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Introduction: Iodine is not used only by the thyroid to synthesize thyroid hormones but also directly
influences a number of thyroid parameters such as thyroid proliferation and function. Several iodinated
lipids, biosynthesized by the thyroid, were postulated as intermediaries in the action of iodide. Among
these, iodolactone (IL-d) and 2-iodohexadecanal (2-IHDA) have shown to inhibit several thyroid pa-
rameters. The antiproliferative effect of IL-d is not restricted to the thyroid gland. IL-d exhibits anti-tumor
properties in breast cancer, neuroblastoma, glioblastoma, melanoma and lung carcinoma cells suggesting
that IL-d could be used as a chemotherapeutic agent. Moreover in a colon cancer cell line (HT-29), IL-
d induced cell death, and this effect was mediated by reactive oxygen species (ROS) generation. The aim
of the present study was to analyze the sources of reactive oxygen species induced by IL-d and to explore
the contribution of ROS induced by IL-d on cell proliferation and apoptosis.
Methodology and results: Cancer thyroid follicular (WRO) and papilar (TPC-1) cells lines were treated
with IL-d. Proliferation and apoptosis was analyzed. IL-d caused a significant loss of cell viability on WRO
and TPC-1 cells in a concentration dependent manner and induced apoptosis after 3 h of treatment.
Furthermore, IL-d (10 mM) increased ROS production (39% WRO and 20% TPC-1). The concomitant
treatment of WRO and TPC-1 cells with Trolox or NAC plus IL-d abrogated the augment of ROS induced by
IL-d exposure. Additionally Trolox and NAC reversed the effect of IL-d on cell proliferation and apoptosis.
Only in WRO cells IL-d upregulates NADPH oxidase NOX4 expression, and siRNA targeted knock-down of
NOX4 attenuates ROS production, apoptosis (p < 0.05) and the inhibitory effect of IL-d on cell prolifer-
ation and PCNA expression (p < 0.05).
Conclusions: The antiproliferative and pro-apoptotic effect of IL-d is mediated by different mechanisms
and pathway involving different sources of ROS generation depending on the cellular context.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Different factors have been proposed to be involved in thyroid
function and proliferation such as thyrotropin (TSH), growth fac-
tors, iodide, radiation, etc. Previous studies have shown that, iodine
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excess inhibits thyroid cell proliferation and thyroid function
through the synthesis of an organified compound. Several com-
pounds, biosynthesized by the thyroid, were postulated as in-
termediaries in the action of iodide. Among these, two iodolipids:
5-hydroxy-6 iodo-8, 11, 14- eicosatrienoic delta lactone (IL-d) and
2 iodohexadecanal (2-IHDA) have shown to inhibit several thyroid
parameters and its participation in thyroid autoregulation have also
been suggested (Pisarev and Gartner, 2000; Panneels et al., 2009).

IL-d mimics the inhibitory effects of iodide on thyroid cell pro-
liferation (Pisarev et al., 1992; Dugrillon et al., 1994), goiter growth
(Pisarev et al., 1988; Thomasz et al., 2010a), iodide uptake
(Chazenbalk et al., 1988), H2O2 production (Krawiec et al., 1988),
and cell membrane transport of glucose and amino acids, although
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not all iodine inhibitory effects are reproduced by IL-d (Thomasz
et al., 2010b).

Boeynaems and Hubbard (1980) have reported the conversion
of exogenous free arachidonic acid into IL-d in rat thyroid and
Dugrillon et al. (1994) demonstrated that this compound is syn-
thesized by the Human gland. Iodide can generate IL-d only in cells
expressing NIS and peroxidases. Several studies have reported that
iodide needs to be oxidized by peroxidases, and these iodo-
compound induce cytotoxic effects (Boeynaems and Hubbard 1980;
Turk et al., 1983; Ekholm and Bjorkman, 1997). The synthesis of
iodolipids is not restricted to the thyroid gland. The presence of IL-
d has been reported in normal and tumoral mammary gland from
rats fed with continuous I2 supplements in the diet (Aceves et al.,
2009) and in MCF-7 cells (Arroyo-Helguera et al., 2006). It was
demonstrated that molecular iodine (I2), but not iodide (I�), exerts
antineoplasic actions on diverse tissues and this effect may be due
to the synthesis of intracellular iodolipids (Shrivastava et al., 2006;
Arroyo-Helguera et al., 2008; Nava-Villalba et al., 2015). Moreover,
IL-d displayed a 4-foldmore potent antiproliferative effect on breast
cancer cells than I2 (Arroyo-Helguera et al., 2006). It was also
described an antiproliferative effect of I2 and IL-d in several human
cancer cell lines through a mitochondrial mediated apoptosis
mechanism (Aranda et al., 2013; R€osner et al., 2016). IL-d exhibits
anti-tumor properties in breast cancer, neuroblastoma, glioblas-
toma, melanoma and lung carcinoma cells. Moreover in a colon
cancer cell line (HT-29), IL-d induced cell death, and this effect was
mediated by reactive oxygen species (ROS) generation (Thomasz
et al., 2013). Together, these precedents suggest that IL-d could be
used as a chemotherapeutic agent for the treatment of cancer tis-
sues, alone or in combination with another therapy.

