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ARTICLE INFO ABSTRACT
Keywords: Thyroid hormone, L-thyroxine (T,), induces inflammatory genes expressions and promotes cancer growth. It also
L-thyroxine induces expression of the checkpoint programmed death-ligand 1 (PD-L1), which plays a vital role in cancer
Resveratrol progression. On the other hand, resveratrol inhibits inflammatory genes expressions. Moreover, resveratrol in-
Inflammation

PD-L1
Oral cancer

flammatory genes.

creases nuclear inducible cyclooxygenase (COX)-2 accumulation, complexes with p53, and induces p53-de-
pendent anti-proliferation. In this study, we investigated the effect of T4 on resveratrol-induced anti-proliferation
in oral cancer. T, increased the expression and cytoplasmic accumulation of PD-L1. Increased expressions of pro-
inflammatory genes, interleukin (IL)-1f and transforming growth factor (TGF)-f1, were shown to stimulate PD-L1
expression. T4 stimulated pro-inflammatory and proliferative genes expressions, and oral cancer cells pro-
liferation. In contrast, resveratrol inhibited those genes and activated anti-proliferative genes. T4 retained re-
sveratrol-induced COX-2 in cytoplasm and prevented COX-2 nuclear accumulation when resveratrol treated
cancer cells. A specific signal transducer and activator of transcription 3 (STAT3) inhibitor, S31-201, blocked T,-
induced inhibition and restored resveratrol-induced nuclear COX-2 accumulation. By inhibiting the T4-activated
STATS3 signal transduction axis with S31-201, resveratrol was able to sequentially reestablish COX-2/p53-de-
pendent gene expressions and anti-proliferation. These findings provide a novel understanding of the inhibitory
effects of T, on resveratrol-induced anticancer properties via the sequential expression of PD-L1 and in-

* Corresponding author. Graduate Institute of Cancer Biology and Drug Discovery, College of Medical Science and Technology, Taipei Medical University 250 Wu-

Hsing Street, Taipei, 11031, Taiwan.
E-mail address: linhy@tmu.edu.tw (H.-Y. Lin).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.fct.2019.110693

Received 26 April 2019; Received in revised form 26 June 2019; Accepted 19 July 2019
Available online 20 July 2019

0278-6915/ © 2019 Elsevier Ltd. All rights reserved.



http://www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2019.110693
https://doi.org/10.1016/j.fct.2019.110693
mailto:linhy@tmu.edu.tw
https://doi.org/10.1016/j.fct.2019.110693
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2019.110693&domain=pdf

Y.-R. Chen, et al.

1. Introduction

Obesity is linked with several types of diseases in which secretions
of pro-inflammatory hormones and cytokines (leptin, resistin, inter-
leukin (IL)-1f, transforming growth factor (TGF)-B, tumor necrosis
factor (TNF)-a, and IL-6) are increased. The reduced release of adipo-
kines such as adiponectin and IL-10 downregulates inflammation
(Mancini et al., 2016). In addition, inflammation and oxidative stress
are involved in disease processes, including those of diabetes, cardio-
vascular diseases, and cancers. On the other hand, thyroid hormone
plays an important role in regulating oxidative stress (Elnakish et al.,
2015). Increased reactive oxygen species (ROS), some of the most im-
portant pro-oxidants, are well demonstrated in hyperthyroidism
(Marcocci et al., 2012; Villanueva et al., 2013). Thyroxine (T,) is also
able to induce expressions of pro-inflammatory genes (Davis et al.,
2016) to modulate inflammatory activities, which may be linked to
cancer progression.

