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Diallyl trisulfide inhibited
tobacco smoke-mediated
bladder EMTand cancer stem
cell marker expression via the
NF-jB pathway in vivo
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Abstract

Objective: This study examined the effect of the NF-jB pathway on tobacco smoke-elicited

bladder epithelial–mesenchymal transition (EMT) and cancer stem cell (CSC) marker expression

in vivo. The effect of diallyl trisulfide (DATS) treatment was also examined.

Methods: BALB/c mice were exposed to tobacco smoke and treated with an NF-jB inhibitor

and DATS. Western blotting, quantitative real-time PCR, and immunohistochemical staining were

used to detect the changes of relevant indices.

Results: Phosphorylated inhibitor of kappa-B kinase alpha/beta expression and p65 and p50

nuclear transcription were increased by tobacco smoke exposure, whereas inhibitor of kappa-

B expression was decreased. In addition, tobacco smoke reduced the expression of epithelial

markers but increased that of mesenchymal and CSC markers. Our study further demonstrated

that tobacco smoke-mediated EMTand CSC marker expression were attenuated by inhibition of

the NF-jB pathway. Moreover, DATS reversed tobacco smoke-induced NF-jB pathway activa-

tion, EMT, and the acquisition of CSC properties in bladder tissues.

Conclusions: These data suggested that the NF-jB pathway regulated tobacco smoke-induced

bladder EMT, CSC marker expression, and the protective effects of DATS.
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Introduction

Bladder cancer is a typical malignant cancer
of the urinary system that is associated with
approximately 429,793 new cases and
165,084 deaths each year.1,2 Smokers are
reported to have a 4-fold higher risk of
bladder cancer than non-smokers.3

Tobacco smoke is a major risk factor for
bladder cancer, and great progress has
been made in understanding the molecular
mechanisms by which it promotes bladder
cancer.4 However, the exact process of
tobacco-smoke induced bladder cancer
development remains largely unknown.

Epithelial–mesenchymal transition
(EMT) contributes to cancer progression.
In this process, cells lose epithelial character-
istics and acquire mesenchymal features.5

EMT plays a crucial role in the occurrence
and metastasis of cancer, and it can be acti-
vated by carcinogens.6 It has been docu-
mented that tobacco smoke exposure
promotes EMT in cells and mice.7,8

Nonetheless, the potential molecular mech-
anisms by which tobacco smoke induces
urocystic EMT are unclear. Tobacco
smoke-induced EMT has been reported to
play an important role in the early stages
of carcinogenesis.4,9 Therefore, investigating
the mechanisms by which tobacco smoke
mediates bladder EMT may provide new
insights into bladder cancer treatment and
prevention.

Cancer stem cells (CSCs) comprise a
subset of cells with unique characteristics,
including the abilities to self-renew; gener-
ate tumor heterogeneity; and drive tumor

growth, metastasis, and drug resistance.10

Increasing evidence indicates that many

cancers, including bladder cancer, originate
from CSCs.10,11 CSCs are closely related to
the formation, metastasis, and recurrence of
various tumors, including bladder tumors.
CSCs are also resistant to chemotherapy
and radiation therapy. Fortunately, the
characteristics of CSCs can be regulated
by multiple signaling pathways, including
the NF-jB pathway.12,13

The NF-jB pathway plays important
roles in several physiological and patholog-
ical processes, including inflammation, cell
proliferation, apoptosis, EMT, and carcino-

genesis. The NF-jB pathway is activated in
a variety of cancers.14,15 Increasing studies
have revealed the positive associations
among the NF-jB pathway, EMT, and
the acquisition of CSC-like properties.16,17

Studies illustrated that tobacco smoke acti-
vates the NF-jB pathway.18,19 However, no
studies have investigated the role of the NF-
jB pathway in tobacco smoke-induced
bladder EMT and CSC property acquisi-

tion in vivo.
Diallyl trisulfide (DATS), a primary

organ sulfur compound in garlic, is respon-
sible for the therapeutic effects of garlic.20

Studies described several beneficial effects
of DATS on human health, such as anti-
inflammatory, anti-oxidant, and anti-
cancer properties.21,22 Studies reported
that DATS can regulate the activity of the
NF-jB pathway.23,24 EMT and the acquisi-
tion of CSC properties are critical patho-
physiological processes in cancer initiation
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that regulate early events in carcinogenesis.
DATS may represent an effective chemo-

therapeutic agent that regulates EMT and
the acquisition of CSC properties.

