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1 | INTRODUCTION

Hypopharyngeal cancer represents one of the most aggressive sub-
types of head and neck cancer. Although tobacco and alcohol have
been associated with hypopharyngeal carcinogenesis, recent epide-
miologic studies also support the conclusion that gastro-oesophageal

Abstract

Bile at strongly acidic pH exerts a carcinogenic effect on the hypopharynx, based
upon recent pre-clinical studies that support its role as an independent risk fac-
tor. We recently demonstrated in vitro that curcumin can prevent oncogenic pro-
file of bile in human hypopharyngeal cells, by inhibiting NF-xB. We hypothesize that
topically applied curcumin to the hypopharynx can similarly block early oncogenic
molecular events of bile, by inhibiting NF-xB and consequently altering the expres-
sion of genes with oncogenic function. Using Mus musculus (C57BI/6J), we topically
applied curcumin (250 pmol/L; three times per day; 10 days) to the hypopharynx,
15 minutes before, 15 minutes after or in combination with bile acids (pH 3.0).
Immunohistochemical analysis and gPCR revealed that topically applied curcumin ei-
ther before, after or in combination with acidic bile exposure significantly suppressed
its induced NF-kB activation in regenerating epithelial cells, and overexpression of
Rela, Bcl2, Egfr, Stat3, Wnt5a, Tnf, 116, Ptgs2. Akt1 was particularly inhibited by cur-
cumin when applied simultaneously with bile. We provide novel evidence into the
preventive and therapeutic properties of topically applied curcumin in acidic bile-
induced early oncogenic molecular events in hypopharyngeal mucosa, by inhibiting
NF-xB, and shaping future translational development of effective targeted therapies

using topical non-pharmacologic inhibitors of NF-kB.
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reflux disease (GERD) is an independent risk factor.? The preva-
lence of GERD has increased significantly in the United States over
the last two decades, ranging from 18.1% to 27.8%. Moreover, bil-
iary reflux a variant of GERD is not uncommon, leading to inflam-
matory and neoplastic events.>® Recent in vitro studies showed
that a mixture of conjugated bile acids, previously found in GERD
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57 in combination with acid, could promote a prolonged

patients,
NF-xB activation accompanied by a variety of molecular alterations,
including overexpression of genes previously associated with head
and neck cancer.2? Using an in vivo animal model, it was also previ-
ously demonstrated that the same bile mixture could enhance the
activation of NF-xB, inducing pre-neoplastic events and invasive hy-
popharyngeal squamous cell carcinoma, related to early oncogenic
molecular changes (overexpression of genes like Rela(p65), Bcl2, Tnf,
Egfr, Stat3, 116 and deregulation of miRNAs), in hypopharyngeal epi-
thelium.%12 Interestingly, recently published translational data have
confirmed that hypopharyngeal cancer specimens derived from
patients with bile-containing gastro-oesophageal refluxate, demon-
strate an enhanced NF-kB activation and expression of similar mo-
lecular profiles as those identified in our murine model.*®

We recently demonstrated that the in vitro application of cur-
cumin on human hypopharyngeal primary cells can block the NF-xB
activated oncogenic pathway induced by acidic bile,** as has been
similarly demonstrated using a pharmacologic inhibitor of NF-xB
(BAY 11-7082).>Y These data support curcumin as an alternative
NF-xB inhibitor that can be used to prevent bile reflux-related early
pre-neoplastic events.

It has been shown that NF-kB can be constitutively activated in
squamous cell carcinomas, including head and neck, playing a key role
in the neoplastic transformation of inflammatory epithelium.*®? It
has also been shown that curcumin has anti-cancer and chemo-pre-
ventive properties,?®?! by inhibiting NF-kB and suppressing the
growth of cancer cells.?? Although the precise mechanism by which
curcumin blocks the NF-kB anti-apoptotic pathway is not completely
understood, it has been documented that curcumin inhibits nuclear
translocation of NF-xB by blocking the phosphorylation and degra-
dation of IkBa, and as a result prevents the transcriptional activation
of the NF-kB target genes involved in oncogenesis.?*232

Curcumin therapeutic potential has been supported by previous
studies.??2%° The systematic administration of curcumin has some
limitations due to its poor absorption, bio-distribution, metabolism
and bioavailability.?® For that reason, various formulations have made
to increase the bioavailability of curcumin and improve curcumin's
therapeutic applications, using nanoparticles, liposomes, cyclic oligo-

26-28

saccharides or intraperitoneal injection.?”3° On the other hand, it

has previously been reported that topical application of curcumin to
head and neck cancer in mice may effectively inhibit tumour growth.??

