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Abstract Thyroid hormones are important regulators of
cell physiology, inducing cell proliferation, differentiation
or apoptosis, depending on the cell type. Thyroid hormones
induce proliferation in short-term T lymphocyte cultures.
In this study, we assessed the effect of long-term thyroxine
(T4) treatment on the balance of proliferation and apoptosis
and the intermediate participants in T lymphoma cells.
Treatment with T4 affected this balance from the fifth day
of culture, inhibiting proliferation in a time-dependent
manner. This effect was associated with apoptosis induc-
tion, as characterized through nuclear morphological
changes, DNA fragmentation, and Annexin V-FITC/Pro-
pidium lodide co-staining. In addition, increased iNOS
gene and protein levels, and enzyme activity were
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observed. The generation of reactive oxygen species,
depolarization of the mitochondrial membrane, and a
reduction in glutathione levels were also observed. The
imbalance between oxidants and antioxidants species is
typically associated with the nitration of proteins, including
PKCC, an isoenzyme essential for lymphoma cell division
and survival. Consistently, evidence of PKCC nitration via
proteasome degradation was also observed in this study.
Taken together, these results suggest that the long-term
culture of T lymphoma cells with T4 induces apoptosis
through the increased production of oxidative species
resulting from both augmented iNOS activity and the loss
of mitochondrial function. These species induce the nitra-
tion of proteins involved in cell viability, promoting pro-
teasome degradation. Furthermore, we discuss the impact
of these results on the modulation of T lymphoma growth
and the thyroid status in vivo.

Keywords Thyroid hormones - T lymphoma - Apoptosis -
Oxidative stress - Nitric oxide synthase - Protein kinase C -
Protein tyrosine nitration

Introduction

Thyroid hormones (THs), 3,5,3'-L-triiodothyronine (T3)
and thyroxine (T4), exert profound effects on metabolism,
growth, and development, affecting almost all tissues. At
the cellular level, both T3 and T4 influence proliferation,
differentiation and apoptosis in different cell types [1-3].
Most of these actions are mediated through thyroid hor-
mone nuclear receptors (TRs), which are widely expressed
in mammalian tissues. Both T3 and T4 act via TRs, but the
affinity of the receptor for T4 is much lower than that for
T3. Thus, T3 is the natural ligand of TRs. In the genomic
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concept of hormone action, T4 is considered as a prohor-
mone converted to the more metabolically active T3
through tissue deiodinase. In addition, T4 initiates rapid
nongenomic mechanisms at the cell membrane through the
mediation of signal transduction pathways. Nongenomic
and genomic mechanisms of TH action interface in the cell
nucleus, as TH extranuclear activation of intracellular
signaling pathways alter the transcriptional activity of
nuclear hormone receptors [4, 5].

TH-mediated effects on proliferation and apoptosis
depend on the type and developmental or pathophysiological
state of the cell/tissue. The clearest example of TH action in
the regulation of cell physiology is amphibian metamor-
phosis, which is strictly controlled through T3. The striking
stages in this process include the complete involution,
remodeling, and development of some organs. The
T3-mediated induction of both apoptosis and cell prolifera-
tion is responsible for the changes observed in these stages
[6, 7]. THs are also considered primary mitogens for hepa-
tocytes [1] and play a role in the proliferation of keratino-
cytes and epidermal cells [8], cardiomyocytes [9], pancreatic
acinar [10, 11] and thyroid cells [12]. In contrast, THs also
block cell proliferation and induce the differentiation of N2a-
B neuroblastoma cells [13]. THs also inhibit proliferation and
stimulate the functional maturation of Sertoli cells in pre-
pubertal rat testis through increased levels of cyclin-depen-
dent kinase inhibitors [14]. Moreover, the TH-mediated
inhibition of proliferation was also demonstrated in mam-
mary epithelial cells [15].

Apoptosis induced mechanisms were also demonstrated
in different cell types, such as rat pituitary cell lines
[16, 17] and human breast cancer cells [18], when exposed
to THs. Consistently, in HeLa and rat thyroid cells over-
expressing TRs, T3 induces caspase activity, which plays a
key role in the execution of apoptosis [19]. However, the
physiological concentrations of both T3 and T4 inhibit
apoptosis in rat brain-derived endothelial cells in vitro
through alterations in the mRNA levels of Bcl2 and Bad,
two apoptosis-related genes [20]. Moreover, T4 modulates
resveratrol-induced apoptosis in glioma cells through
nongenomic mechanisms [21].

The actions of THs are not clearly defined at lympho-
cyte level. Few reports analyzing the in vitro actions of
THs show alterations in lymphocyte reactivity. However,
the direction and magnitude of these alterations might
depend on the type and concentration of the TH encoun-
tered by the responding cells, and the species source of
lymphoid cells [22-24]. However, the precise physiologi-
cal mechanisms underlying TH effects have not been
studied. Recently, we characterized the direct actions of
THs on T lymphocyte proliferation. After 24 to 72 h of
treatment, THs stimulate or induce the proliferation of
normal and tumor T cells, respectively [25]. Furthermore,
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in BW5147 (BW) T lymphoma cells these actions are
mediated through the activation of the inducible isoform of
nitric oxide synthase (iNOS), stimulated through the
atypical { isoenzyme of protein kinase C (PKC), a crucial
enzyme for BW cell growth [26]. Moreover, the partici-
pation of TH-mediated nongenomic mechanisms in BW
cell proliferation has been demonstrated, and the signaling
cascade involves sphingomyelinases acting up-stream of
PKCC activation, and ERK and NF-«xB activation down-
stream of this PKC isoenzyme. These mechanisms increase
the expression of TRo; at both the protein and mRNA
levels, but the increase in iNOS gene expression and
activity was associated with the binding of T3 to its nuclear
receptor [27].