ROS are highly reactive O2 metabolites, including superoxide
radical and hydrogen peroxide (H2O2) that are involved in several
physiological processes. Thyroid hormone synthesis requires
hydrogen peroxide as a substrate and a peroxidase enzyme (TPO)
catalyzes the process. In the thyroid gland, H2O2 is generated by
NADPH oxidases (NOXs), dual oxidase 1 (DUOX 1) and dual oxidase
2 (DUOX 2) (Leseney et al., 1999; Song et al., 2007, Rigutto et al.,
2009). DUOX are located at the apical plasma membrane of the
thyrocyte, and they produce H2O2 in the extracellular colloid space
(Dupuy et al., 1989, 1999). In addition to DUOX 1 and DUOX 2,
human tyrocytes also express an intracellular reactive oxygen
species (ROS) generating system, NADPH oxidase 4 (NOX4) (Ohye
and Sugawara, 2010; Ameziane-El-Hassani et al., 2016). The
different localization of NOX/DUOX appears to be related to their
different functions and this localization suggests a role of NOX4 in
thyroid cell signaling, (Baboir, 1999; Bedard and Krause, 2007;
Lambeth, 2007; Weyemi et al., 2010).

The aim of the present study was to analyze the sources of
reactive oxygen species induced by IL-d and to explore the contri-
bution of ROS induced by IL-d on cell proliferation and apoptosis.
2. Materials and methods

2.1. Cell culture

The human WRO cell line was cultured in RPMI 1640 medium
containing 10% FBS and penicillin (100 U/ml) and the human TPC-
1 cell line was cultured in Coons’ modified F-12 medium (50%) and
DMEM-high glucose (50%). Cells cultures were maintained in a
temperature and humidity controlled incubator at 37 �C with air
and 5% CO2. The medium was replaced with fresh medium every
2e3 days. Cells were harvested with trypsin-EDTA and seeded on
24-and 96 well plates or in 60 mm Tissue-Culture dishes for
experimental purposes.
Please cite this article in press as: Lisa, T., et al., Regulation of NADPH oxida
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2.2. Chemical synthesis of IL-d

IL-d was synthesized with a modification of the method of
Monteagudo et al. (1990). Briefly, to a solution of AA (65 mg) in
acetonitrile (0.8 mL) was added a solution of iodine (156 mg) in
acetonitrile (8 mL) at 4 �C. The solution was kept under N2, stirred
for 4 h at room temperature and protected from light. The solution
containing crude product was concentrated under low nitrogen
flow to 0.5 ml and separated on silica gel column and preparative
TLC using the solvent system CH2Cl2/MeOH (97.5:2.5). The IL-
d synthesized was concentrated under low nitrogen flow. Before
use the IL-dwas diluted in RPMI, sonicated and introduced into the
culture medium to a final concentration of 10 mM. IL-d is stable
under the present experimental conditions (Thomasz et al., 2010b).

2.3. Cell viability

Cells were cultured on 96 well plates for 24 h in RPMI 1640
supplemented with 10% FBS. After 24 h, cells were further incu-
bated for 48 and 72 h in 10% FBS medium in the presence of various
compounds. Viability of WRO and TPC cells was evaluated using
MTT assay. This assay is based on the cleavage of the tetrazolium
salt MTT to a dark blue formazan product by mitochondrial dehy-
drogenase in viable cells. The absorbance of viable cells was
measured in a Spectra Microplate Reader with a test wavelength of
570 nm.

2.4. Assay of ROS production

In order to determine the quantity of ROS produced byWRO and
TPC cells, the H2O2 concentrationwithin the cells was assayed using
the 20, 70-dichlorfluorescein-diacetate (DCFH-DA) a well-
established compound used to detect and quantify intracellular
produced ROS. DCFH-DA is freely permeable across the mem-
branes; upon entering the cell, the acetate groups are hydrolyzed,
creating a membrane impermeable form of the dye (DCFH).
Hydrogen peroxide and peroxides produced by the cell oxidize
DCFH to yield a quantifiable fluorogenic compound 20, 70-dichlor-
ofluorescein (DCF), representing the level of ROS present in the cell,
which can be detected by fluorescent microscopy.

Cells (1.0 � 106) were incubated with10 mM of DCFH-DA for
20 min at 37 �C, and relative ROS units were determined by fluo-
rescence at lexcitation: 485/20 nm and lemission: 530/25 nm. An
aliquot of the cell suspension was lysed, and protein concentration
was determined. The results are expressed as arbitrary absorbance
units/mg protein.

2.5. Measurement of mitochondrial ROS

ROS generation by mitochondria in living cells was analyzed
with the mitochondrial superoxide indicator MitoSOX™ Red
(Invitrogen). For assays, cells were treated with IL-d for 3 h and
incubated with 5 mM MitoSOX-Red for 10 min at 37 �C. After
washing twice with PBS, mitochondrial ROS were determined by
fluorescence Ex/Em: 510/580 nm. The relative MitoSOX™ intensity
were normalized to changes in protein content and expressed as
fold change with respect to unstimulated control.