Here, we hypothesize that in vivo short-term topically applied
curcumin on murine hypopharyngeal mucosa (HM) before, after or in
combination with acidic bile exposure is capable of suppressing the
early pre-neoplastic molecular events induced by acidic bile. To ex-
plore the temporal characteristics of curcumin inhibition, we used a
previously established murine in vivo model of short-term intermittent
topical administration on HM.Y The effectiveness of topically applied
curcumin in suppressing the acidic bile-induced oncogenic effect could
support future clinical trials, exploring the role of curcumin in the pre-

vention and treatment of bile reflux-related hypopharyngeal neoplasia.

2 | MATERIALS AND METHODS
2.1 | Animal model

Forty-eight mice, Mus musculus, C57BL/6J (Jackson Laboratory,
USA) (24-male and 24-female), eight per group (4-male + 4-female),
were used in our experiment. Procedures followed the approved
protocol 11039 by Institutional Animal Care and Use Committee
(IACUC, Yale University). Mice were housed and husbanded by Yale
Animal Resources Centre (YARC) having access to food and water
throughout the day. According to the approved protocol, the animals
were acclimatized 3 days before treatment procedures. The treat-
ment procedures included topical exposure of HM, using a plastic
feeding tube, to either experimental or control fluids, three times
per day for ten days (with a 6-hour interval in which the animals had
access to drinking water, ensuring adequate washout between treat-
ments).’>Y We used 10 mmol/L of a mixture of bile salts (Sigma,
St. Louis, MO, USA; Calbiochem, San Diego, CA, USA) at molar
concentrations previously described,'® and considered to be close
to those measured in gastro-oesophageal refluxate of GERD pa-
tients.>” The bile mixture was brought to pH 3.0 with 1 mol/L HCI
(using a pH metre) before its application. We selected pH 3.0 that
was previously found to induce a significant activation of NF-xB and
its associated oncogenic gene expression profile and to produce pre-
cancerous lesions in murine hypopharynx.10 We also used curcumin
250 pmol/L (~2 mg/kg/d; 294% curcuminoid content; 280% cur-
cumin; Sigma-Aldrich), previously found to be effective when topi-
cally applied using DMSO as a vehicle (DMSO final concentration
<0.1%).2? Curcumin was topically applied to the hypopharynx three
times per day for 10 days, (with a 6-hour an interval), using a plastic
feeding tube, as described below:

Treated groups included (a) BA (acidic bile): bile at pH 3.0, (b)
Pre-Cur: pre-application of curcumin 15 minutes before acidic bile
exposure, (c) Co-Cur: co-administration of acidic bile plus curcumin,
(d) Post-Cur: post-application of curcumin 15 minutes after acidic
bile exposure (e) Control: a treated control group using saline with
DMSO at pH 7.0 [control for the effect of the feeding tube on the
hypopharynx and the vehicle of curcumin (DMSQ)] and (f) UC: an
untreated group was included as negative control. We executed all
the treatment procedures following the IACUC guidelines and policy
(protocol 11039).

Towards the end of the 10th day, approximately 2 hours after
the last treatment, the mice were killed using CO, (IACUC guide-
lines) and kept on ice. The dissected HM of 4 animals/group (2
males + 2 females) was immediately placed into 10% neutral buff-
ered formalin and submitted to Yale Pathology Facilities for histo-
logic and immunohistochemical analysis after tissue embedding in
paraffin blocks (FFPE). The HM of the remaining 4 animals of each
group was placed in RNA stabilization solution (RNAlater®, Life
Technologies, Carlsabad, CA, USA) and stored in = 80°C freezer,
for RNA isolation.
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2.2 | Histologic evaluation

Light microscopy was performed in 3- to 4-pm-thick tissue sections
of formalin-fixed and paraffin-embedded (FFPE) HM from experi-
mental and control groups that were stained with haematoxylin and
eosin. The tissue specimens were examined carefully to exclude
haemorrhagic or ulcerative lesions that could indicate local toxicity
caused by the use of the application method.