Nevertheless, T lymphocytes apoptosis occurred after
THs exposure. Indeed, Mihara et al. [28] demonstrated that
T lymphoma cells from the human Jurkat cell line, cultured
in vitro for 2 weeks with T3 and T4, but not TSH or TRH,
showed enhanced apoptosis. These authors also showed
that T lymphocytes from healthy volunteers cultured with
T3, but not T4, for 5 days displayed an increase in the
percent of spontaneous apoptosis. Similar findings were
observed when peripheral blood T lymphocytes from
patients with Graves’ disease, the most common cause of
hyperthyroidism, were cultured for 24 h, thus indicating
that chronic exposure to THs induces accelerated lym-
phocyte apoptosis both in vivo and in vitro. However, the
association of T3 with the reduced incidence of lympho-
cyte apoptosis was also shown under normal physiological
conditions in healthy older individuals [29].

Thus, the aim of this study was to characterize the action
of THs on BW cells under long-term culture conditions and
unravel the biochemical and molecular mechanisms
involved in these effects. These findings will improve the
knowledge of TH-mediated regulation of lymphocyte
physiology and clarify the putative and controversial par-
ticipation of THs in neoplasia-dependent mechanisms.

Materials and methods
Cell suspensions and culture conditions

The tumor cell line BW5147.3 (American Type Culture
Collection (ATCC), Catalog Number TIB-47) is a mouse T
cell lymphoma that expresses H-2* haplotype, CD3™, and
the af T-cell receptor, confirmed through flow cytometry
with specific antibodies against the corresponding surface
markers [27]. These cells were cultured at an optimal
concentration of 1-5 x 10° cells/ml in RPMI 1640 med-
ium (GIBCO BRL) supplemented with 10 % fetal calf
serum (FCS), 2 mM glutamine, and antibiotics, with twice
weekly splitting after reaching exponential growth.



Apoptosis

Proliferation assays

Cells cultured at concentration of 0.5 x 10° cells/ml were
settled at a final volume of 0.2 ml in 96-well flat-bottom
microtiter plates (Nunc) and pulsed with [*H]thymidine
([3H]TdR, NEN, 20 Ci/mmol) for the last 6 h of incuba-
tion, as previously described [27]. The results are expressed
as dpm values in experimental cultures, subtracting the
dpm control values obtained in the absence of T4.

Chromatin condensation assay

T lymphoma cells were cultured in RPMI 1640 medium
supplemented with FBS in the absence or presence of T4
for the times indicated, and the nuclear morphology was
examined. Briefly, the cells were washed and resuspended
in PBS at a concentration of 1 x 10° cells/ml, plated onto
slides and fixed with ethanol. Nuclear staining solution
containing 0.01 mg/ml Hoechst 33342 was added for
10 min. The cells were washed three times with PBS, and
the nuclei were subsequently examined using a fluorescent
microscope (Nikon Diaphou; Nikon Inc., Melville, NY).

DNA fragmentation analysis using agarose gel
electrophoresis

Inter-nucleosomal DNA fragmentation was analyzed in
BW T cells according to the methods of Herrmann et al.
[30]. Briefly, after harvesting, the samples from cultures
with or without THs were washed with PBS and pelleted
through centrifugation at 1,200xg for 10 min. The cell
pellets were subsequently treated for 10 s with lysis buffer
(1 % Igepal in 20 mM EDTA and 50 mM Tris—HCI, pH
7.5) and after centrifugation for 5 min at 1,600xg the
supernatant was collected. The supernatants were treated
with 1 % SDS and RNase A for 2 h (final concentration
5 ng/ul) at 56 °C, followed by digestion with proteinase K
(final concentration 2.5 pg/pl) for at least 2 h at 37 °C.
After the addition of 5 M ammonium acetate, the DNA was
precipitated with 2.5 volumes of ethanol and separated on a
2 % agarose gel. The DNA was visualized and photo-
graphed under UV light after ethidium bromide (0.5 pg/ml)
staining.

Quantification of apoptosis using flow cytometry

BW cells were incubated in the absence or presence of T4
for the indicated times. Subsequently, 1 x 10° cells were
washed once with PBS, resuspended in staining buffer
(10 mM HEPES/NaOH, pH 7.5; 0.14 M NaCl; 2.5 mM
CaCl,) and incubated for 15 min in the dark with 5 pl of
Annexin V-FITC (1 mg/ml, SIGMA Chemical Co.) and
10 pl of propidium iodide (PI, 1 mg/ml SIGMA Chemical

Co). Labeled cells were analyzed through flow cytometry
(FACSCalibur, Becton Dickinson Biosciences), quantify-
ing the fluorescence intensity at 580 (PI) and 520 nm
(Annexin V-FITC). The data were analyzed using WinMDi
2.8 software and expressed as the percentage of cells in
each condition (Annexin and PI negative, Annexin positive
PI negative, Annexin and PI positive) with respect to the
total cells analyzed [31].