Programmed cell death-ligand 1 (PD-L1) plays an important role in
evading immune surveillance (Guan et al., 2017). Therefore, over-
expression of PD-L1 affects the cell cycle, cell proliferation, apoptosis,
and carcinogenesis (Song et al., 2014). Recently, we showed that
treating cancer cells with extracts of the anti-inflammatory traditional
herbal medicine, Anoectochilus formosanus, inhibited constitutive PD-L1
expression and its protein accumulation. It further inhibited cancer
proliferation (Ho et al., 2018a). These observations suggest that PD-L1
may be involved in an inflammatory effect on cancer proliferation (Ho
et al., 2018a). Evidence also indicates that pro-inflammatory cytokines,
such as TGF-p (Park et al., 2016; Sun et al., 2018) and IL-1 (Guo et al.,
2017), are able to induce PD-L1 expression. TNF-a may enhance the
adaptive immune resistance mediated by interferon (IFN)-y-induced
PD-L1 in hepatocellular carcinoma cells (Li et al., 2018). Several signal
transduction pathways, such as activated extracellular signal-regulated
kinase 1/2 (ERK1/2), phosphatidylinositol-3-kinase (PI3K), and signal
transducer and activator of transcription 3 (STAT3), are involved in PD-
L1 expression by different agents (Li et al., 2019; Liu et al., 2017; Wang
et al., 2017). Studies conducted by our group also indicated that acti-
vated ERK1/2 (Chin et al., 2018; Lin et al., 2016a, 2018b), and PI3K
(Lin et al., 2018b) were shown to play important roles in T4-induced
PD-L1 expression. However, role of STAT3 activation in T4-induced PD-
L1 is still unknown.

Resveratrol was shown to inhibit expressions of pro-inflammatory
genes (Walker et al., 2014). It is also well demonstrated to induce anti-
proliferative activities in different cancer cells and to inhibit cancer
growth in vivo (Yousef et al., 2017). By binding to its receptor on in-
tegrin av33, resveratrol activates ERK1/2. Activation of ERK1/2 is es-
sential for resveratrol-induced expression of cyclooxygenase (COX)-2
and its nuclear accumulation to promote anti-proliferation in cancer
cells. The nuclear-translocated phosphorylated ERK1/2-COX-2 complex
binds with p53 to sequentially trigger phosphorylation of p53 at Ser-15
and promotes anti-proliferation (Lin et al., 2018b).

In the current study, we investigated the inhibitory action of T4 on
the anti-proliferative effect of resveratrol in oral cancer cells.
Resveratrol induced anti-proliferation in two oral cancer cell lines was
inhibited by T4 via IL-1f or TGF-B1 pro-inflammatory gene expression
and PD-L1 protein accumulation. Resveratrol-induced nuclear COX-2
accumulation was suppressed by co-incubation with T4. Blocking
STAT3 signaling was able to block T4-induced expression of pro-in-
flammatory genes and PD-L1. Consequently, it reduced the inhibitory
effect of T4 on resveratrol and resumed resveratrol-induced anti-pro-
liferation.

2. Experimental methods
2.1. Cell cultures

The human oral epidermoid carcinoma cell line, OEC-M1 (an
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indigenous oral cancer cell line in Taiwan), was established from gin-
gival epidermal carcinoma of a patient in Taiwan by Dr. Ching-Liang
Meng (Yang and Meng, 1994). This cell line was contributed by Dr.
Hsien-Chung Chiu. Human squamous carcinoma of the tongue, SCC-25
(ATCC® CRL-1628™), was purchased from American Type Culture Col-
lection (ATCC) (Manassas, VA, USA). Cell lines were tested and au-
thenticated by the BCRC (isoenzyme analysis, Mycoplasma, cytoge-
netics, tumorigenesis, and receptor expression testing). Cells were
maintained in RPMI-1640 supplemented with 10% fetal bovine serum
(FBS) at 37 °C in a humidified incubator with 5% CO,. Before the study,
cells were placed in 0.25% hormone-depleted serum-supplemented
medium for 2 days.

2.2. Reagents

T, and resveratrol were obtained from Sigma-Aldrich (St Louis, MO,
USA). T, was prepared as a stock 10~ *M solution in 0.04 N KOH and
4% propylene glycol. Resveratrol was dissolved in ethanol as a 100 mM
stock solution. The final concentrations of solvents in which reagents
were dissolved, were tested for activity and did not affect the experi-
mental outcomes. Goat polyclonal antibody to COX-2 Polyclonal rabbit
anti-COX-2 was obtained from Abcam (Cambridge, UK), monoclonal
mouse anti-PD-L1 was from Cell Signaling (Beverly, MA, USA), anti-B-
actin was from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), and
polyclonal rabbit anti-Lamin B1 was from GeneTex, Inc. (Hsinchu City,
Taiwan). Goat anti-rabbit immunoglobulin G (IgG) and goat anti-mouse
IgG were obtained from Cell Signaling, Anti-pERK1/2 was purchased
from GeneTex, Inc., anti-Cyclin D1 and anti-ERK1/2 were from Santa
Cruz Biotechnology, Inc., anti-a-Tubulin was obtained from Novus
Biologicals (Littleton, CO, USA). Anti-PI3K, anti-pSTAT3 were supplied
by Cell Signaling. Amersham ECL Western Blotting Detection Reagents
were from GE Healthcare (Amersham, UK). S31-201, a specific STAT3
inhibitor, was supplied by Abcam, Millipore Immobilon-PSQ Transfer
PVDF membranes and Immobilon TM Western HRP Substrate Luminol
Reagent was purchased from Millipore (Billerica, MA, USA).