Although significant histologic changes were not expected in
10-day acidic bile-treated HM, histopathologic evaluation was also

assessed as previously described.*®’

2.3 | Immunohistochemical (IHC) analysis

We microscopically examined the activated levels of NF-xB in ex-
posed HM, using an IHC chromogenic staining for p-NF-«B, as pre-
viously described, 01317 by documenting nuclear localization of
phospho-NF-xB in hypopharyngeal mucosal layers and its expression
levels, under acidic bile exposure with or without topically applied
curcumin. Specifically, IHC analysis was performed to determine
whether the topical application of curcumin on HM was capable
of reducing the effect of acidic bile (a) to induce NF-xB activation,
by preventing its nuclear localization in basal/parabasal and supra-
basal layers, and (b) to promote regenerative activity, by suppress-
ing Kié7 overexpression in basal/parabasal layers. We performed
chromogenic IHC analysis, using immunoperoxidase (DAB peroxi-
dase substrate), in serial sections (4 pm) of FFPE HM of 4 animals (2
males and 2 females) per group, to detect activation of NF-xB and
underlying molecular changes supporting cell proliferation in HM,
as previously described.’®Y” A rabbit polyclonal anti-phospho-p65
Ser536 antibody was used to detect nuclear p-p65 S536 localization,
identifying activated NF-xB (AbD Serotec, BIO-RAD, Hercules, CA,
USA), whereas a rabbit monoclonal anti-Ki67 antibody was used to
detect cell proliferation marker Kié7 (SP6, Thermo Scientific™ Lab
Vision, Loughborough, UK). Leica light microscope and Aperio CS2
were used to examine the slides and capture images. Image Scope
software was used for image analysis.

Two independent images per tissue section (at least four tissue
sections per group) were analysed, and nuclear p-p65 (5536) and Ki67
protein levels were expressed as ratios of positive nuclei to the total
number of nuclei (defined as positivity), as we previously described.”’
The expression levels (nuclear positivity) of the analysed markers were
performed as follows: (a) acidic bile alone versus saline-treated HM (b)
curcumin versus acidic bile alone treated HM (mean + SD by multiple t

test). Untreated mucosa was used as a negative control.

2.4 | Determination of gene expression profiles

Real-time quantitative PCR analysis was performed to evaluate
the effect of topically applied curcumin on HM, in inhibiting the

acidic bile-induced overexpression of genes previously associated
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with hypopharyngeal cancer-related mRNA phenotype,s'12 and
that was found to be inhibited by the in vitro application of cur-
cumin.®® The analysis included the mRNA expression of Rela (pé65),
Egfr, Stat3, 116, Tnf, Wnt5a and Bcl2,'%Y as well as of Ptgs2, Mtor
and Akt1. Total RNA was isolated from HM (preserved in RNAlater
and stored at -80°C) of 4 animals (2 males and 2 females) per
group (RNeasy plus kit; Qiagen Inc, Valencia, CA, USA), and its
quality and concentration were determined using a NanoDrop™
1000 spectrophotometer [absorption ratios at 260/280 nm (>2.0)
and 260 nm, respectively] (Thermo Fisher Scientific). After reverse
transcription (iScript cDNA synthesis kit; Bio-Rad), we performed
real-time gPCR analysis (CFX96™; Bio-Rad) using murine specific
primers for target and reference genes (Table S1) (QuantiTect
Primers Assays and iQ™ SYBR Green Supermix by Bio-Rad), as
described previously.’% The relative transcriptional levels were
expressed as ratios of mRNA levels of each target gene relative
to the reference gene (AACt). Data analysis was performed using
CFX96™ software (Bio-Rad) for gPCR analysis.

GraphPrism 7 software (GraphPad Software, San Diego, CA,
USA) was used to perform one-way ANOVA (Friedman or Kruskal-
Wallis; Dunn's multiple analysis test) and t test analysis (multiple
comparisons by Holm-Sidak) to assess the statistical significance of

our data (P values < 0.05).