Nitric oxide synthase activity determination

Nitric oxide synthase activity was measured through the
production of [U—14C]citrulline from [U—14C]arginine
(Amersham Biosciences) [25, 26]. The specificity of NOS
activity was evaluated in the presence of the NOS blocker,
NG-monomethyl-L-arginine monoacetate (L-NAME). Briefly,
1 x 10° cells were incubated in 500 ul Krebs buffer, in the
presence of ['*CJ-arginine (0.5 p Ci) for 30 min. To ensure
the conversion of [U-]4C]-arginine to [U-'4C]-citrulline via
NOS, L-valine, an inhibitor of the alternative arginase path-
way of *NO production, was added during the incubation
with radiolabeled arginine. After incubation, the cells were
disrupted through sonication (Vibra-cell, Sonics and Mate-
rials) in a medium containing 10 mM EGTA, 0.1 mM cit-
rulline, 0.1 mM dithiothreitol, and 20 mM Hepes, pH 7.5.
After centrifugation at 20,000x g for 10 min, the superna-
tants were applied to 2 ml columns of Dowex AG S0WX-8
(sodium form, Bio-Rad), and the [U-14C]-cit1ulline was
eluted with 3 ml of water and quantified through liquid
scintillation counting.

Determination of nitrite concentrations

To assess the amount of *NO produced, nitrite, the stable
end product of *NO in solution, was measured using a
colorimetric assay based on the Griess reaction [26].
Briefly, 1 x 10° cells/ml were cultured in supplemented
RPMI medium without phenol red in 24-well plates under
basal conditions or in the presence of T4 for the indicated
times. The cultures were also incubated in the presence of
the NOS blocker L-NAME for the last 6 h of culture to
ensure that nitrite production depended on NOS activity.
Nitrite production was evaluated in the supernatants during
the last 24 h of culture. One hundred microliters of
supernatant was dispensed in 96-well microplates, fol-
lowed by the addition of 100 pl of a reactive solution
containing 1 % sulfanilamide with 0.1 % N-(1-naphthyl)
ethylenediamine dihydrochloride with 25 % HCI (0.4 M
final concentration). The standard calibration curve was
constructed using known concentrations of sodium nitrite.
The optical densities were measured at 540 nm using an
ELISA plate reader (Uniskan Labsystem).
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Immunoblot analysis

Lymphoma T cells (5 x 10°%) were lysed for 30 min at 4 °C in
lysis buffer (50 mmol/l Tris—HCI, 150 mmol/l NaCl, 1 mmol/
1 EGTA, 1 % Igepal, 1 mmol/l NaF, 1 mmol/l NazVOy,
0.25 % sodium deoxycholate, 1 pmol/l phenylmethylsulfonyl
fluoride, 19 pg/ml aprotinin, 10 pmol/l pepstatin and
10 pmol/lleupeptin). After centrifugation (14,000x g, 15 min,
4 °C), the whole-cell protein extracts (50 g) were mixed with
SDS-sample buffer (2 % SDS, 10 % (v/v) glycerol, 62.5 mM
Tris—HCl, pH 6.8, 0.2 % bromophenol blue and 1 % (v/v)
2-mercaptoethanol). Equal amounts of proteins were separated
through SDS-PAGE on 10 % polyacrylamide gels and trans-
ferred to PVDF membranes. Nonspecific binding sites on the
PVDF membranes were blocked using blocking buffer (5 %
nonfat dried milk containing 0.1 % Tween 20 in 100 mM
Tris—HCI, pH 7.5 and 0.9 % NaCl) for 1 h. Subsequently, the
PVDF membranes were incubated overnight with rabbit anti-
PKCC, mouse anti-iINOS (both obtained from SIGMA
Chemical Co.), rabbit anti-nitrotyrosine (Santa Cruz Biotech-
nology, Inc.), rabbit anti-active caspase 9, rabbit anti-active
caspase 3 (both of Abcam, MA, USA) or mouse anti-cleaved
PARP (BD Biosciences, NJ, USA) antibodies. All antibodies
were used at a dilution of 1:1,000, except for the anti-nitroty-
rosine antibody, which was used at a 1:200 dilution. After
washing three times for 10 min with PBS-Tween, the mem-
branes were sequentially exposed to anti-mouse (1:2,000) or
anti-rabbit (1:5,000) antibodies coupled to horseradish per-
oxidase (Amersham Pharmacia Biotech) for 1 h. After the
membranes were washed three times for 10 min with PBS-
Tween and once with PBS, an enhanced chemiluminescent
system (Amersham Pharmacia Biotech) was used for detec-
tion. The amount of protein loaded in each well was deter-
mined using a rabbit polyclonal anti-B-actin antibody (1:1,000,
Sigma Chemical Co.). The densitometry analysis of the bands
was performed using Image J software (version 5.1, Silk Sci-
entific Corporation, NIH, Bethesda, MA, USA). The densi-
tometry intensities of the analyzed proteins were normalized to
those of the corresponding bands for B-actin.

Total RNA extraction

Total RNA was extracted from BW cells (3 x 10°) incu-
bated or not in the presence of T4 (1 x 107’ M) using
1 ml Tri-reagent (Genbiotech SRL) per sample. After
5 min incubation at room temperature, 200 pl of chloro-
form was added to the tubes and centrifuged at
12,000x g. The aqueous phase was transferred to another
tube and the RNA was pelleted through centrifugation
(12,000x g) with cold ethanol and dried in air. The RNA
pellets were dissolved in RNase-free water and stored at
—70 °C. To quantify the RNA concentration, the absorbance
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at 260 nm was measured (Nanodrop ND-1000, UK). The
purity of the RNA preparations was assessed using spec-
trophotometry at a 260/280 nm ratio and 1 % agarose gel
stained with ethidium bromide. The samples were used for
RT-PCR analysis.