2.3. Cell viability assay

SCC-25 and OEC-M1 cells were plated at a density of 10* cells/well
in 96-well plates. Cell viability was determined using the CyQUANT"
NF Cell Proliferation Assay Kit (Molecular Probes, Eugene, OR, USA)
(Ho et al., 2018b) at 96 h after treatment. Peptides were replaced daily
with refreshed media. Briefly, medium was removed, and cells were
incubated with CyQUANT" NF reagent for 1 h at 37 °C according to the
manufacturer's instructions. Plates were then analyzed using a micro-
plate reader (Varioskan™ Flash Multimode Reader, Thermo Scientific,
Waltham, MA, USA) (with excitation at 485nm and emission at
530 nm).

2.4. Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was extracted with genomic DNA removed with an
Ilustra RNAspin Mini RNA Isolation Kit (GE Healthcare Life Sciences,
Buckinghamshire, UK). One microgram of DNase I-treated total RNA
was reverse-transcribed using a RevertAid H Minus First Strand cDNA
Synthesis Kit (Life Technologies, Carlsbad, CA, USA) into com-
plementary (c)DNA. cDNAs were used as the template for real-time
PCRs and analyses. The real-time PCRs were conducted using a
QuantiNovaTM SYBR® Green PCR Kit (Qiagen, Hilden, Germany) on a
CFX Connect™ Real-Time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA, USA). Reaction procedures involved initial denaturation
at 95 °C for 5 min, followed by 40 cycles of denaturing at 95°C for 5s
and combined annealing/extension at 60 °C for 10 s, as shown in detail
in the manufacturer's instructions. The primer sequences were as fol-
lows: Homo sapiens cyclin D1 (CCND1), forward 5-CAAGGCCTGAACC
TGAGGAG-3’ and reverse 5-GATCACTCTGGAGAGGAAGCG-3’
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Fig. 1. Thyroxine blocks resveratrol-induced gene expression and anti-proliferation in oral cancer SCC-25 cells. (A) Oral cancer SCC-25 cells were treated
with 1077 M T4, 40 uM resveratrol or their combination for 96 h and then examined by CyQUANT" NF Cell Proliferation Assay. SCC-25 cells were seeded in 6 wall-
tray and treated with 1077 M Ty, 10 UM resveratrol or their combination for 24 h. Total RNA was extracted and qPCR of IL-1f3 (B), CCND1 (C), PD-L1 (D), COX-2 (E)
and BAD (F) was conducted. Numbers of Independent studies (N) = 3. (Data are expressed as mean * SD. a-d: the subsets after post hoc analysis of the significant

differences were obtained by one-way ANOVA).

(accession no.: NM_053056); Homo sapiens PD-L1 (CD274), forward
5’-GTTGAAGGACCAGCTCTCCC-3’ and reverse 5-ACCCCTGCATCCTG
CAATTT-3’ (accession no. AY254342.1); Homo sapiens COX-2, forward
5’-GCCAAGCACTTTTGGTGGAG-3’ and reverse 5-GGGACAGCCCTTCA
CGTTAT-3’ (accession no. AY462100.1); Homo sapiens BCL2-associated
agonist of cell death (BAD), forward 5-CTTTAAGAAGGGACTTCCTC