3 | RESULTS

3.1 | Invivo topically applied curcumin blocks the
activation of NF-xB induced by acidic bile

Immunohistochemical analysis revealed that pre-treatment, simul-
taneous co-administration or post-treatment of curcumin success-
fully prevented or respectively suppressed, the activation of NF-xB
induced by acidic bile. This was demonstrated microscopically by the
decreased nuclear detection of p-NF-xB (p65 SS536) in hypopharyn-
geal mucosal compartments and the reduced nuclear positivity of
p-NF-«B (ratios of positive nuclei to the total number of nuclei).

Specifically, we observed that HM treated with curcumin pro-
duced weak nuclear staining of p-NF-kxB (p65 SS536) in basal/
suprabasal layers (Figure 1A). On the other hand, similar to prior
findings,'® we observed intense nuclear staining of p-NF-kB (p65
S536) in basal/parabasal and suprabasal layers in HM exposed to
acidic bile alone compared to controls (Figure 1A), indicating an en-
hanced activation of NF-«xB.

Scoring of nuclear p-NF-xB (p65 S536) revealed that HM treated
with curcumin, before, after or in combination with acidic bile,
demonstrated significantly lower levels of activated NF-xB com-
pared to HM treated with acidic bile alone (Figure 1B) (P < 0.05,
by t test). However, we found significantly higher nuclear levels of
p-NF-kB in HM treated with acidic bile alone compared to controls,
similar to our prior findings (Figure 1B).*”

Saline-DMSO-treated HM that was used as a reference con-

trol for mechanical stress of application showed a weak nuclear
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FIGURE 1 Invivo topical application of curcumin inhibits acidic bile-induced activation of NF-kB. A, IHC analysis for p-NF-xB (p65

S536) (from left to right): control untreated HM, showing cytoplasmic staining; saline-DMSO-treated HM, incorporating sporadic and weak
cytoplasmic or nuclear staining in a few basal cells; acidic bile-treated HM, inducing intense nuclear and cytoplasmic staining of basal and
parabasal/suprabasal layers; Pre-Cur: pre-application of curcumin + acidic bile-treated HM, showing weak nuclear or cytoplasmic staining

of cells of basal or suprabasal layers; Co-Cur: co-application of curcumin + acidic bile-treated HM, demonstrating cytoplasmic staining

of cells of basal layer and weak nuclear or cytoplasmic staining of sporadic cells of suprabasal layers; and Post-Cur: acidic bile-treated

HM + post-application of curcumin, demonstrating nuclear or cytoplasmic staining mainly of cells of basal layer and a weak nuclear or
cytoplasmic staining of few cells in suprabasal layers. Images were captured using Aperio CS2 and analysed by Image Scope software (Leica
Microsystems, Buffalo Grove, IL, USA). B, Nuclear positivity of p-NF-kB (p65 $536) in murine HM (P values by t test; multiple comparisons
by Holm-Sidak; GraphPad Prism 7.0; GraphPad Software, San Diego, CA, USA) (positivity = nuclear-positive p-p65 staining/total number of
nuclei). Acidic bile (pH 3.0) induces significantly higher positive nuclear p-NF-xB (p65 S536) levels compared to saline-DMSO-treated HM or
untreated control. Topical pre-, post- or co-application of curcumin significantly decreases nuclear p-NF-xB levels in acidic bile (pH 3.0) HM
(P values by t test; multiple comparisons by Holm-Sidak; GraphPad Prism 6.0)

staining for p-NF-xB (Figure 1), indicating less NF-xB activation,
whereas the untreated HM was found negative for NF-xB activa-
tion (Figure 1).

In general, microscopic examination, as well as scoring of
p-NF-kB positivity, revealed that curcumin, whether it was applied
before, after or in combination with acidic bile, caused a similar in-
hibitory effect on NF-xB activation.

No significant difference was observed in p-NF-kB positivity and

response to treatment between males and females.

