-00766-6

36. Rosenthal DT, Iyer H, Escudero S, Bao L, Wu Z, Ventura AC, et al. p38 promotes
breast cancer motility and metastasis through regulation of RhoC GTPase, cytoskeletal
architecture, and a novel leading edge behavior. Cancer Res. (2011) 71:6338–6349 22.
doi: 10.1158/0008-5472.CAN-11-1291
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