GCC-3’ and reverse 5-AAGTTCCGATCCCACCAGGA-3’ (accession no.:
NM_032989.2); Homo sapiens IL-1f, forward 5-CTTCGAGGCACAAGG
CACA-3’ and reverse 5-GCTTCAGACACTTGAGCAATGA-3’ (accession
no.: NM_000576.2); Homo sapiens TGF-f1, forward 5-GCCCTGGACAC
CAACTATTGC-3’ and reverse 5-GCTGCACTTGCAGGAGCGCAC-3' (ac-
cession no.: NM_000660.6); and Homo sapiens 18S ribosomal RNA
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Fig. 2. Thyroxine blocks resveratrol-induced gene expression and anti-proliferation in oral cancer OCM-1 cells. (A). Oral cancer OEC-M1 cells were treated
with 10 ™7 M T4, 40 uM resveratrol or their combination for 96 h and then examined by CyQUANT" NF Cell Proliferation Assay. OEC-M1 cells were seeded in 6 wall-
tray and treated with 107 M T4, 10 uM resveratrol or their combination for 24 h. Total RNA was extracted and qPCR was conducted for CCND1 (B), PD-L1 (C), COX-
2 (D) and BAD (E). N = 3. (Data are expressed as mean + SD. a-c: the subsets after post hoc analysis of the significant differences were obtained by one-way

ANOVA).

(18S), forward 5-GTAACCCGTTGAACCCCATT-3’ and reverse 5-CCAT
CCAATCGGTAGTAGCG-3’ (accession no.: NR_003286). Relative gene
expressions (normalized to 18S reference gene) were calculated ac-
cording to the AACT method. The fidelity of the PCR was determined by
a melting temperature analysis.

2.5. Confocal microscopy

This technique was previously described in our studies (Chin et al.,
2015, 2018; Lin et al., 2018b). Briefly, exponentially growing oral
cancer OEC-M1 and SCC-25 cells were seeded onto sterilized cover
glasses (Paul Marienfeld, Lauda-Konigshofen, Germany). Cells were



Y.-R. Chen, et al.

treated with resveratrol, T4, or their combination for 24 h. Cells were
fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
10 min and then permeabilized in 0.1% Triton X-100 in PBS for 20 min.
Samples were incubated with a mouse monoclonal antibody to COX-2
(1:50, Santa Cruz Biotechnology) followed by an Alexa-488-labeled
goat anti-mouse antibody (1:500, Abcam) and mounted in EverBrite
Hardset mounting medium with DAPI (Biotium, Fremont, CA, USA).
The fluorescent signal from COX-2 was recorded and analyzed with the
TCS SP5 Confocal Spectral Microscope Imaging System (Leica Micro-
systems, Wetzlar, Germany). The figures shown are representative of at
least four fields for each experimental condition.

2.6. Western blot analyses

This method was described in our previous studies (Chin et al.,
2015, 2016; Lin et al., 2016a; Yang et al., 2016). In brief, protein
samples were resolved by 10% sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). A 40-ug quantity of protein was loaded
in each well with 5x sample buffer, and protein samples were resolved
by electrophoresis at 100 V for 2 h. The separated protein bands in gels
were transferred to Millipore Immobilon-PSQ Transfer nitrocellulose
membranes (Millipore) by a Mini Trans-Blot” Cell (Bio-Rad Labora-
tories). After completing the transfer, membranes were blocked with
Tris-buffered saline containing 0.05% Tween 20 (TBST) with 2% bovine
serum albumin (BSA) and then were incubated with primary antibodies
to phosphorylated (p)PI3K (p85), pSTAT3, pERK1/2 (Cell Signaling
Technology), or GAPDH (GeneTex International), at 4 °C with rocking
overnight. Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were either goat anti-rabbit immunoglobulin G (IgG) or goat
anti-mouse IgG (1:3000, Dako, Carpentaria, CA, USA), depending on
the origin of the primary antibodies. Immunoreactive proteins were
detected by Immobilon™ Western HRP Substrate Luminol Reagent
(Millipore). Images of the Western blots were visualized and recorded
by Amersham Imager 600 (GE Healthcare Life Sciences).

2.7. Statistical analysis

All of the collected data for immunoblot and nucleotide densities
were analyzed by IBM®SPSS’ Statistics software vers. 19.0 (SPSS,
Chicago, IL, USA). Two-tailed Student's t-test was conducted and con-
sidered significant at p values of < 0.05 (*, #, %, or &), 0.005 (**, ## %,
or ¥, and 0.001 (***, ### $3% p &&&y 49 the threshold for sig-
nificance, and this was used to evaluate the significance of effects of the
hormone, resveratrol, or inhibitors.