3.2 | Invivo topically applied curcumin prevents the
increased Kié67 levels induced by acidic bile

Microscopic examination of short-term (10-day) acidic bile-treated
HM revealed intense staining of Ki67 in basal and parabasal layers
compared to controls, consistent with increased cell proliferation
(Figure 2A,B), similar to prior observations.” In contrast, topi-
cal application of curcumin before, after or in combination with

acidic bile induced weak Ki6é7 staining in sporadic cells limited to
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FIGURE 2 Invivo topical application of curcumin prevents acidic bile-induced increased cell proliferation in treated HM. A, IHC analysis

for Ki67 (from left to right): control untreated HM, showing weak cytoplasmic or nuclear staining in few basal cells; saline-DMSO-treated HM,
demonstrating sporadic and weak cytoplasmic or nuclear staining in cells of the basal layer; acidic bile-treated HM, showing intense nuclear
and cytoplasmic staining of cells of basal and parabasal/suprabasal layers; and Pre-Cur: pre-application of curcumin + acidic bile-treated HM,
Co-Cur: co-application of curcumin + acidic bile-treated HM, and Post-Cur: acidic bile-treated HM + post-application of curcumin, revealing weak
nuclear or cytoplasmic staining in cells of basal layer. Images were captured using Aperio CS2 and analysed by Image Scope software (Leica
Microsystems). B, Graphs depict acidic bile (pH 3.0) induces significantly higher positive nuclear Ki6é7 levels compared to saline-DMSO-
treated HM or untreated control. Topical pre-, post- or co-application of curcumin significantly decreases nuclear Ki6é7 levels in acidic bile
(pH 3.0) HM (P values by t test; multiple comparisons by Holm-Sidak; GraphPad Prism 7.0) (positivity = nuclear-positive Ki67 staining/total

number of nuclei)

the basal layer, similar to controls (saline-DMSO-treated HM and
untreated HM), indicating that curcumin successfully suppressed
the regeneration of epithelial cells promoted by acidic bile expo-
sure (Figure 2A).

Scoring of nuclear Ki67 revealed that HM exposed to curcumin
developed significantly lower levels of nuclear Ki67 compared to
HM treated with acidic bile alone (Figure 2B) (P < 0.05, by t test). On
the other hand, we found that the repetitive short-term topical ap-
plication of acidic bile alone promoted increased nuclear Kié7 levels
with a statistically significant difference compared to controls, an
observation similar to prior studies (Figure 2B).Y”

No histologic signs of toxicity were found.*%Y”

3.3 | Invivo topical application of curcumin
effectively inhibits the overexpression of the NF-«B-
related genes with oncogenic function induced by
acidic bile exposure

Quantitative PCR analysis revealed that topically applied curcumin
before, after or in combination with acidic bile exposure success-
fully inhibited the overexpression of the NF-kB-related genes with
anti-apoptotic or oncogenic function induced by the acidic bile ex-
posure (Figure 3A). Previous studies documented that acidic bile
could induce significant overexpression of the analysed genes in

short-term (7-days) treated HM, as well as in long-term exposed
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FIGURE 3 Invivo topical application of curcumin effectively inhibits the Acidic Bile-induced overexpression of the NF-kB-Related genes with
oncogenic function. A, Transcriptional levels of the analysed NF-kB-related genes with oncogenic function are depicted in murine HM topically
exposed to control saline-DMSO, acidic bile alone and to curcumin 15 min before (Pre-Cur), simultaneously (Co-Cur) or 15 min after (Post-Cur) acidic
bile exposure. Graphs created by GraphPad Prism 7 software (transcriptional levels of the analysed genes are normalized to Gapdh by real-time gPCR
analysis). (One-way ANOVA, Freidman test). B, Graphs, created by Graph Pad Prism 7.0 software, show transcriptional levels (normalized to Gapdh)
for each analysed gene, comparing HM exposed to control saline-DMSQ, acidic bile alone, and application of curcumin before, simultaneously or
after acidic bile by real-time gPCR analysis (P value < 0.05; by t test; multiple comparisons by Holm-Sidak; data obtained from four analysed samples)
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pre-malignant HM.%!2 Here, we have documented that acidic bile-
induced overexpression of Egfr, Rela, Wnt5a, Bcl2, Ptgs2, Tnf, Stat3
and 6 was effectively inhibited by topically applied curcumin
(Figures 3B and 4A). Specifically, we showed that HM exposed to
curcumin before, after or in combination with acidic bile, produced
significantly lower mRNA levels of the analysed genes compared
to HM exposed to acidic bile alone (Figure 3B) (P < 0.05; multiple
t test).