2.6. Western blot analysis

Cells were seeded in 60-mmdishes and incubatedwith different
compounds for the time indicated in the text. Proteins were
extracted in lysis buffer RIPA (50mMTriseHClpH7.4, 150 mMNaCl,
1% NonidetP4 0.01% SDS, 0.5 %d eoxycholate), supplemented with
PMSF 0.5 mM and protease inhibitor cocktail (Sigma-Aldrich).
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Proteins were electrophoresed on 10% SDS-polyacrylamide gel
(SDS-PAGE), prior to transfer to polivinylidene difluoride mem-
branes (PVDF) (Millipore, Bedford, MA), in a semidry transfer cell at
18 V for 1 h. Membranes were blocked with 0.2% Tween 20 (Sigma)
and 5% BSA for 1 h at RT and then incubated overnight at 4 �C using
monoclonal or polyclonal antibodies. Immunoblotting was carried
out with monoclonal anti c-Nox-4 antibody (dilution 1:2000,
Abcam), polyclonal anti PCNA antibody (dilution 1:200, Santa Cruz
Biotechnology), and anti-b- in phosphate buffer saline solution
(PBS) with 0.2% Tween 20 (Sigma) and 5% BSA. Immunochemical
detection of PCNA or Nox-4 levels using a specific antibody and
anti-rabbit IgG antibody and conjugated with peroxidase. Specific
proteins were visualized using the enhanced chemiluminescence
method (Amersham Pharmacia Biotech, USA). For loading controls
immunoblotting was carried out with monoclonal anti-b-actin
antibody (1:2000, sigma). Densitometric analysis was performed
using the NIH ImageJ analysis Software (1.40 g Wayne Rasband,
National Institute of Health, USA) and results were corrected for
protein loading by normalization for b-actin expression.

2.7. Caspase-3 activity

Caspase-3 activity was determined with the caspase-3 Assay kit,
according to the manufacturer's instructions (Sigma CASP-3-C,
Sigma-Aldrich, St. Louis, Mo, USA). This assay is based on the
spectrophotometric detection of the Ac-DEVD-pNA substrate after
cleavage. Cells were harvested in lysis buffer [50 mm HEPES, 5
mMdithiothreitol (DTT), 5 mN CHAPS, 10 mg/mL pepstatin, benza-
midine 2.5 mM, aprotinina 10 mg/mL, pepstatin 1 mg/mL, 0,5
mMphenylmethylsulfonylfluoride (PMSF), pH 7.4] and homoge-
nized with a Teflon-glass homogenizer. Lysates were clarified by
centrifugation at 10,000 � g for 5 min, and clear lysates containing
100 mg proteins were incubated with caspase-3 substrate, at 37 �C
for 3 h. The concentration of the p-nitroaniline (pNA) released from
the substrate is calculated from the absorbance values at 405 nm
after incubating the plate at 37 �C for 90 min. The activity,
expressed as micromoles of p-nitroaniline per minuteper milliliter,
was calculated with a p-nitroaniline calibration curve. A positive
control of caspase-3 and an inhibitor-treated cell lysate control (for
measuring the nonspecific hydrolysis of the substrate) were added
to the plate.

2.8. Apoptosis assay by nuclear morphology

At the indicated times after IL-d treatment, the cells were
washed with PBS, and changes in cell morphology were examined
by staining slides with the Hoechst dye 33,342 (5 mM/ml in PBS)
reagent, during 10 min at room temperature. After staining, the
slides were dried thoroughly, rinsed in PBS, and nuclear
morphology was observed using a fluorescence microscope. The
percentage of apoptotic cells was determined by counting the
number of nuclei showing chromatin condensation and fragmen-
tation characteristic of apoptosis after observing a total of at least
100 cells.

2.9. RT-PCR analysis

Extraction and purification of RNA were performed following
the TRIzol method. Following reverse transcription using the Su-
perscript II reverse transcriptase (Invitrogen) cDNA (1 ml, 1/10) was
used in each PCR reaction in a total volume of 25 ml, with specific
primers for the target molecules with the PCR Master Mix
(Promega).
Please cite this article in press as: Lisa, T., et al., Regulation of NADPH oxida
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NOX 4: forward 50 -CGGTGCTATTCCTCATGATCAC-30, reverse 50-
AATCTGGGCTCTTCCATACAAA-30; CATALASE: forward 50- TCATA-
TACCTGTGAACTGTG-30 reverse 50-ATAGAATGCCCGCACCTGAG-30;
SOD1: forward 50-AAGGCCGTGTGCGTGCTGAA-30, reverse 50-
CAAGTCTCCAACATGCCTCT-30; SOD2: forward 50- TCA-
CATCAACGCGCAGATCA-30, reverse 50 GGCTTCCAGCAACTCCCCTT
-30.

The PCR cycling parameters were as follows (the annealing
temperatures and cycle number were optimized for each pair of
primers): initial denaturation at 94 �C for 2min (one cycle), dena-
turation at 94 �C for 30 s, annealing for 60 s and extension at 72 �C
for 1min, followed by a 10 min extension at 72 �C after the last
cycle.

All PCR products were separated on 2% agarose gel electro-
phoresis and visualized with Gel Red. Images of the gels were
analyzed by densitometry using the Image J software.
2.10. Immunocytochemistry

Sub confluent cells grown in 60 mm dishes with or without IL-
d during 3 h, were fixed in 100% methanol for 5 min at�20 �C. Cells
were then washed with PBS and permeabilized with 0.2% (v/v)
Triton X-100 in PBS for 10 min. Cells were further Incubated in 3%
hydrogen peroxide for 20 min, washed and blocked with 2% BSA in
PBS for 30 min. Cells were then incubated at 4 �C overnight with
anti-NOX-4 (Abcam, dilution 1:200) antibody. Inmunodetection
was performed by the use of the Cell Marque Kit according to the
manufacturer's instructions. Peroxidase staining was revealed in
3,30-diaminobenzidine. Negative controls were performed as
described above except that the primary antibody was not
included.
2.11. Catalase and Superoxide Dismutase activity

Catalase activity was measured by monitoring the disappear-
ance of H2O2 at 240 nm. The reaction mixture contained 30 mg
protein, 50 mM potassium phosphate buffer (pH 7.8), and 15 mM
H2O2. Changes in absorbance weremeasured for 1 min. The specific
activity was calculated as units/mL (mmol/[min mL]).