However, its effects on tobacco smoke-
associated urocystic EMT and CSC proper-

ty acquisition have not been defined.
Thus, our study examined the regulation

of the NF-jB pathway during tobacco
smoke-triggered bladder EMT and CSC

property acquisition and the preventive
effects of DATS on bladder carcinogenesis

in mice. Our findings may provide new
insights into the pathogenesis of tobacco

smoke-triggered bladder tumorigenesis.

Materials and methods

Chemicals and reagents

DATS was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Inhibitor of kappa-B

kinase alpha/beta (p-IKKa/b), inhibitor of
kappa B (IjB), p65, vimentin, E-cadherin,

histone H3, and N-cadherin antibodies were
obtained from Cell Signaling Technology

(Danvers, MA, USA). CD44, Nanog,
ALDH1A1, and Oct4 antibodies were

obtained from Proteintech (Rosemont, IL,
USA). ZO-1 and p50 antibodies were

obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). All primers used

in the experiments were synthesized by
Invitrogen (Carlsbad, CA, USA). The NF-

jB pathway inhibitor pyrrolidinedithiocar-
bamate ammonium (PDTC) was acquired

from Tocris Bioscience (Bristol, UK).
Nucleoprotein and cytoplasmic protein

extraction kits were procured from
KeyGen (Nanjing, China).

Experimental animals and treatment

The Animal Research Center of Anhui
Medical University (Hefei, China) provided

60 male BALB/c mice (4–6 weeks old) for
this study. The animal studies were

conducted in strict accordance with the rec-

ommendations of the Laboratory Animal

Management Committee of Anhui

Medical University, which also approved

the study protocol (2018.03.01, No. LLSC

20180093). We followed the guide for the

care and use of laboratory animals and

the Equator network guidelines (animal

pre-clinical studies) in caring for experimen-

tal animals, and we strived to reduce the

number of animals used and minimize

their suffering.25

Tobacco smoke exposure

Mice were randomly assigned into groups of

six animals each. The control group was

exposed to filtered air. The tobacco smoke

group was exposed to tobacco smoke using

a smoking device for 6 hours daily for 12

weeks. Smoke was drawn from a commonly

consumed cigarette brand in China (con-

taining 12 mg of tar and 1.1 mg of nicotine

per cigarette) using a vacuum, and each cig-

arette took 5 minutes to be consumed.

Smoke was delivered to whole-body expo-

sure chambers with a target concentration

of total particulate matter of 80 mg/m3. At

the end of the experiment, the mice were

sacrificed via suffocation.

Delivery of a specific NF-jB inhibitor in

vivo

Mice were randomly assigned to groups of

six animals each. Mice in the control group

were exposed to filtered air. Mice in the

tobacco smoke group were exposed to

tobacco smoke. Mice in the DMSO group

were injected with sterile DMSO and

exposed to tobacco smoke, and mice in

the PDTC group were injected with PDTC

(10 mg/kg body weight) and exposed to

tobacco smoke. PDTC was dissolved in

sterile DMSO and injected intraperitoneally

every other day.
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DATS treatment

Mice were randomly divided into four

groups of six animals each. Mice in the con-

trol group were exposed to air and intra-

gastrically administered corn oil. Mice in

the tobacco smoke group were exposed to

tobacco smoke and treated intragastrically

with corn oil. Mice in the tobacco smokeþ
DATS 5 mg/kg group were exposed to

tobacco smoke and intragastrically admin-

istered 5 mg/kg DATS dissolved in corn

oil. Mice in the tobacco smokeþDATS

10mg/kg group were exposed to tobacco

smoke and intragastrically administered

10mg/kg DATS dissolved in corn oil.