It is worthy to note that either pre- or post-application of cur-
cumin demonstrated a similar inhibitory effect on Rela, Wnt5a, Bcl2
and Ptgs2 that was found significantly more pronounced than oc-
curred with its simultaneous co-administration (Figures 3B and 4A).
On the other hand, we found that post-application of curcumin
could induce a particularly stronger effect in suppressing acidic
bile-induced Egfr transcriptional activation, which was found to be
significantly more intense compared to its pre- or co-application
(Figures 3B and 4A).

Although short-term contact of acidic bile with HM produced a
significant transcriptional activation of NF-kB-related genes, simi-
lar to prior observation, acidic bile exposure for this period was not
capable of up-regulating Mtor but could induce significant overex-
pression of Akt1, known factors in head and neck cancer (Figure 3B;
Table S2). Simultaneous co-application of curcumin with acidic bile
significantly reversed Akt1 overexpression, whereas pre-application
had a minimal effect and its post-application had some inhibitory
effect although significantly less than its simultaneous co-adminis-
tration with acidic bile (Figures 3B and 4A). Both pre-application and
post-application accelerated the Mtor mRNAs compared to acidic
bile alone (Figure 3B).

Spearman correlation revealed a significant linear correlation
between NF-kB inhibition-induced mRNA levels of Rela and Egfr
(r=0.872, P = 0.05), Rela and Wnt5a (r = 0.9, P = 0.0417), Rela and
Ptgs2 (r = 0.9, P = 0.0417), Stat3 and 116 (r = 0.9487, P = 0.033),
Egfr and Ptgs2 (r = 0.8721, P = 0.049), and Tnf and Akt1 (r = 0.9,

A Curcumin-induced expression changes of acidic
bile-related mRNA? oncogenic phenotype in HM

¥

Normalized mRNA levels, by qPCR; BA/Cntl: Acidic bile alone vs. saline-DMSO; Cur+BA:

co-application ot curcumin vs. acidic bile alone; Pre-Cur/BA: pre-application ot curcumin
vs. acidic bile alone; BA/Post-Cur: post-application of curcumin vs. acidic bile alone.
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FIGURE 4

In vivo topical application of curcumin induces changes in the mRNA oncogenic phenotype, caused by acidic bile in a short-

term exposed murine HM. A, Table demonstrates the changes of mMRNA oncogenic phenotype (fold changes of mRNAsS), in short-term
exposed HM to BA/Cntl (acidic bile alone vs. control saline-DMSO), Pre-Cur/BA (pre-application of curcumin + acidic bile vs acidic bile
alone), Co-Cur/BA (co-application of curcumin + acidic bile vs acidic bile alone) and Post-Cur/BA (acidic bile + post-application of curcumin
vs acidic bile alone). B, Columns of graphs created by GraphPad Prism software 7.0 depict mRNA phenotype in short-term exposed HM to
(A) acidic bile alone vs. control saline-DMSO-treated HM), (B) pre-application of curcumin vs acidic bile alone, (C) co-application of curcumin
vs acidic bile alone and (D) post-application of curcumin vs acidic bile alone. mMRNA phenotypes correspond to normalized transcriptional
expression ratios of NF-xB-related genes Egfr, Rela (p65), Wnt5a, Bcl2, Akt1, Ptgs2, Tnf, Stat3 and 116, by real-time qPCR analysis. Pre-, co- or
post-application of curcumin reverses the acidic bile-induced mRNA phenotype
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P = 0.0417) (one tail). The identified strong linear correlations could
imply possible interactions among the analysed genes under the
effect of curcumin in acidic bile-exposed murine HM, as previously
suggested by the use of BAY 11-7082."

In general, gPCR analysis revealed a reversed mRNA pheno-
type in HM treated with curcumin before, after or in combination
with acidic bile, compared to HM treated with acidic bile alone
(Figure 4B), supporting the observation that topically applied cur-
cumin significantly inhibited the acidic bile-induced transcriptional
activation of genes known to play a central role in head and neck ma-
lignancies (Figure 5),21%2 similar to the effect induced by topically
applied pharmacologic NF-xB inhibitor (BAY 11-7082).Y

No significant difference was found in gene expression and re-
sponse to treatment between male and female mice.