3. Results

3.1. T4 inhibits resveratrol-induced anti-proliferation and gene expressions
in human oral cancer cells

In order to evaluate the inhibitory effects of T, on resveratrol-in-
duced anti-proliferation in human oral cancer cells, oral cancer SCC-
25 cells were treated with 40 uM resveratrol for 96 h, and then cell
viability was examined. T4 alone stimulated SCC-25 cell proliferation.
Conversely, cancer cell proliferation was significantly inhibited by re-
sveratrol. Moreover, the resveratrol-induced anti-proliferative effect
was inhibited by T4 when it was present in the resveratrol-treated cell
cultures (Fig. 1A). Next, expressions of genes involved in inflammation,
proliferation, anti-proliferation, and immunomodulation were ex-
amined. Interestingly, the pro-inflammatory cytokine, IL-1f, was sti-
mulated by T, alone (Fig. 1). T4 induced expressions of CCND1 and PD-
L1 (CD274) in SCC-25 cells. In contrast, resveratrol inhibited the pro-
liferative genes, CCND1 and PD-L1 (Fig. 1C and 1D), while it induced
COX-2 and proapoptotic BAD expression. In co-treatment of SCC-
25 cells with T, and resveratrol, expressions of CCND1 and PD-L1 by T4
were inhibited by resveratrol (Fig. 1C and 1D). On the other hand,
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resveratrol-induced COX-2 and BAD expressions were reversed by T4
co-treatment.

Similar research was conducted on the other oral cancer OEC-M1
cell line. T4 stimulated OEC-M1 cell proliferation. T, alone stimulated
OEC-M1 cell proliferation. On the other hand, cancer cell proliferation
was significantly inhibited by resveratrol. Moreover, the resveratrol-
induced anti-proliferative effect was inhibited by T, when it was pre-
sent in resveratrol-treated cell cultures (Fig. 2A). Quantitative (qQ)PCR
studies indicated that T, induced expressions of CCND1 and PD-L1 in
OEC-M1 cells. In contrast, resveratrol inhibited the proliferative genes,
CCND1 and PD-L1 (Fig. 2B and 2C), while it induced COX-2 and pro-
apoptotic BAD expressions. In co-treatment of OEC-M1 cells with T, and
resveratrol, expressions of CCND1 and PD-L1 by T, were inhibited by
resveratrol (Fig. 2B and 2C). On the other hand, resveratrol-induced
COX-2 and BAD expressions were reversed by T, co-treatment.

3.2. T4 blocks resveratrol-induced nuclear accumulation of COX-2 in
human oral cancer cells

We investigated the mechanisms involved in thyroid hormone-in-
duced interference of resveratrol-induced anti-proliferation in oral
cancer cells. Confocal microscopic studies were conducted. Cells were
starved for 48 h, then fed hormone-stripped serum-containing medium,
and afterward treated with either 40 uM resveratrol, T,, or their com-
bination for another 24 h. In confocal microscopy, 94.1% (53.67/57.33)
of resveratrol-treated cells exhibited nuclear COX-2 accumulation
compared to the untreated control which had 38.5% (16.5/44.5) nu-
clear COX-2 accumulation in SCC-25 cells. Conversely, co-treatment
with T4 and resveratrol significantly reduced nuclear accumulation of
COX-2 to 80% (45/56.33) compared to resveratrol treatment alone
(Fig. 3). When cells were pretreated with a specific inhibitor of STAT3
(S31-201), 85.4% (37.67/44) of resveratrol-treated cells exhibited nu-
clear COX-2 accumulation compared to co-treatment with T, and re-
sveratrol which produced 21.7% (7/31.67). T4 reduced resveratrol-in-
duced nuclear COX-2 accumulation by 63.7%, indicating that T4
blocked resveratrol-induced COX-2 nuclear accumulation via activation
of the STAT3 signaling pathway.