Superoxide Dismutase (SOD) activity was determined with the
Superoxide Dismutase Activity Assay Kit (Abcam Colorimetric). This
kit uses WST-1 that produces a water-soluble formazan dye upon
reduction with superoxide anion. The rate of the reduction with a
superoxide anion is linearly related to the xanthine oxidase (XO)
activity, and is inhibited by SOD. Therefore, the inhibition activity of
SOD can be determined by a colorimetric method at 450 nm.
2.12. Transfection of small interfering RNAs

Cells were seeded in P60 plates and transfected with 50 nmol/
ml of siRNA or a control non targeting scrambled oligonucleotide
using siPORTneoFX Transfection Agent (Ambion) according to the
manufacturer's instructions with specific human siRNA against
NOX4 (NOX4 si RNA, Santa Cruz) or scrambled oligonucleotide
siRNA control (sc si RNA, Ambion, Austin, TX).
2.13. Statistical analysis

Experiments were repeated 4e5 times. Results are expressed as
mean± SEM. Statistical analysis of the results wasmade by oneway
ANOVA followed by Student-Newman-Keuls test. Differences were
considered significant at p < 0.05.
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Table 1
Dose dependence of cell viability.

Control ILd 1 mM ILd 10 mM ILd 30 mM

WRO 100 90 ± 5 75 ± 5** 70 ± 3**
TPC 100 95 ± 5 82 ± 7* 80 ± 5*

Effect of IL-d on WRO and TPC cells survival. Cells were plated and cultured in 10%
FBS-RPMI. The next day, media were removed and cells were incubated for 72 h
with 10% FBS-RPMI containing IL-d at the indicated concentrations.The viability was
evaluated using the MTT assay. Cells were treated with MTT (0.5 mg/ml) and
incubated for 1 h at 37 �C. Then the absorbance was measured at 570 nm and the
results were expressed as percentage of control cell. Data are expressed as
means ± SEM from four independents experiments * p < 0.05 versus control,
**p < 0.01 and p < 0.001 versus control.

Fig. 1. IL-d induces WRO and TPC cell death. (A) Effect of IL-d onWRO and TPC cells survival.
cells were incubated for 48 h with 10% FBS-RPMI containing IL-d at the indicated concent
(0.5 mg/ml) and incubated for 1 h at 37 C. Then the absorbance was measured at 570 nm a
expression in cultured WRO and TPC cells. Cells were incubated with 10 mM of IL-d for 48 h
panel: Quantification of PCNA levels by densitometry scanning of the inmunoblots. Values w
d. WRO and TPC cells were treated for 3 h with 10 mM of IL-d. Percentage of cells with nuclea
by fluorescence microscopy. Arrows denote apoptotic morphological changes. Magnificatio
periments * p < 0.05 versus control, **p < 0.01 and p < 0.001 versus control.
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3. Results

3.1. IL-d inhibits cell proliferation and induces apoptosis

We first analyzed the effect of IL-d on cell proliferation and
apoptosis in two thyroid cancer cell lines WRO (follicular) and TPC-
1 (papillar).

The viability was determined byMTT assay. As shown in Table 1,
IL-d caused a significant loss of cell viability onWRO and TPC-1 cells
in a concentration dependent manner. As a marker of cell prolif-
eration, PCNA was examined by Western blots. IL-d caused a sig-
nificant loss of cell viability and decrease of PCNA expression after
Cells were plated and cultured in 10% FBS-RPMI. The next day, media were removed and
rations.The viability was evaluated using the MTT assay. Cells were treated with MTT
nd the results were expressed as percentage of control cells. (B) Western blot of PCNA
. Right panel: Immunochemical detection of PCNA levels using a specific antibody. Left
ere normalized with an anti-b-actin antibody. (C) Morphological changes induced by IL-
r apoptotic morphology was quantified. Cells were staining with Hoechst and observed
n X 200 and X 400. Data are expressed as means ± SEM from four independents ex-
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48 h of treatment (Fig. 1A and B). For the following studies a con-
centration of 10 mM of IL-d was employed.

IL-d induced apoptosis after 3 h of treatment in WRO and TPC-
1 cell lines. The abnormalities of cell morphology were examined
using a fluorescence microscope after Hoechst staining. Our re-
sults show that IL-d induced a significant increase around 3 (WRO)
and 2.7 (TPC-1) fold of apoptotic nuclei evidenced by morpho-
logical changes such as: condensation of nuclear chromatin along
the perimeter of the nucleus; circular or oval nuclei become
increasingly lobular and eventually fragment into multiple sub-
nuclei (Fig. 1C). Since caspases play an important role in early
apoptosis, we investigated the activation of executive caspase-3 in
response to IL-d treatment. Caspase-3 activity was significantly
increased in WRO and TPC-1 cell by IL-d after 3 h of treatment
(Table 2).
3.2. IL-d induces ROS generation: Correlation with its
antiproliferative and pro-apoptotic effect

Since oxidative stress has been associated with apoptosis, we
next analyzed if IL-d stimulates ROS generation in WRO and TPC-
1 cells. Substantial cellular ROS accumulation was also detected in
WRO and TPC-1 cells by using the cell-permeable DCFH-DA re-
agent. Cells were incubated with 10 mM IL-d during 0, 0.5, 1, 3, 4.5
and 24 h before the addition of DCFH-DA, and the intracellular ROS
accumulation was assessed by the DCFH-DA-derived fluorescence.