4 | DISCUSSION

During reflux events, gastric (acid) and duodenal (bile) contents are
capable of contacting supra-oesophageal mucosa with potential car-
cinogenic effect.! Although anti-acid therapy remains the first-line
treatment for the prevention of reflux-induced inflammation, novel
data openly question its effectiveness in preventing reflux-related
malignancies long term,%! paving the way for alternative or additional

evidence-based preventive approaches. Because extra-oesophageal

A

Acid'c;bile

Hypopharyngeal mucosa 0

g «>

mlgratlon adhesmn oncogenlc transformatlon

Bile reflux-related
carcinogenesis

reflux events are clinically random in distribution, the application
of a therapy synchronized to each reflux episode may not clinically

practical.?

Therefore, demonstrating that effects of a topical treat-
ment either before or after the reflux event would be largely equiva-
lent to its simultaneous co-administration, could plausibly support a
clinically effective regimen of topical pharmacologic management.
Recent studies demonstrated that repetitive exposure of hy-
popharyngeal mucosa to bile at acidic pH could induce activation
of NF-xB and deregulation of oncogenic factors and subsequent
pre-malignant and malignant changes.’®*? Specifically, we pre-
viously showed that acidic bile-induced pre-malignant and malig-
nant lesions of murine HM demonstrated intense nuclear staining
of p-NF-xB, using IHC analysis, a well established morphologic
method to document activation of NF-xB,%3 accompanied by a sig-
nificant overexpression of NF-xB-related mRNA oncogenic pheno-
type, compared to controls.®!?13 On the other hand, the topical
co-administration of specific pharmacologic NF-xB inhibitor BAY
11-7082 was capable of preventing early pre-neoplastic molecular
changes induced by acidic bile exposure.”” In addition, it has re-
cently been demonstrated that in vitro concurrent application of a
dietary NF-kB inhibitor such as curcumin with acidic bile sufficiently
blocked the acidic bile-induced tumorigenic effect on hypopharyn-
geal primary cells, by eliminating NF-xB activation and preventing
the transcriptional activation of molecules central to head and neck

Cancer'14,19,34>36

B

Acid'c_bile

Hypopharyngeal mucosa

«>

Curcumin-induced
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nt5 Akt1

FIGURE 5 Schematic representation of in vivo prevention and therapeutic properties of curcumin on acidic bile-induced hypopharyngeal
carcinogenesis. A, Schematic representation of acidic bile-induced NF-xB activation and production of cancer-related mRNA phenotype in
short-term (10-d) exposed murine HM. B, Schematic representation of inhibition of acidic bile-induced activation of NF-xB and its related
genes with anti-apoptotic or oncogenic function by topical application of curcumin on murine HM, before, simultaneously or after acidic bile

exposure
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Although curcumin has a limited systemic effect due to its poor
absorption, it has been shown to be effective when applied topi-
cally.?1223738 T our knowledge, this is the first exploration of topi-
cally applied curcumin on acidic bile-exposed HM to demonstrate its
preventive and therapeutic properties on acidic bile-induced early
oncogenic molecular events. Using a similar methodology to those