Western blot analysis

Mouse bladder tissue proteins were lysed

using nuclear and cytoplasmic extraction

reagent kits. Equal amounts of proteins

were subjected to 7.5% or 10% SDS-PAGE

and immunoblotting as previous described.4

Quantitative real-time PCR

RNA extraction was conducted using

TRIzol reagent (Invitrogen). Real-time

PCR was performed as previously reported5

using an ABI 7300 real-time PCR detection
system (Applied Biosystems, Foster City,

CA, USA) and Power SYBR Green

Master Mix (TaKaRa, Kusatsu, Shiga,
Japan). Reverse transcription of RNA into

cDNA was performed using reverse tran-
scriptase (Promega, Madison, WI, USA).

GAPDH expression served as the loading

control in real-time PCR. The primers
used for PCR are presented in Table 1.

Immunohistochemistry

After 12 weeks of tobacco smoke exposure,
mouse bladder tissues were isolated and fixed

in 4% formaldehyde for immunohistochem-

istry. Immunohistochemistry was performed
to detect the expression of E-cadherin and

vimentin as previous described.26

Statistical analysis

All data in this study were confirmed in at

least three independent experiments, and

these results were presented as the mean�
standard deviation. One-way analysis of

variance and Fisher’s least significant dif-
ference were used to compare statistical dif-

ferences between multiple groups.

The unpaired Student’s t-test was also

Table 1. Primer sequences.

Gene name Primer sequences (50–30)

E-cadherin Forward 50-TCGACACCCGATTCAAAGTGG-30

Reverse 50-TTCCAGAAACGGAGGCCTGAT-30

ZO-1 Forward 50-GCAGCCACAACCAATTCATAG-30

Reverse 50-GCAGACGATGTTCATAGTTTC-30

CK5 Forward 50-CTGGAGAGTAGTCTAGACCAAGCC-30

Reverse 50-GTTAGAACCAAAACAAAATTTGGG-30

Snail-1 Forward 50-TAC AGC GAG CTG CAG GAC TCT AAT-30

Reverse 50-AGG ACA GAG TCC CAG ATG AGC ATT-30

Vimentin Forward 50-CCTTGACATTGAGATTGCCA-30

Reverse 50-GTATCAACCAGAGGGAGTGA-30

N-cadherin Forward 50-ATCAAGTGCCATTAGCCAAG-30

Reverse 50-CTGAGCAGTGAATGTTGTCA-30

GAPDH Forward 50-GCTGCCCAACGCACCGAATA-30

Reverse 50-GAGTCAACGGATTTGGTCGT-30
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used for comparisons between two groups.

Statistical analyses were performed using

SPSS version 16.0 software (SPSS,

Chicago, IL, USA). P< 0.05 denoted statis-

tical significance.

Results

Tobacco smoke induced the abnormal

expression of EMT and CSC markers in

the mouse bladder

In the current study, we first examined

whether tobacco smoke exposure induced

bladder EMT in mice. After 12 weeks of

tobacco smoke exposure, the results of

real-time PCR illustrated that tobacco

smoke exposure reduced E-cadherin, ZO-1,

and CK5 mRNA levels, whereas Snail-1,

vimentin, and N-cadherin expression was

elevated (all P< 0.01, Figure 1a). Western

blot analyses revealed that tobacco smoke

reduced epithelial marker protein expression

and increased the levels of mesenchymal

markers (all P< 0.01, Figure 1b).

Immunohistochemical staining illustrated

that tobacco smoke increased vimentin

expression and decreased E-cadherin expres-

sion (both P< 0.01, Figure 1c). Our data

also revealed that tobacco smoke promoted

the expression of CD44, Nanog, ALDH1A1,

and Oct4 (all P< 0.01, Figure 1d).