As shown in Fig. 2A, IL-d significantly increased intracellular ROS
levels reaching amaximal level of 39% inWRO cell after 1 h and 20%
in TPC-1 cell after 3 h. In addition, mitochondria seemed to
contribute to the anion superoxide production in TPC-1 cells
exposed to IL-d treatment, as demonstrated by using the fluoro-
genic probe MitoSOX Red (Fig. 2B).

To analyze the contribution of ROS on IL-d induced apoptosis
and inhibition of cell proliferation, cells were treated with IL-d plus
Trolox 100 mM or NAC 2.5 mM (radical scavengers). The concomi-
tant treatment of WRO and TPC-1 cells with Trolox or NAC plus IL-
d abrogated the augment of ROS induced by IL-d exposure (Fig. 2C).

Fig. 2D and E shows cell viability and caspase-3 activity
respectively. Trolox and NAC reversed the effect of IL-d on cell
proliferation and apoptosis indicating that ROS are involved in
these processes (p < 0.05).
3.3. IL-d stimulates antioxidant system: catalase and SOD

Catalase and SOD mRNA were analyzed by RT-PCR. Fig. 3A
show that IL-d treatment decreased SOD 1 expression by a 30% in
WRO cell (p < 0.01). No changes were observed for SOD 2 and
catalase expression. In TPC-1 cells no changes for SOD1 and SOD2
Table 2
Caspase-3 Activity measured as pmol of pNA released/min/ml.

ILd Treatment Caspase-3 activity

WRO TPC

0 h 7.5 ± 1.3 7.0 ± 0.9
0.5 h 8.9 ± 1.1 8.9 ± 0.8
1 h 10.6 ± 1.4 10.3 ± 1.0
3 h 12.6 ± 1.5* 12.3 ± 0.8*
24 h 7.7 ± 1 6.9 ± 0.5

Caspase-3 activity was measured after 0.5, 1, 3 and 24 h of ILd (10 mM) treatment in
WRO and TPC cells. Data are expressed as means ± SEM from four independents
experiments * p < 0.05 versus control.
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expressionwere detected, while a significant inhibition of catalase
expression (23%) after 3 h of treatment was observed (Fig. 3B).
Then, we decided to analyze whether this effect on gene expres-
sion had a correlation with an enzymatic activity modulation.
Catalase and SOD activities were measured at different times after
IL-d treatment. Table 3 shows SOD and catalase activity. In WRO
cells, IL-d decreased significantly SOD activity, and after 3 h of
treatment, IL-d increased catalase activity. On the other hand, in
TPC-1 cells, we observed a decreased in SOD activity (p < 0.01)
without changes in catalase activity. These results indicate the
involvement of these enzymes in the imbalance of redox-sensitive
signaling pathway.

3.4. IL-d induces NOX4 expression in a thyroid cancer follicular cell
line: WRO

The NADPH oxidases (NOXs and DUOXs) generate ROS intra-
cellularly in a wide variety of tissues. To investigate the effect of IL-
d on NADPH oxidase-dependent ROS generation we inhibit NADPH
oxidases/flavoenzymes with Diphenylene iodonium (DPI), an in-
hibitor of NADPH oxidases/flavoenzymes. ROS generation induced
by IL-d in WRO cells was inhibited by DPI (Fig. 4A, p < 0.05).
Interestingly intracellular ROS levels were not diminished by DPI in
TPC-1 cells, suggesting that the prevalent ROS source in TPC-1 cells
is not a NOX enzyme.

Since NOX4 is an important source of ROS, we decided to
examine if the effect of IL-d was mediated by this enzyme. For this
purpose, we analyzed the NOX4 mRNA levels in WRO and TPC-
1 cells. As expected, NOX4 gene is also expressed in these cell lines,
but IL-d only upregulated NOX4 expression inWRO cells (Fig. 4B). In
addition, protein level was upregulated after IL-d exposure as
shown by Western blot analysis (Fig. 4C).

3.5. siRNA targeted knock-down of NOX4 attenuates apoptosis and
the antiproliferative effect induced by IL-d

To determine the role of NOX4 in the response induced by IL-d,
we performed interference RNA experiments. For this purpose, we
used a scramble siRNA or NOX4 siRNA in WRO cells incubated with
or without IL-d for 3 h. The silencing effect of this siRNA was
confirmed by Western blotting and immunocytochemistry. The
amount of NOX4 protein detected was dramatically lower in NOX4
siRNA-transfected WRO cells than in scrambled siRNA-transfected
WRO cells. Densitometryc analyses showed that IL-d significantly
enhanced the amount of NOX4 protein in scrambled siRNA-
transfected WRO cells but not in NOX4 siRNA-transfected WRO
cells (Fig. 5A and B).

To further characterize the role of NOX4, we analyzed whether
NOX4 silencing can also influence the IL-d generated intracellular
ROS in WRO cells. IL-d treatment induced ROS accumulation in
scrambled siRNA-transfected WRO cells (29%) but not in NOX4
siRNA-transfected WRO cells (Fig. 6A). These findings indicate that
NOX4 plays a critical role in ROS production by IL-d in WRO cells.

Since IL-d stimulates NOX4 expression, inhibits cell proliferation
and induces cell death, we analyze the relevance of NOX4 in these
processes inWRO cells. As shown in Fig. 6B and C, IL-d inhibited cell
proliferation and PCNA expression (p < 0.05), while this effect was
significantly attenuated in siRNA targeted NOX4 silencing WRO
cells.