101317 \ve demonstrated

used in our prior animal and human studies,
the effect of curcumin to significantly reduce the acidic bile-induced
NF-«B activation in HM. The essential role of NF-«xB in cancer has
been previously established by mediating the transcriptional activa-
tion of target genes, known to be involved in oncogenic pathways,
such as TNF-a/NF-kB, EGFR/Ras/RAF/MAPK, Akt/PI3K/mTOR,
IKK/NF-kB, STAT3 and wnt/p-catenin,'*3?*! and linked to head and
neck cancer.’?*° Furthermore, we previously showed that hypopha-
ryngeal squamous cell carcinoma obtained from patients with doc-
umented biliary laryngopharyngeal reflux demonstrated significant
transcriptional activation of NF-xB-related oncogenic factors,*® sim-
ilarly found in our pre-clinical in vitro and in vivo models and nega-
tively affected by a pharmacologic inhibitor of NF-xB.8 14417 |n this
study, we, therefore, seek to address the topical effect of curcuminin
blocking the previously characterized bile-related mRNA oncogenic
phenotype of NF-«xB target genes, in murine HM. The novel findings
of this in vivo model are in line with previous data from an in vitro
model, exploring the effect of curcumin in human hypopharyngeal
primary cells, in inhibiting the acidic bile-induced activation of NF-
«B and its related transcriptional activity,’* and give insights into the
prevention and development of effective targeted therapies using
non-pharmacologic NF-kB inhibitors, in bile reflux-related early
pre-neoplastic molecular events. Specifically, our current findings
demonstrate that topically applied curcumin on HM, either before,
after or in combination with acidic bile, can effectively (a) inhibit the
NF-kB activation induced by the acidic bile exposure, throughout its
mucosal thickness by IHC (Figure 1), (b) suppress cell proliferation
in HM, as indicated by the decreased levels of Ki6é7 marker in its
regenerating epithelial cells (Figure 2) and (c) block the activation
of NF-xB transcriptional factor Rela(pé5) and oncogenic Egfr, Stat3,
Whnt5a, Bcl2, Tnf, 116 and Ptgs2 induced by acidic bile (Figure 3B). Our
observations demonstrate that the pro-oncogenic and anti-onco-
genic effect of acidic bile on HM can be prevented and suppressed
by topically applied curcumin (Figure 5), in a way similarly observed
by pharmacologic inhibitors,"” based on its previously established
anti-oncogenic and anti-inflammatory properties.“25

The observation that pre- or simultaneous co-application of cur-
cumin with acidic bile exerts a more significant effect on inhibition
of Stat3, a head and neck cancer-related transcriptional factor,?%°%742
than its post-application, further supports the view that curcumin
successfully blocks early cancer-related effects of acidic bile on HM.
It is also worth highlighting that either pre- co- or post-application of
curcumin effectively inhibits the acidic bile-induced overexpression
of Egfr, a central oncogenic factor in head and neck malignancies, 34
with a significantly more profound effect by its post-application. This
observation is supported by the apparent direct negative effect of

43,44

curcumin on Egfr activation that may be partially affected by its

WILEY- %Y

bioavailability,26 during the 15-minute interval, when HM is exposed
to acidic bile. Our data also show that the acidic bile-induced Akt1
overexpression, a frequent event in human cancers including head
and neck,* can be successfully inhibited by post-treatment or simul-
taneous co-administration of curcumin with acidic bile compared to
its pre-treatment. This observation supports the view that curcumin,
by blocking constitutive NF-kB activation may have a further sup-
pressive effect on Akt1 overexpression, in line with prior reports.*

Although timing of curcumin administration may affect the rela-
tive intensity of its preventive or therapeutic effect, likely reflecting
the variable biological activities of component metabolites (eg tetra-
hydrocurcumin, hexahydrocurcumin and octahydrocurcumin),26 itis
clear that topical administration of curcumin even if it were not to be
precisely synchronized with each reflux event is overall capable of
suppressing its induced oncogenic mRNA phenotype.

In summary, our in vivo model supports the conclusion that
short-term topical application of curcumin when administered
either before, after or concurrently with acidic bile can effec-
tively inhibit the activation of NF-xB and early pre-neoplastic
events on HM, induced by acidic bile exposure. Based on our
recent findings, acidic bile has the potential for actively influ-
encing the progression of hypopharyngeal cancer, mediated by
NF-xB,*” as similar recently identified in hypopharyngeal squa-
mous cell carcinomas from patients with biliary laryngopharyn-
geal reflux.t” We believe that apart from antacid therapy, the
topical application of dietary inhibitors of NF-xB, like curcumin,
is a crucial area for future research presenting a wide range of
opportunities for potential therapeutic intervention in further-
ing control of bile-related hypopharyngeal cancer recurrence
and progression.

5 | CONCLUSION

Our in vivo model confirms the observation that curcumin, when it
is administered topically, can effectively block the bile reflux-related
early oncogenic molecular events in the hypopharynx, by inhibiting
NF-xB, providing a basis for future translational inquiry.
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