Tobacco smoke exposure increased NF-

jB activation in the mouse bladder

To determine whether urocystic EMT

induced by tobacco smoke is related to the

NF-jB pathway, the levels of p65 and p50

in the mouse bladder were investigated.

Figure 1. Tobacco smoke alters the expression of EMT and CSC markers. (a) Tobacco smoke exposure
reduced the mRNA levels of epithelial markers and increased the levels of mesenchymal markers. (b) Tobacco
smoke exposure induced alterations in the protein expression of EMT markers. (c) Immunohistochemistry
illustrated that tobacco smoke decreased E-cadherin expression and increased vimentin expression. (d)
Alterations in the mRNA expression of CSC markers induced by tobacco smoke. (e) Alterations in the protein
expression of CSC markers induced by tobacco smoke. **P< 0.01, compared with FA.
EMT, epithelial–mesenchymal transition; CSC, cancer stem cell; FA, filtered air; TS, tobacco smoke.
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Western blotting indicated that tobacco

smoke exposure increased the nuclear

levels of p65 and p50 (both P< 0.01,

Figure 2). Meanwhile, we found that

p-IKKa/b expression was elevated in the

cytoplasm following tobacco smoke expo-

sure, and whereas IjBa expression was

decreased (both P< 0.01, Figure 2). These

results suggested that tobacco smoke-

triggered bladder EMT was associated

with the NF-jB pathway.

PDTC reversed tobacco smoke-mediated

urocystic NF-jB activation

To verify the precise effect of the NF-jB
pathway on tobacco smoke-elicited bladder

EMT, BALB/c mice were treated with

PDTC, a membrane-permeant inhibitor of

NF-jB activation. After 12 weeks of treat-

ment, western blotting illustrated that 10mg/

kg PDTC reversed tobacco smoke-induced

expression changes of p65, p50, p-IKKa/b,
and IjBa (all P< 0.01, Figure 3).

Tobacco smoke-triggered EMT and CSC

property acquisition were reversed by PDTC

To determine the role of the NF-jB path-

way in urocystic EMT caused by tobacco

smoke, the expression of EMT markers
was detected after treatment with PDTC
and tobacco smoke. The results indicated
that alterations in the levels of EMT
markers induced by tobacco smoke, includ-
ing the downregulation of E-cadherin,
ZO-1, and CK5 and upregulation of Snail-
1, vimentin, and N-cadherin, were signifi-
cantly suppressed by PDTC (all P< 0.05,
Figure 4a, b). We also found that PDTC
reversed the tobacco smoke-induced abnor-
mal expression of CSC markers (all
P< 0.01, Figure 4c). These data indicated
that inhibition of the NF-jB pathway
reversed tobacco smoke-triggered EMT
and CSC marker expression in vivo.

DATS attenuated tobacco smoke-
mediated changes in EMT and CSC
marker expression in the mouse bladder

To explore the effects of DATS on tobacco
smoke-elicited EMT and CSC marker
expression, mice were treated with DATS
and then exposed to tobacco smoke. The
results in Figure 5 indicated that 10 mg/kg
DATS treatment attenuated the downregu-
lation of E-cadherin, CK5, and ZO-1 and
upregulation of vimentin, Snail-1, N-cad-
herin, CD44, Nanog, ALDH1A1, and

Figure 2. Tobacco smoke exposure increased NF-jB pathway activity. Tobacco smoke effectively elevated the
expression of p65, p50, and p-IKKa/b and decreased the expression of IjBa. **P< 0.01, compared with FA.
p-IKKa/b, phosphorylated inhibitor of kappa-B kinase alpha/beta; IjBa, inhibitor of kappa-B alpha; FA,
filtered air; TS, tobacco smoke N-p50, nuclear p50; N-p65, nuclear p65; C-p50, cytoplasmic p50; C-p65,
cytoplasmic p65.
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Oct4 induced by tobacco smoke exposure

(all P< 0.05). These results supported the

preventive effects of DATS on tobacco

smoke-induced changes in EMT and CSC

marker expression in the mouse bladder.