Similar results were observed in the other oral cancer cell line, OEC-
M1, with 97.4% (48.33/49.67) of resveratrol-treated cells exhibiting
nuclear COX-2 accumulation compared to the untreated control at 0%
(0/43.67). On the other hand, co-treatment with T, and resveratrol
significantly reduced nuclear accumulation of COX-2 to 74.9% (38.33/
50.67) compared to that with resveratrol treatment alone (Fig. 4). Thus,
in human oral cancer cells, T, inhibited both resveratrol-induced COX-2
accumulation and nuclear translocation. On the other hand, when cells
were pretreated with a specific inhibitor of STAT3 (S31-201), 86% (23/
27) of resveratrol-treated cells exhibited nuclear COX-2 accumulation
compared to 47.3% (12.67/26) following co-treatment with T, and
resveratrol. T, reduced resveratrol-induced nuclear COX-2 accumula-
tion by 38.7%, indicating that T, blocked resveratrol-induced COX-2
nuclear accumulation via activation of the STAT3 signaling pathway.

3.3. Activation of the STAT3 pathway is involved in the inhibitory effect of
T, on resveratrol-induced anti-proliferation

We further investigated the mechanisms involved in the inhibitory
effect of T4 on nuclear COX-2 accumulation by resveratrol in oral
cancer cells. Because activated STAT3 plays a vital role in PD-L1 ex-
pression, we examined whether the inhibitory effect of T4 was depleted
when using a STAT3 inhibitor. OEC-M1 cells were pretreated with the
STATS3 inhibitor, S31-201 (40 uM), for 30 min and then treated with T,
resveratrol, or their combination for another 24 h. Total proteins were
extracted, and Western blot analyses were conducted for pERK1/2,
pPI3K and pSTAT3. Both T, and resveratrol activated ERK1/2 phos-
phorylation (Fig. 5). In addition, T, activated STAT3 and PI3K (Fig. 5).
S$31-201 inhibited activation of STAT3 and ERK1/2 by T4 and
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Fig. 3. Thyroxine (T,) blocks resveratrol-in-
duced nuclear cyclooxygenase (COX)-2 accu-
mulation in human oral cancer SCC-25 cells.
Oral cancer SCC-25 cells were seeded on a cover
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Nuclei (Blue) Magnification

Nuclei (Blue)

RV(40pM) T,(10°"M)  Control
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resveratrol (Fig. 5). Interestingly, S31-201 enhanced PI3K activation in
all treatments. These results suggest that the T4-induced inhibitory ef-
fect on resveratrol-induced anti-proliferation may be related to STAT3
activation.

We then examined if the inhibitory effect of T4 was depleted when
using an inhibitor of STAT3. SCC-25 cells were pretreated with the
STAT3 inhibitor, S31-201 (40 uM), for 30 min and were then treated
with T4, resveratrol, or their combination for another 24 h. Cells were
harvested, and a qPCR was performed to examine expressions of in-
flammatory genes. In STAT3-inactivated cell cultures, the effect of T4
diminished expressions of IL-18 and TGF-f (Fig. 6). On the other hand,
resveratrol-induced COX-2 expression was not affected by STAT3 in-
hibition (Fig. 6). Similar results were observed in the other oral cancer
OEC-M1 cell line. T4 induced inflammatory genes and PD-L1 via the
STAT3-dependent signal transduction pathway. Conversely, resvera-
trol-regulated gene expressions were not affected by S31-201 (Fig. 7).

In summary, T, activated the STAT3 signal transduction pathway
thereby stimulating expressions of inflammatory genes and PD-LI
which interfered with resveratrol-induced anti-proliferation.
Suppression of STAT3 activation was able to potentiate resveratrol-in-
duced nuclear COX-2 accumulation, pro-apoptotic gene expressions,
and anti-proliferation in oral cancer cells.

4. Discussion

Resveratrol was comprehensively verified to be beneficial against a
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version of this article.)

Magnification

range of diseases, including cancer in a variety of models; however, its
translation to clinical applications still suffers from important draw-
backs (Singh et al., 2015). The main concern is raised by the poor
bioavailability of stilbene. No more than 1% of resveratrol is detected in
the bloodstream after oral administration (Walle, 2011), and it is ex-
tensively metabolized by the small intestine and liver (Almeida et al.,
2009; Cottart et al., 2010). Moreover, another concern regarding the
efficacy of chemotherapeutic agents affected by the cancer cell micro-
environment has recently been emphasized. The clinically desirable
actions of resveratrol in cancer cells were shown to be suppressed by
thyroid hormone (Chin et al., 2018; Lin et al., 2017; Nana et al., 2018),
DHT (Chin et al., 2015), and estrogen (Lin et al., 2017) by interfering
with resveratrol-induced nuclear COX-2 accumulation (Chin et al.,
2018). Additional factors may be caused by this inhibitory effect of
thyroid hormone.