Reverse transcription (RT)-polymerase chain reaction
(PCR) and real-time quantitative PCR (qPCR)

Total RNA (2 pg) was used for the synthesis of cDNA
using the Omniscript kit (Qiagen). Briefly, the cDNA was
synthesized using 1 uM of oligodeoxythymidine;,_;g
(Biodynamics SRL) in a 20 pl reaction containing 5 mM
of each ANTP, four units of Omniscript Reverse Trans-
criptase and 2 pl 10x buffer RT (provided by the kit) at
37 °C for 1 h according to the manufacturer’s instructions.

The PCR reaction was performed in a total volume of
25 pl, containing 25 mM MgCl,, 10 pmol of the primers,
25 mM of each nucleotide (dATP, dCTP, dGTP and dTTP,
Promega), 1.5 U of Tag DNA polymerase (Promega) and
2 pl of cDNA (2.5 pg). The PCR reactions were performed
in a DNA thermal cycler (Progene, Techne). The primers
(Biodynamics SRL) used in the current study were
designed to amplify a 262-bp band for iNOS mRNAs, a
207-bp band for PKC{ isoform and a 300-bp band for
B2-microglobulin (housekeeping gene).

The primers sequences, which are shown in Table 1,
were designed using Primer Express software version 3.0
(Applied Biosystems). The cycling conditions were 95 °C
for 5 min, followed by 32 cycles of 95° for 1 min, 62 °C
for 1 min for iNOS and B2-microglobulin, 62 °C for 1 min
for PKC( and 72 °C for 1 min, with a final extension at
72 °C for 10 min. The PCR products were run on a 2 %
agarose gel and stained with ethidium bromide [25, 27].

In addition, gPCR was performed in a Rotor Gene 6000
and mRNA levels were quantified using SYBR Green
technology (Biodynamics SRL). The target gene expression
was quantified using the comparative cycle threshold (Cy)
method according to the manufacturer’s instructions
(Applied Biosystems). An average C; was calculated from
the duplicate reactions and normalized to 32-microglobulin.

Reactive oxygen species measurement

Reactive oxygen species generation was assessed using 2,7
dichlorofluorescein diacetate (DCFH-DA) and hydroethi-
dine (HE). Initially, neither of these chemicals are fluo-
rescent probes; however, upon oxidation through ROS,
both substances are converted to highly fluorescent deriv-
atives. Briefly, 1 x 10° BW cells were resuspended in 1 ml
phosphate-buffered saline (PBS) and incubated with
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Table 1 Primer sequences used for real time RT-PCR. The primers were designed using mouse cDNA sequences available in the UniGene
database according to the criteria of the Primer Express software (Applied Biosystems)

Gene Primers sequences
iNOS 5'"TCAGACATGGCTTGCCCCTGGA-3' (forward) 5'-TGCCCCAGTTTTTGATCCTCACA-3' (reverse)
PKC{ 5'-CGATGGGGTGGATGGGATCAAAA-3' (forward) 5'-AACACATGTTTCTCTGTCTG-3'(reverse)

B2-microglobulin

5'-GCTATCCAGAAAACCCCTCAA-3 (forward) 5'-CATGTCTCGATCCCAGTAGACGGT-3' (reverse)

20 uM DCFH-DA or 10 uM HE for 20 min at 37 °C.
DCFH-DA and HE fluorescent products were measured
using a flow cytometer (FACSCalibur, Becton Dickinson
Biosciences) at 488 nm. The data were analyzed using
WinMDi 2.8 software.

Determination of total glutathione and glutathione
disulfide levels

BW cells were cultured in the absence or presence of T4
for the indicated times. Subsequently, the cells were
washed, resuspended in PBS and pelleted at 1,000xg for
10 min. The cell pellets were resuspended in 200 pl of
0.5 % TCA and frozen at —20 °C. The pellets were thawed
and centrifuged to remove the cellular debris. The super-
natants were used to quantify total glutathione (the tri-
peptide y-glutamyl-cysteinyl-glycine) and GSSG levels.
The glutathione levels were determined using the method
of Griffith [32]. The total glutathione was evaluated using
the enzyme recycling procedure, in which glutathione is
oxidized through 5, 5’-dithiobis-2-nitrobenzoic (DTNB)
acid and reduced through NADPH in the presence of glu-
tathione reductase. 2-Nitro-5-thiobenzoic acid (TNB) for-
mation was monitored at 412 nm. The total glutathione
values in the sample were extrapolated to a standard curve
of known concentrations of the tripeptide. For GSSG
quantification, the samples were preincubated with
4-vinylpyridine (an inhibitor of DNTB mediated oxida-
tion). Reduced glutathione (GSH) was determined after
subtracting the GSSG values from the total glutathione
[32].

Determination of mitochondrial membrane potential

The cells were cultured with T4 for the indicated times, and
aliquots of the cell cultures (1 x 10° cells/ml) were incu-
bated with 1 uM Rhodamine-123 (Rho-123; Sigma
Chemical Co.) for 30 min. Subsequently, the cells were
centrifuged and resuspended in PBS and the fluorescence
was quantified using a FACSCalibur flow cytometer. Rho-
123 is a cell-permeant, cationic, green-fluorescent dye
(Mex/em 505/560 nm), which selectively accumulates on the

inside of the mitochondria. When the mitochondrial
membrane potential is damaged, the dye is not retained in
the mitochondria and a reduction in the fluorescence
intensity is detected through flow cytometry.