Moreover, when we analyze the apoptosis, untreated cells
transfected with either scrambled or NOX4 siRNAs showed a
similar pattern of caspase-3 activity and fluorescent staining. IL-
d led to an increase in the percentage of apoptotic cells (Fig. 7A) and
se NOX4 by delta iodolactone (IL-d) in thyroid cancer cells, Molecular
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Fig. 2. Effects of IL-d on induced intracellular ROS generation in WRO and TPC cells. Intracellular accumulation of ROS was assayed by fluorescence analysis using 20-70-dichloro-
fluorescein diacetate (DCFH-DA) Results were expressed as the ratio of DCF fluorescence/control fluorescence under each treatment. (A) Level of intracellular ROS after IL-d (10 mM)
treatment for 0, 0.5, 1, 3, 4.5 and 24 h. (B) Measurement of mitochondrial O2

�-generation. O2
�-accumulation was evaluated by fluorescence analysis using fluorescence MitoSOX Red
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Fig. 3. Effect of IL-d on antioxidant system. (A) Effect of IL-d on catalase, SOD 1 and SOD 2 expression in WRO cells. (B) Effect of IL-d on catalase, SOD 1 and SOD 2 expression in TPC
cells. Cells were incubated with 10 mM IL-d for 0, 1 and 3 h and total RNA was then purified. Catalase, SOD 1 and SOD 2 mRNA was quantified as described. RT-PCR from one
representative experiment is shown in the left panel and quantification by densitometric scanning of the gel is shown in the right panel. Data are expressed as the level of on
catalase, SOD 1 and SOD 2 mRNA relative to GADPH mRNA. (C) Intracellular ROS generation. Intracellular accumulation of ROS was assayed by fluorescence analysis using 20-70-
dichlorofluorescein diacetate (DCFH-DA) in WRO and TPC cell after 10 mM IL-d treatment with or without DPI (20 mM). Each value represents the mean ± SEM of four independent
experiments. *p < 0.05 versus control, **p < 0.01 and ***p < 0.001 versus control. Control value was taken as 1.

Table 3
Catalase (CAT) and Superoxide Dismutase (SOD) activity after IL-d treatment.

UE/mg protein 0 h 1 h 3 h

WRO CAT 1.23 ± 0.34 1.21 ± 0.36 1.93 ± 0.30*
SOD 2.00 ± 0.13 1.71 ± 0.10* 1.60 ± 0.09**

TPC-1 CAT 1.25 ± 0.33 1.60 ± 0.33 1.29 ± 0.40a

SOD 3.27 ± 0.16 1.89 ± 0.42* 1.32 ± 0.35**

Treatments were carried on during 0, 1 and 3 h after IL-d 10 mM treatment. The enzymatic activity is expressed as EU/mg protein and the results are expressed as the
mean ± SEM of four independent experiments. *p < 0.05, **p < 0.01 versus control and a p < 0.05 (WRO versus TPC-1). EU, enzymatic units; CAT, catalase; SOD, superoxide
dismutase.
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caspase-3 activity (Table 4) in scrambled-siRNA transfected WRO
cells (p < 0.05). SiRNA targeted NOX4 silencing significantly
attenuated IL-d mediated caspase-3 activity and the percentage of
apoptotic cells (Fig. 7A and B and Table 4).

Taken together, these results indicate that NOX4 up-regulation
plays a critical role in ROS production, cell proliferation and cell
probe.WROandTPCcellswere treatedwith IL-d (10mM) for 0,1 and3hand incubatedwith5mM
of Trolox andNAConROS generation. Cellswere treatedwith IL-d (10 mM)plus Trolox 100 mMa
MTTassay.WRO and TPC cells treatedwith IL-d (10 mM), Trolox 100 mM,NAC2.5mMor IL-d (10
pmol of pNA released/min/ml. Cells were treated with IL-d plus Trolox 100 mMand NAC 2.5mM
independents experiments. *p < 0.05 versus control, **p < 0.01 and p***<0.001 versus contro

Please cite this article in press as: Lisa, T., et al., Regulation of NADPH oxida
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death induced by IL-d in WRO cells.
4. Discussion

Iodinated derivatives from arachidonic acid, inhibit several
thyroid parameters such as cell proliferation (Pisarev et al., 1992;
MitoSOXRedprobe for 10min.Resultswere expressedas relativefluorescence. (C) Effect
ndNAC2.5mM. (D) Rol of ROS on IL-d induced cell death. Cell survivalwas evaluatedwith
mM) plus Trolox 100 mMandNAC 2.5mMduring 48 h. (E) Caspase-3 activitymeasured as
during 3 h and caspase-3wasmeasured. Data are expressed asmeans ± SEM from four

l.
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Fig. 4. IL-d upregulates NOX-4 expression in WRO cell. (A) Effect of IL-d on NOX-4 expression in WRO and TPC cells. Cells were incubated with 10 mM IL-d for 0, 1 and 3 h and total
RNAwas then purified. NOX-4 mRNAwas quantified. RT-PCR from one representative experiment is shown in the right panel and quantification by densitometric scanning of the gel
is shown in the left panel. Data are expressed as the level of NOX-4 mRNA relative to GADPH mRNA. (B) Western blot of NOX-4 in WRO cells incubated with 10 mM IL-d for 0, 1, 3 or
24 h. Each value represents the mean ± SEM of four independent experiments. *p < 0.05 versus control, **p < 0.01 and ***p < 0.001 versus control. Control value was taken as 1.