Resveratrol induces COX-2 expression and phosphorylated p53-de-
pendent antitumor activities (Lin et al., 2017). Activated ERK1/2-de-
pendent COX-2 nuclear accumulation to form phosphorylated p53-
COX-2 complexes is essential (Chin et al., 2015; Ho et al., 2017; Lin
et al., 2017). In addition, resveratrol is able to suppress PD-L1 expres-
sion (Chin et al., 2018). However, in the presence of T,, resveratrol-
induced expressions of COX-2 and BAD, whose biological activities are
involved in anti-proliferation (Figs. 1A, 2A), were significantly reduced
when cells were co-treated with T, (Figs. 1C, 2C). Confocal microscopic
studies further verified that accumulated PD-L1 by T4 holds inducible
COX-2 in the cytosol (Figs. 3, 4) preventing its sequential nuclear
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Fig. 4. Thyroxine (T,)-induced programmed cell
death-ligand 1 (PD-L1) interferes with resvera-
trol-induced nuclear accumulation of cycloox-
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translocation (Chin et al., 2018). Consequently, it is most likely that T,-
induced PD-L1 accumulation blocks COX-2 nuclear translocation and
preferentially occurs in settings where hyperthyroidism exists (Chin
et al., 2018; Lin et al., 2018a).

Interactions between resveratrol and thyroid hormone are con-
troversial. Treatment with resveratrol reduces expression of the so-
dium/iodide symporter and uptake of iodide by thyrocytes (Giuliani
et al., 2014). Resveratrol also decreased expressions of thyroglobulin,
thyroid peroxidase, thyroid-stimulating hormone (TSH) receptor, Nkx2-
1, Foxel, and Pax8 in the rat thyroid FRTL-5 cell line (Giuliani et al.,
2014). Intraperitoneal treatment of Sprague-Dawley rats with 25 mg/kg
body weight resveratrol for 60 days increased their thyroid size
(Giuliani et al., 2017). Although serum TSH and thyroid hormone levels
were in normal ranges, the TSH level was significantly higher in re-
sveratrol-treated rats (Giuliani et al., 2017). Histological and im-
munohistochemical analyses confirmed increased proliferative activity
in the thyroid of resveratrol-treated rats (Giuliani et al., 2017).

Free thyroid hormone at physiological concentrations is anti-apop-
totic and pro-angiogenic. These properties are necessary in normal cells
such as myocardiocytes, and neurons and in normal tissues to maintain
normal physiological activities (Puzianowska-Kuznicka et al., 2006).
However, they cause undesirable cancer cell proliferation (Davis et al.,
2015; Lin et al., 2016b). T4 stimulated PD-L1 expression (Figs. 1, 2) to
retard resveratrol-induced COX-2 in the cytosol (Figs. 3, 4) and pro-
moted anti-proliferation in two oral cancer cell lines. T, was shown to
inhibit the action of resveratrol by increasing PD-L1 expression. The
inhibitory effect of T4 on resveratrol-induced anti-proliferation can be
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cells. Oral cancer OEC-M1 cells were seeded on a
cover glass. Cells were starved for 48h, fed hor-
mone-stripped serum containing medium, and then
treated with either 40 uM resveratrol, T,4, or their
combination in the presence or absence of 40 uM
$31-201 for another 24 h. Cells were fixed for con-
focal microscopic analysis of COX-2 expression
(green color) and its nuclear accumulation. Nuclei
were counter-stained with DAPI (blue color). (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

Magnification

reversed by knocking down the PD-L1 gene. These results suggest that
T4-induced PD-L1 plays a crucial role in inhibiting resveratrol-induced
anti-proliferation by blocking nuclear COX-2 accumulation in ovarian
cancer cells (Chin et al., 2018) and oral cancer cells.