PKC immunoprecipitation

For the total protein extraction, BW cells were washed
twice in PBS and centrifuged at 3,000x g for 10 min. The
pellet was subsequently lysed in ice-cold lysis solution
(140 mM NaCl, 10 mM Tris HCI, 1 mM EDTA, 5 mM
NaF, 1 % Triton X-100, 2 pg/ml aprotinin, 10 pg/ml leu-
peptin, 10 pg/ml DTT, 100 pg/ml soybean trypsin inhibitor
and 1 mg/ml benzamidine, pH 7.4). The homogenates were
sonicated for 30 s and incubated for 1 h at 4° C with agi-
tation. The homogenates were further centrifuged at
10,000x g for 5 min to remove the nuclei and organelles.
An aliquot of the cell suspension was analyzed through
SDS-PAGE (total fraction). The protein content was
determined using the Bradford Bio-Rad protein assay (Bio-
Rad). For the co-immunoprecipitation assays, 125 pg of
total lysate protein was incubated with 2 pg of anti-PKC(
antibody in a final volume of 50 pl of immunoprecipitation
buffer (1 % Igepal, 10 % glycerol, 10 mM HEPES and
150 mM NaCl and protease inhibitors, pH 7.8) overnight at
4 °C, and subsequently, 20 pl of Protein A/G-Sepharose
beads (Plus-Agarose, Santa Cruz, Biotechnology Inc.) was
added for 4 h at 4 °C. The mixture was centrifuged at
7,000 g for 2 min, and the supernatant was separated from
the pellet. The protein concentration in both fractions was
determined using the Bradford assay. Finally, the samples
were boiled in sample buffer, and the bands were revealed
using specific antibodies anti-PKC{ and anti-DNP-groups
through SDS-PAGE.

Statistical analysis

Student’s ¢ test for unpaired values was used to determine
the levels of significance. When multiple comparisons were
necessary after analysis of variance, the Student-Newman—
Keuls test was applied. Differences between the means
were considered significant if P < 0.05.
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Results

Inhibition of T lymphocyte proliferation after long-term
treatment with T4

We previously showed that THs induce the proliferation of
murine T lymphoma BW cells when incubated for 24-72 h
[25, 27]. As T4 is the most widely used hormone in hypo-
thyroidism therapy, the possibility that T4 also induces
apoptosis during longer treatments was also evaluated. The
incubation of BW cells in the presence of T4 (1077 M) for 5
or more days inhibited cell growth (Fig. 1a). In addition, the
cells showed nuclear morphology compatible with apopto-
sis, such as the reduction of the nucleus and cytoplasm vol-
ume, chromatin condensation and apoptotic corpus
formation (Fig. 1b), thus indicating that cells undergo
apoptosis. These effects were more pronounced with
increasing culturing time in the presence of T4, which was
evident at 7 days and reached the maximum level of chro-
matin condensation at 15 days (Fig. 1b). The induction of
apoptosis was confirmed using the DNA ladder technique, as
cells incubated with T4 for 5 days or more displayed DNA
degradation characteristic of endonuclease action. Figure 1c
shows the gradient of fragmented DNA.

The percentage of viable and necrotic cells, and cells at
different stages of apoptosis was quantified through Annexin
V-FITC and propidium iodide staining, followed by flow
cytometry. Figure 1d shows that treatment with T4 increases
the number of apoptotic cells in a time-dependent manner.
Notably, BW cells growing under basal conditions (cells in
exponential growth and cells not treated with hormone) showed
97 £ 2 % viability (Annexin-/IP-), independent of the cell
sampling time. T4 treatment for 5 or more days reduced cell
viability and increased the percentage of cells in the early and
late stages of apoptosis as a function of time. At day 15 of
incubation with T4, 96 £ 2 % of cells were in late apoptosis
with a number of viable cells below 1 %. In addition, physio-
logical concentrations of T3 and T4 (1 nM) similarly affected
cell viability, but T3 showed greater variation (data not shown);
thus, the mechanisms involved in the induction of TH-medi-
ated apoptosis in BW cells were further studied using T4.