Fig. 5. siRNA target knock-down of NOX-4. NOX-4 transcription levels were analyzed by western blot (A) and immunocytochemistry (B). Cells were transfected with either an
unspecific siRNA (Scrambled siRNA) or with the specific NOX-4 siRNA. 48 h after transfection cells were treated with IL-d 10 mM (3 h) and NOX-4 expression was analyzed.
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Fig. 6. NOX-4 is involved in IL-d inhibit cell proliferation in WRO cell. (A) Intracellular production of ROS was assayed by fluorescence analysis using 20-70-dichlorofluorescein
diacetate (DCFH-DA) in WRO cells transfected with either an unspecific siRNA (Scrambled -sc- siRNA) or the specific NOX-4 siRNA and treated during 1 h with or without IL-d. (B)
Cell viability was analyzed by MTT assay after 48 h of ILd 10 mM treatment in WRO transfected with either an unspecific siRNA (Scrambled -sc- siRNA) or the specific NOX-4 siRNA.
(C) Western blot analysis of PCNA expression was analyzed after 48 h of IL-d 10 mM treatment in WRO transfected with either an unspecific siRNA (Scrambled -sc- siRNA) or the
specific NOX-4 siRNA. Quantification by densitometric scanning of the gel is shown in the left panel and a representative experiment is shown in the right panel. Each value
represents the mean ± SEM of four independent experiments. *p < 0.05 versus control, **p < 0.01 and p***<0.001 versus control.
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Dugrillon et al., 1994), iodide uptake (Chazenbalk et al., 1988),
H2O2 production (Krawiec et al., 1988), goiter growth (Pisarev
et al., 1988) and inositol-1,4,5-triphosphate (IP3) formation
(Dugrillon and Gartner, 1995). It has also been shown that IL-
d and I2 have antiproliferative effects in neuroblastoma, glio-
blastoma, melanoma, lung carcinoma cells, mammary carcinoma
(MCF-7), colon cancer cell line, HT-29 and prostate cell lines
((R€osner et al., 2010; Thomasz et al., 2013; Aranda et al., 2013).
Our studies demonstrated that IL-d inhibited cell proliferation
and induced apoptosis through reactive oxygen species (ROS) in
HT-29 cells (Thomasz et al., 2013). It has also been demonstrated
that the abnormal production of ROS may trigger cell cycle arrest
and apoptosis (Sauer et al., 2001). At this time, we demonstrated
that IL-d induced loss of cell viability on human cancer cell line
(WRO) and (TPC-1) in a concentration dependent manner and
increased ROS generation. This inhibition on cell proliferation
was correlated with a significant decrease in PCNA expression.
Nuclear morphological changes revealed that there was a sig-
nificant percentage of apoptosis, when WRO and TPC-1 cells were
exposed to IL-d. Activation of caspase-3, which is a prominent
marker of apoptosis, was also induced by IL-d. These results are
consistent with previous reports which demonstrated that iodine
and IL-d induce apoptosis in in vitro studies in several human
cancer cell lines (Langer et al., 2003; Arroyo-Helguera et al.,
2008; Rosner et al., 2010; Nava-Villalba and Aceves, 2014).
Please cite this article in press as: Lisa, T., et al., Regulation of NADPH oxida
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Different studies support the notion that the antiproliferative
effects of IL-d are mediated by different pathways. IL-d can act as
a ligand of peroxisome proliferator activator receptor (PPAR) and
trigger the caspase apoptosis pathway (Aranda et al., 2013). IL-
d is a specific ligand of PPARs with almost 6-fold higher affinity
than AA, and activates specifically the PPAR gamma isoform.
These data suggest that IL-d/PPAR gamma could participate in the
anti-proliferative and pro-apoptotic effect of IL-d. In addition, IL-
d decrease PCNA expression, and it could be due, in part, to an
arrest of the cell cycle. In this study, we observed an increase of
ROS levels and proposed the ROS mediated pathway to explain
this idea, but further studies are required to analyze the molec-
ular mechanism of IL-d in normal and pathological condition.

It is interesting to mention that since IL-d uptake does not
required NIS transporter nor TPO activity it could be a useful
coadjuvant in prevention or cancer treatment.

We decided to analyze the sources of reactive oxygen species
induced by IL-d and to explore the contribution of ROS induced by
IL-d on cell proliferation and apoptosis.

In the present study, we described that treatment with IL-
d increased ROS generation. We observed a decrease in SOD activity
and specifically, in WRO cells we observed an increase in catalase
activity in response to IL-d (3 h) treatment which contributes with
the decrease of ROS.

As we demonstrated, blocking of ROS production (with a
se NOX4 by delta iodolactone (IL-d) in thyroid cancer cells, Molecular
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Fig. 7. siRNA target knock-down of NOX-4 attenuates IL-d induced apoptosis in WRO cell. Cells were transfected with either an unspecific siRNA (Scrambled -sc- siRNA) or the
specific NOX-4 siRNA. (A) Morphological changes induced by ILd (10 mM) after 3 h of treatment. Percentage of cells with nuclear apoptotic morphology was quantified. sc-siRNA (a),
sc-siRNA þ IL-d (b), NOX-4 siRNA (c), NOX-4 siRNA þ IL-d (d). Cells were staining with Hoechst and observed by fluorescence microscopy. Magnification X 400. Data are expressed as
means ± SEM from four independents experiments * p < 0.05 versus control, **p < 0.01 and ***p < 0.001 versus control.
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scavenger such as Trolox or NAC) resulted in an inhibition of
apoptosis and cell survival returned to control levels. It can also be
concluded that ROS are a critical mediators of IL-d on inhibition of
cell proliferation and induced cell apoptosis.