Expression of PD-L1 by cancer cells is a defense mechanism to en-
able them to escape activated T cell-induced anticancer immune attack
(Shien et al., 2016). High expression of the immunosuppressive PD-L1
protects cancer cells by allowing tumor cell growth in secrecy mode
hidden from the immune system. This effect has generated much in-
terest in developing anti-PD-L1 agents, and these were shown to have
clinically important effects (Eggermont et al., 2015; Ott et al., 2013;
Powles et al., 2014). In addition to resveratrol's low bioavailability, the
effect of Ts;-induced PD-L1 expression on cancer cells represents a
complementary hindrance that may impede the polyphenol-induced
anticancer features. Furthermore, anti-resveratrol properties of PD-L1
are supported by physiological concentrations of T4 (Chin et al., 2018)
which retained resveratrol-induced nuclear COX-2 accumulation
(Figs. 3, 4). On the other hand, results also indicated that resveratrol
inhibited PD-L1 gene expression (Figs. 1, 2). Therefore, a complex re-
lationship exists between resveratrol and PD-L1 that presents mutually
antagonistic effects.

T, and resveratrol modulate PD-L1 messenger (m)RNA expression
and the PD-L1 protein level via the extracellular domain of integrin
avP3. Conversely, susceptibilities of PD-L1 to regulation via the thyroid
hormone receptor on avB3 vary in different types of cancers. In addi-
tion, the magnitudes of the response to T4 of PD-L1 mRNA and protein
levels are diverse among cell lines studied. From a clinical point of
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Fig. 5. Thyroxine (T,) activates signal transducer and activator of transcription 3 (STAT3) in oral cancer cells. Oral cancer OEC-M1 cells were treated with
1077 M T4, 10 uM resveratrol, or their combination in the presence or absence of $31-201 (40 uM pretreatment) for 24 h. Total proteins were extracted for Western
blotting analysis. n = 4. *p < 0.05, **p < 0.01 compared to the control; *p < 0.05, **p < 0.01 compared to $31-201 treatment.

view, the thyroid hormone level is usually normal in healthy persons
and even in cancer patients (Lin et al., 2016b, 2018a). Therefore, cur-
rent observations suggest that activation of the PD-L1 tumor cell self-
defense system may be in part due to endogenous Ty, since T, was
added to stripped serum-containing medium in our studies. Clinical
observations also suggest that endogenous thyroid hormone may sup-
port the growth of various types of cancers such as breast cancer
(Hercbergs et al., 2018), renal cell carcinoma (Szymanski et al., 2016),
head and neck cancers (Moeller and Fuhrer, 2013), and glioblastomas
(Hercbergs et al., 2018; Lin et al., 2016b). A recent clinical observation
indicates that pharmacologic elimination of T, but maintenance of
3,5,3’-triiodo-L-thyronine (T3) as euthyroid hypothyroxinemia is able to
prolong end-stage cancer patients' survival (Rodriguez-Molinero et al.,
2018). A trophic effect of T4 on cancer cell growth was also demon-
strated in in vitro studies (Lin et al., 2016b).

In conclusion, we verified that inflammatory genes elaborated the
antagonistic effect of T, on resveratrol-induced anti-proliferation in
oral cancer cells. In addition, T4-induced PD-L1 reduced nuclear COX-2
translocation, which is a vital mechanism of anti-proliferation by re-
sveratrol in cancers. On the other hand, blocking expressions of in-
flammatory genes in oral cancer cells makes resveratrol an attractive
agent that could possibly be employed in combination with other anti-

STATS3 drugs. Clinical anti-inflammatory drugs are possibly suppressed
by endogenous T4, and such therapy might be improved by lowering
the circulating T4-induced inhibitory effect by pharmacologically in-
tervening agents such as resveratrol.
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Fig. 6. Activated phosphatidylinositol-3-kinase (PI3K) plays a role in the thyroxine (T4)-induced inhibitory effect on resveratrol-induced anti-prolifera-
tion in oral cancer SCC-25 cells. SCC-25 cells were treated with 107 M T4, 10 uM resveratrol, or their combination in the presence or absence of $31-201 (40 uM
pretreatment) for 24 h. Total RNA was extracted for analysis by a QPCR. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control; **p < 0.01,
###p < 0.001, compared to T, at 1077 M; ®p < 0.05, 3*¥ p < 0.001, compared to $31-201 treatment; ¥ p < 0.05, *¢p < 0.01, % p < 0.001 compared to co-

treatment with T, and S31-201.
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