DATS reversed tobacco smoke-stimulated

NF-jB pathway activation

To investigate the effects of DATS on

tobacco smoke-induced NF-jB pathway

activation, we further studied the altera-

tions of p65, p50, p-IKKa/b, and IjB
expression in the mouse bladder after

DATS treatment. We found that daily

treatment with 10 mg/kg DATS obviously

reversed the protein expression changes

induced by tobacco smoke exposure (all

P< 0.05, Figure 6).

Discussion

In recent years, many studies including our

previous studies27–29 indicated that tobacco

smoke is a leading cause of bladder cancer,

and great progress has been made in under-
standing the mechanisms by which tobacco
smoke exposure causes bladder cancer.
However, little is known regarding the
exact mechanism by which tobacco smoke
promotes the initiation of bladder cancer.
In this study, we found that tobacco
smoke triggered EMT and the acquisition
of CSC features in the BALB/c mouse blad-
der. Furthermore, our data indicated that
DATS suppressed the NF-jB pathway,
thereby preventing the changes in urocystic
EMT and CSC marker expression induced
by tobacco smoke in vivo.

EMT is a process in which epithelial cells
undergo a phenotype change to mesenchy-
mal cells, and it is crucially involved in the
initiation and development of cancer.
Previous studies reported that tobacco
smoke could induce EMT, which regulates
early events in many cancers.4,30 To deter-
mine whether the alterations of EMT
occurred in the bladders of mice exposed
to tobacco smoke, the expression of EMT
markers was examined in our study.

Figure 3. PDTC inhibited tobacco smoke-induced NF-jB pathway activation. Western blotting revealed
that PDTC reversed tobacco smoke-induced changes of p65, p50, p-IKKa/b, and IjB expression. **P< 0.01,
compared with FA; ##P< 0.01, compared with TSþDMSO.
PDTC, pyrrolidinedithiocarbamate ammonium; p-IKKa/b, phosphorylated inhibitor of kappa-B kinase alpha/
beta; IjBa, inhibitor of kappa-B alpha; FA, filtered air; TS, tobacco smoke; N-p50, nuclear p50; N-p65,
nuclear p65.
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In accordance with previous reports, we
found that tobacco smoke reduced the
expression of E-cadherin, ZO-1, and CK5
and increased the expression of vimentin,
Snail-1, and N-cadherin. These results sug-
gested that tobacco smoke induced EMT in
the mouse bladder. CSCs play plays a key
role in the initiation and development of
cancer. In the current study, we found
that the expression of CD44, Nanog,
ALDH1A1, and Oct4 was upregulated by

tobacco smoke exposure. Our results sug-

gested that tobacco smoke exposure pro-
moted the acquisition of CSC features in
the mouse bladder. In addition, we found
that mice lost weight after exposure to
tobacco smoke. However, the mechanisms
by which tobacco smoke induce EMT and

the acquisition of CSC characteristics are
not well articulated.

Several signaling pathways are involved
in EMT and the acquisition of CSC

Figure 4. NF-jB pathway suppression reversed tobacco smoke-induced changes of EMT and CSC marker
expression. (a) Real-time PCR of EMT marker expression. (b) Western blotting of EMT marker expression.
(c) Real-time PCR of CSC marker expression. (d) Western blotting of CSC marker expression. **P< 0.01,
compared with FA; #P< 0.05, ##P< 0.01, compared with TSþDMSO.
EMT, epithelial–mesenchymal transition; CSC, cancer stem cell; FA, filtered air; TS, tobacco smoke; PDTC,
pyrrolidinedithiocarbamate ammonium.
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characteristics, including Wnt/b-catenin,
HIF-2a, Notch, and some epigenetic path-

ways. The NF-jB pathway plays a critical

role in multiple physiological processes and

pathologies including cell proliferation,
apoptosis, inflammation, and cancer initia-

tion.31 Several studies suggested that the

NF-jB pathway promotes EMT and the
acquisition of CSC characteristics.32,33

However, few studies systematically ana-
lyzed tobacco smoke-triggered EMT and

CSC property acquisition in the bladder.