Regulation of NOS levels

We previously described that THs increase the production of
*NO in BW cells after 24—48 h of incubation. This increase
was mediated through an increment in the activity and
expression of iNOS and is associated with T4-mediated BW
cell proliferation; notably, this effect was abrogated using
NOS and iNOS inhibitors [25, 27]. To determine whether
iNOS was also involved in the mechanisms underlying
apoptosis through long-term treatment with T4, both NOS
enzymatic activity and iNOS protein and gene expression
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Fig. 1 Effect of long-term T4 treatment on BW cell proliferation and
viability. a Quantification of BW T lymphoma cell proliferation. The
cells (I x 10° cell/ml) were cultured at exponential growth in the
absence (dotted lines) or presence of T4 (10~7 M, continuous lines) for
the indicated times. Proliferation was evaluated using a 6-h pulse of
[*H]TdR. The results are presented as the mean £ SE of 3 independent
experiments performed in triplicate. * Differ significantly from the
corresponding basal with P < 0.01. b Nuclear morphology of cells
incubated in the absence (Basal) or the presence of T4 (1077 M) for the
indicated times, followed by staining with Hoechst 33342. The
fluorescence microscopy images are representative of 4 independent
assays at x 1,000 magnification. ¢ DNA ladder analysis of BW cells
cultured in the absence (Basal) or presence of T4 (1077 M) for the
indicated times. The agarose gel electrophoresis image is representative
of 3 independent experiments. d Evaluation of cellular apoptosis using
Annexin-FITC/PI staining, followed by flow cytometry. The BW cells
were incubated in the absence (Basal, untreated exponential cells
sampled at day 5) or presence of T4 (10”7 M) for the indicated times,
followed by staining with Annexin V-FITC and PI. Notably, the basal
values for 7 and 15 days were 97.3 &+ 1.5 and 96.8 + 2.0, respectively.
The percentages of viable cells (Annexin V-FITC —/PI—), and those
showing early apoptosis (Annexin V-FITC +/PI—), late apoptosis or
necrosis (Annexin V-FITC +/PI +) and only necrosis (Annexin
V-FITC —/PI+) with respect to the total number of cells are shown in
the dot blot graphics. The results are representative of 4 independent
assays. The bar graph shows the mean + SE of the percentage of cells
corresponding to each stage. * Significantly different from the
corresponding basal values (P < 0.05)

were analyzed. As shown in Fig. 2a, NOS enzymatic activity
was markedly increased between 5 and 10 days of incuba-
tion in the presence of T4, which was significantly greater
than that induced at 48 h (150 & 8 pmol/10” cells). Similar
results were observed when nitrite production was assessed
(Fig. 2b). Notably, NOS activity and nitrite production were
determined in the presence of L-Valine (50 mM), an inhibitor
of arginases, to rule out the conversion of arginine through
arginases. With incubation times longer than 10 days, both
NOS activity and nitrite production were reduced, and a
significant loss of viable cells was also observed. Indeed, at
21 days of incubation, when the percentage of viable cells is
lower than 1 %, *NO levels reached values below that of the
control. The reduction in NOS activity was associated with a
change in the protein and gene expression of the NOS
inducible isoform. As shown in Fig. 2¢ and d, T4 incubation
for 5 days increased the levels of iNOS protein, which
remained high until 10 days of culture, diminishing after
15 days when the loss of cell viability reached a maximum
value. The conventional and real-time PCR analysis indi-
cated that T4 increased the mRNA expression of iNOS,
reaching a maximum value after 3 days of incubation
(Fig. 2e, f). As expected, the increase in mRNA expression
was prior to the increase in its protein levels.

Increase in oxidative stress

To examine the possibility that the increase in NOS activity
mediated through T4 would be accompanied with the
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accumulation of reactive oxygen species (ROS), DCFH-  with T4 increased the ROS content and correlated with a

DA and DHE oxidation were used to detect ROS levels  loss in cell viability. To analyze whether the increase in
using flow cytometry (Fig. 3a, b). Long-term treatment  oxidizing molecules alters the content of antioxidant
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Fig. 2 Long-term T4 actions on NOS activity and expression. BW
cells (1-2 x 108 cells/ml) were incubated in the absence (Basal) or
the presence of T4 (1077 M) for the indicated times. NOS activity
was measured through the enzymatic conversion of ['*C]-arginine to
[14C]—citrulline (a) and nitrite production using the Griess method (b).
The values represent the mean £+ SE of 3 experiments performed in
triplicate. The analysis iNOS protein expression was determined

species, the balance between reduced and total glutathione
levels was evaluated. As shown in Fig. 3c, long-term T4
treatment decreased the content of reduced glutathione,
without altering total glutathione levels, and diminished the
GSH/GSSG ratio (Fig. 3d). This imbalance between the
intracellular levels of oxidants and antioxidants species
could contribute to T4-mediated apoptosis.
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through western blot analysis (c), and the iNOS mRNA expression
was examined using conventional (d) and qRT-PCR (e) methods. The
results are representative of 4 independent experiments. For the
mRNA quantification, the results represent the mean £ SE of 3
experiments. Differ significantly from the corresponding basal values,
with * P < 0.01 or ** P < 0.001

Mitochondria depolarization in ROS generation

To examine the possibility that the mitochondrial mem-
brane depolarization plays a role in the cascade of intra-
cellular signals for the induction of cell apoptosis, changes
in mitochondrial membrane potential were evaluated using
Rhodamine-123 staining on cells cultured in the absence or
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Fig. 3 Production of oxidizing species and modulation of antioxi-
dants molecules by long-term treatment with T4. BW cells were
incubated in the absence (Basal) or the presence of T4 (1077 M) for
the indicated times and labeled with DCFH-DA (a) or HE (b) to
evaluate the production of oxidizing species through flow cytometry.
The histograms are representative of 3 independent experiments

presence of T4 for more than 5 days. As shown in Fig. 4(a,
b), the long-term treatment of BW cells with T4 reduced
the mitochondrial membrane potential. These results indi-
cate that T4 might induce intrinsic apoptosis through
mitochondria depolarization.