In contrast with DUOXs, NOX4 generates H2O2 and O2
�
in intra-

cellular compartments such as the endoplasmatic reticulum,
mitochondria or nucleus and is constitutively active (Leto et al.,
2009; Carvalho and Dupuy, 2013). NOX4 is a H2O2 generator
Please cite this article in press as: Lisa, T., et al., Regulation of NADPH oxida
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located inside the thyroid cell and Weyemi et al. (2010) have
demonstrated the expression of NOX4 and its partner p22phox in
normal and thyroid cancer tissues. They found that NOX4 expres-
sion is positively regulated by TSH stimulation, suggesting a role of
ROS in TSH signaling.

ROS are overproduced in cancer cells (Quinn et al., 2006;
Lambeth, 2007), and it was shown that inhibitors of NOXes
decrease cell proliferation (Brar et al., 2002). It was also
se NOX4 by delta iodolactone (IL-d) in thyroid cancer cells, Molecular
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Table 4
Caspase-3 Activity measured as pmol of pNA released/min/ml.

Treatment Caspase-3 activity

Scrambled si RNA 10.0±0.58
Scrambled si RNAþILd 12.7±0.27*
NOX4 si RNA 10.4±0.69
NOX4 si RNAþILd 11.1±0.62

siRNA target knock-down of NOX-4 attenuates ILd induced apoptosis in
WRO cell. Cells were transfected with either an unspecific siRNA
(Scrambled siRNA) or the specific NOX-4 siRNA. Caspase-3 activity was
measured after 3 h of ILd (10 mM) treatment. Data are expressed as
means ± SEM from four independents experiments * p < 0.05 versus
control.
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demonstrated that NOX4 expression is upregulated in thyroid
cancer, particularly in papillary thyroid cancers, suggesting that this
H2O2-generating system could be involved in thyroid cancer
development or progression mechanism (Weyemi et al., 2010,
2012; Azouzi et al., 2017).

In our in vitro study with WRO cells, inhibition of NADPH oxi-
dase activity with DPI abolished ROS production and subsequent
apoptotic cell death in IL-d treated cells. This suggests that the
intracellular ROS generation by NADPH oxidase activations was
directly involved in the apoptotic mechanism of IL-d.

Here, we report that NOX4 protein plays a key role in the
overproduction of ROS and in the control of proliferation and
apoptosis induced by IL-d in WRO cells. SiRNA to NOX4 prevent the
increase in intracellular ROS, indicating that NOX4 was responsible
for ROS generation (Fig. 8).

The data of the present study provide strong evidence that
NOX4 is involved in IL-d induced apoptosis and inhibition of cell
proliferation. IL-d treated WRO cells undergo apoptosis
Fig. 8. Schematic representation of inhibitory effects of IL-d in thyroid cancer cells (left pane
increases the ROS levels by different mechanism. In WRO cells there is an increase in NOX-
catalase activity in response to IL-d was also observed. The increase in ROS levels inhibit cel
mitochondrial ROS and a decrease in SOD activity which results in ROS imbalance, inhibi
Acetylcysteine, Trolox: antioxidant, SOD: superoxide dismutase, CAT: catalase.
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characterized by nuclear morphological changes and caspase-3
activation. The loss of NOX4 expression in WRO cells transfected
with the NOX4 siRNA reversed the anti-proliferative effect of IL-
d and markedly reduced the apoptotic events induced by IL-d.

Inhibition of NADPH oxidase activity with DPI didn't abolish ROS
production and IL-d didn't regulate NOX4 expression in TPC-1 cells.
Weyemi et al. (2010) observed a higher level of NOX4 expression in
papillary thyroid cancer samples compared with those of follicular
thyroid cancer. These results could explain the absence of NOX4
regulation by IL-d in TPC-1 cells. In these cells, there was also a
mitochondrial ROS increase and a reduction of SOD activity. These
results suggest that the role of ROS in IL-d signaling is not mediated
through NOXes in the TPC-1 cell line. In fact, different pathway
could be acting with different intracellular sources of H2O2 pro-
duction and compartments with specific functions. The anti-
proliferative effect of IL-d could be involving mitochondria-
mediated ROS production. These results are in line with others
studies demonstrating the antiproliferative/cytotoxic effect of I2
that involve disruption of the mitochondrial transmembrane po-
tential, a critical event in mitochondrial-mediated apoptosis
(R€osner et al., 2010, Shrivastava et al., 2006; Yang et al., 2000).
Additionally, the decreased in SOD activity may contribute to the
increase in ROS production. Sun et al. (2011), demonstrated that
Povidone-iodine induced apoptosis through inhibiting SOD activity
(Fig. 8).

At the current state of data, it is most likely that the anti-
proliferative effect of IL-d is mediated, in part, by different mech-
anisms and pathway involving different sources of ROS generation
depending on the cellular or tissue context. The regulation of NOX4
expression by IL-d in WRO cell and the involvement mitochondria-
mediated ROS production in TPC-1 cells may reflect different
pathways and ways of regulation of cell proliferation and apoptosis
induced by IL-d.
l: WRO cells, right panel: TPC-1 cells). IL-d enters to the cell by a diffusion process and
4 expression and a decrease in SOD activity. After 3 h of IL-d treatment an increase of
l proliferation and induce cell death by apoptosis. In TPC-1 cells there is an increase of
tion of cell proliferation and apoptosis induction. NOX-4: NADPH oxidase 4, NAC: N-
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In conclusion, ROS mediate IL-d effects although the source
differs depending on the cellular context.
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