Our study results indicated that tobacco

smoke-induced urocystic EMT and CSC
phenotype acquisition were related to the

upregulation of p65 and p50 in vivo.

Meanwhile, tobacco smoke exposure
increased the levels of p-IKKa/b and

Figure 5. DATS attenuated tobacco smoke-mediated changes of urocystic EMT and CSC marker expres-
sion. (a) Real-time PCR of the mRNA levels of EMT markers. (b) Western blotting of EMT marker
expression. (c) Real-time PCR of the mRNA levels of CSC markers. (d) Western blotting of CSC marker
expression. **P< 0.01, compared with FA; #P< 0.05, ##P< 0.01, compared with TSþDMSO.
DATS, diallyl trisulfide; EMT, epithelial–mesenchymal transition; CSC, cancer stem cell; FA, filtered air; TS,
tobacco smoke.
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decreased IjB expression. These data impli-
cated the NF-jB pathway in the induction
of EMT and acquisition of CSC character-
istics following tobacco smoke exposure
in vivo.

As mentioned previously, tobacco
smoke-induced urocystic EMT is associated
with NF-jB pathway activation in vivo. To
identify the role of the NF-jB pathway in
EMT and the acquisition of CSC character-
istics, mice were treated with PDTC, which
has been reported to inhibit NF-jB path-
way activation in a variety of cells.9,34 We
found that PDTC suppressed tobacco
smoke-induced p65, p50, and p-IKKa/b
upregulation and IjB downregulation.
Furthermore, suppression of the NF-jB
pathway reversed tobacco smoke-mediated
alterations in EMT and CSC marker levels,
including the elevated expression of E-cad-
herin, ZO-1, and CK5 and decreased
expression of vimentin, Snail-1, N-cad-
herin, CD44, Nanog, ALDH1A1, and
Oct4. These results certified that the NF-
jB pathway regulates bladder EMT and

CSC feature changes induced by tobacco
smoke.

It has been reported that diet modifica-
tion and regular physical activity can
prevent approximately one-third of cancers.
Phytochemicals, especially food-derived
phytochemicals, have demonstrated prom-
ise for preventing the initiation and
development of cancer. The safety and
anti-cancer activity of DATS have been
confirmed in many types of cancer.10,35,36

The doses of DATS used in our study
were 5 and 10mg/kg body weight per day.
The effects of DATS on tobacco smoke-
induced bladder EMT and CSC marker
expression were examined in mice. As pre-
sented in Figure 5, DATS (10 mg/kg) inhib-
ited tobacco smoke-induced changes in
EMT and CSC marker expression. We fur-
ther explored whether DATS exerts its
effects through the NF-jB pathway. The
data revealed that tobacco smoke-
triggered changes of p65, p50, p-IKKa/b,
and IjB expression were significantly sup-
pressed by 12 weeks of DATS treatment.

Figure 6. DATS reversed tobacco smoke-induced activation of the NF-jB pathway. DATS attenuated
tobacco smoke-stimulated NF-jB pathway activation in the mouse bladder. Western blotting was performed
to analyze the expression changes of p65, p50, p-IKKa/b, and IjB.
DATS, diallyl trisulfide; EMT, epithelial–mesenchymal transition; CSC, cancer stem cell; FA, filtered air; TS,
tobacco smoke; p-IKKa/b, phosphorylated inhibitor of kappa-B kinase alpha/beta; IjBa, inhibitor of kappa-B
alpha.
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Our study illustrated that the NF-jB
pathway positively regulated tobacco

smoke-triggered bladder EMT/CSC

marker changes and the in vivo effects of

DATS on these changes. Our findings

may provide new insights into the mecha-

nisms and chemoprevention of bladder

cancer induced by tobacco smoke exposure.

However, the current study was an initial

analysis, and we must conduct additional

research before the findings can be applied

to clinical practice.
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