Effects of T4 on caspase proteolytic activation
and PARP cleavage

To analyze the participation of the intrinsic mitochondrial
pathway in the induction of apoptosis mediated through T4,
we performed a western blot analysis of the protein levels
of active caspase 9. As shown in Fig. 5, the long-term
incubation of BW cells with T4 induced the proteolytic
activation of caspase 9. In addition, an increase in active
caspase 3 and the cleaved form of Poly (ADP-Ribose)
Polymerase (PARP) was observed (Fig. 5a, b).
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performed in duplicate. The mean fluorescence intensity (MFI) of
each curve is also displayed. GSH, GSSG and total glutathione were
quantified as indicated in the “Materials and methods” (¢). GSH/
GSSG ratio is shown in d. The values represent the mean + SE of 3
experiments performed in triplicate. * Differ significantly from the
corresponding basal values, with P < 0.001

Increase in protein nitration

The contribution of protein nitration was assessed to fur-
ther characterize the mechanisms underlying the increase
in ROS (H,0, and O3) contributing to T4-mediated
apoptosis. As shown in Fig. 6a, the long-term treatment
with T4 increased the levels of protein nitration of tyrosine
residues. In addition, we previously showed that PKCC is
an essential enzyme in the signaling pathways leading to
BW cell proliferation and is associated with iNOS [25, 27].
To evaluate whether long-term treatment with T4 would
lead to PKC tyrosine nitration, we immunoprecipitated the
PKCC isoform and assessed the presence of nitrotyrosine
residues using a specific antibody. The results suggest that
PKCC is nitrated on tyrosine through oxidant molecules.
PKCC nitration is evident after 5 days of T4 incubation
(data not shown), reaching a maximum level after 15 days
of HT treatment (Fig. 6b).

@ Springer



Apoptosis

A 2
2
[ =
@@
=
w
10° 10°*
Rhodamine 123
B 300
s
_ 200 -
"E" *
*
100 -
0
Basal 5 10 15

T4 (days)

Fig. 4 Mitochondrial participation in the apoptotic process. BW cells
were cultured under basal conditions or in the presence of T4
(1077 M) for the indicated times and stained with Rodhamine-123 to
assess changes in mitochondrial membrane potential through flow
cytometry. a The histograms are representatives of 4 independent
experiments. b The bar graph displays the mean fluorescence
intensity values (MFI) & SE. * Differ significantly from the corre-
sponding basal values, with at least P < 0.01

To determine whether PKCC nitration auto regulates the
expression of this isoform, the PKC{ content was evaluated
through western blot analysis in cellular extracts from BW
cells treated with T4 for the indicated times. The results
showed that long-term treatment with T4 reduced PKCC
protein levels (Fig. 6¢). The co-incubation of BW cells
with T4 and L-NAME inhibited both nitration (Fig. 6b) and
reduction of PKC{ cellular content (Fig. 6d), suggesting
that enzyme nitration is a requisite for the reduction in the
PKCC levels. To determine whether the nitration of tyro-
sine residues facilitates enzyme degradation through the
proteasome pathway, the cellular content of PKC{ was
determined in the presence of T4 and the proteasome
inhibitor MG132. As shown in Fig. 6e, treatment with
MGI132 inhibited the reduction in the PKC cellular
content, suggesting that protein nitration facilitates PKC
degradation.
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Fig. 5 Proteolytic activation of caspases and Poly (ADP-Ribose)
Polymerase (PARP) cleavage. The cells were cultured in the absence
(Basal) or the presence of T4 (1077 M) for the indicated times. The
proteolytic activation of caspases 9 and 3 and cleavage of PARP were
analyzed through western blotting. Specific antibodies showed bands
of 37 (active caspase 9), 17 (active caspase 3), 89 (cleaved PARP) and
43 kDa (B-actin). The densitometric results of the western blot
analysis are shown in the bar graphs. The values represent the
mean + SE of 3 independent experiments. The B-actin bands were
used as control for protein loading. * Differ significantly respect to the
control, with P < 0.05

Discussion

Despite the conflicting evidence concerning the role of THs
in the induction of apoptosis in immune cells, the results of
the present study clearly show that the duration of treat-
ment with THs is crucial for the regulation of cell fate, as
T4 triggers a cascade of biochemical events, including
protein nitration, responsible for the generation of the
apoptotic response. In T lymphoma cells, these events
occur after 5 days of culture in the presence of the hormone
and follow an initial proliferative response induced through
T4 [25-27]. These time-dependent effects were shown
through characteristic morphological changes, DNA ladder
formation, and Annexin V-FITC/PI co-staining. Notably,
T3 induced apoptosis with a kinetic course similar to that
of T4. However, increased variations were observed when
the cells were treated with T3 and are potentially associ-
ated with cross talk between genomic and nongenomic
actions that impact the balance between proliferative



Apoptosis

T4 (days)

L-NAME
B T4 B T4

PKCC —»

DNP-groups—»

—— O —

2.0 O PKCL "
= DNP-groups =
-
: % g 1.5 *
| ® i : e
~— - ¥ 3T 10
g -g *
- s
, e e s
2 = [ =~ 0.5
0.0
Basal T4 Basal
L-NAME
C D E
T4 (days) Tas
B 1 3 7 15 T4 L-NAME B T4 MG
PKCE — [ e s o e o PKCZ | D e | PKCZ — | = —
ACtin —| " — c— — — — ACHN —| — — — AcCtin — | " — . —
4 * 20 1.5
£5: 22 25 |
> = S= >= 10 #
248 28 =<
«© 2 © L0 «©
g;g §£ gg 0.5 *
5, 1 * N _5, 0.5 * =
*
ol 0.0 0.0
Basal 1 3 7 15 Basal T4 T4+ Basal T4 T4+
T4 (days) L-NAME L-NAME

Fig. 6 Protein nitration and PKCC intracellular levels. a BW cells
were cultured in the absence (Basal, B) or the presence of T4
(1077 M) for the indicated times and protein nitration was analyzed
using an anti-p-tyr antibody through western blot assays. The gel is
representative of 4 gels obtained from 2 independent experiments.
b The anti- PKC{ immunoprecipitation assay on extracts from cells
treated or not with T4 in the absence or the presence of L-NAME
(200 pM) for 10 days. After immunoprecipitation and SDS-PAGE,
the proteins were revealed using an anti-PKCC antibody (upper panel)
or an antibody against nitro-tyrosine residues (lower panel). The
densitometry analysis of the western blot results is shown in the bar
graphs. The values represent the mean + SE of 4 independent
experiments. ¢ The intracellular levels of PKC{ were determined

versus cell death induction. In addition, the possibility that
the short T3 half-life inhibits the actions of T3 on apoptosis
cannot be precluded. Indeed, T4 is the hormone typically

through western blot analysis of the extracts of cells incubated in the
absence or presence of T4 for the indicated times. The results are
representative of 4 independent experiments. The actin bands were
used as control for protein loading. The densitometry analysis of the
western blot results is shown in the bar graphs. d and e Effect of NOS
and proteasome inhibition on T4-mediated regulation of PKC( levels.
BW cells were cultured with T4 in the presence of the NOS blocker
L-NAME (200 pM) (d) or the proteasome inhibitor MG132 (100 nM)
(e) for 10 days. The densitometry analysis of the western blot results
is shown in the bar graphs. The results are representative of 2
independent experiments. * Significantly different from the corre-
sponding basal values or * the corresponding T4 values, with at least
P < 0.05

used in replacement therapies in hypothyroid patients due

to its higher half-life compared with that of T3, facilitating
a constant potency and prolonged action, with subsequent
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conversion to T3 through deiodinase [33]. Thus, the
mechanisms involved in the actions of T4 were further
studied. Our results are consistent with those observed in
Jurkat lymphoma cell line [28], where both T3 and T4
induce apoptosis after 14 days of culture. In addition, T3
hormone treatment for 5 days enhanced the apoptosis of
both CD44 and CD8+ T lymphocytes purified from
human peripheral blood lymphocytes. Shorter incubation
times (24 h) were required to induce apoptosis through
THs when T cells were obtained from patients with
Graves’ disease, in which cells are chronically exposed to
high levels of circulating THs [28]. Furthermore, long-term
treatment with T3 inhibited cell proliferation through the
induction of time-dependent apoptosis in a murine osteo-
blast precursor cell line [34].

The mechanisms accompanying T4-mediated apoptotic
events include an increase in the mRNA and protein levels
of iNOS, resulting in a marked increase in NOS activity
and "NO production. Indeed, T4-mediated enhanced *NO
generation has been demonstrated in tadpole tail apoptosis
and is associated with increased oxidative stress [35].
Oxidative stress is mediated through ROS production
encompassing a diverse range of species, including super-
oxide, hydrogen peroxide, nitric oxide, peroxynitrite,
hypochlorous acid, singlet oxygen and the hydroxyl radical
[36]. Thus, we investigated the role of oxidative species in
the T4-mediated apoptosis of BW T cells. To examine the
balance of the redox state of the cell and it correlation with
the induction of apoptotic mechanisms, both DCFH-DA
and HE probes were used to evaluate the levels of intra-
cellular ROS and determine the GSH/GSSG ratio.
Although DCFH-DA and HE are not specific for detecting
intracellular H>O, and intracellular O,°", respectively,
these probes demonstrate the presence of cellular oxidative
stress [37]. We observed an increase in the ROS content
and the oxidized form of glutathione at the expense of its
reduced form and a decrease in the GSH/GSSG ratio.
These results indicate that long-term treatment of BW cells
with T4 affects oxidative damage. Increases in ROS stress
induce various biological responses, ranging from transient
growth arrest and adaptation, increased cellular prolifera-
tion, permanent growth arrest or senescence, apoptosis, and
necrosis [38]. The precise outcomes are dependent on the
cellular genetic background, the types of the specific ROS
involved, and the levels and duration of the ROS stress
[38]. Indeed, the participation of ROS production in tumor
proliferation and resistance to drug-induced death was
recently demonstrated in human colon cancer, which is
mediated through the ROS-induced transcriptional activa-
tion of the NFxB pathway [39]. We demonstrated that
2448 h of treatment with T4 induces the proliferation of T
lymphoma cells, with the involvement of PKCC and down-
stream NF«B activation [27]; however, no ROS production
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was observed (unpublished observations). Thus, the
cumulative production of ROS induced through long-term
treatment (5 or more days) with T4 might be associated
with the altered redox regulation of cellular signaling
pathways leading to cell death. The excessive production of
ROS might damage various cellular components, including
DNA, protein, and lipid membranes [40]. Moreover, the
increment in the oxidized form of glutathione at the
expense of its reduced form might be associated with
sustained ROS stress conditions that might exhaust the
redox buffering systems responsible for maintaining the
balance between ROS generation and elimination [41].
Indeed, GSH is particularly relevant in cancer cells, as this
compound is involved in the regulation of several carcin-
ogenic mechanisms, including DNA synthesis, cell prolif-
eration and death, and also influences cancer cell
sensitivity against cytotoxic drugs or ionizing radiation
[42]. An increase in oxidative stress, evidenced through the
reduced GSH cellular content and GSH/GSSG ratio and
increased DCF fluorescence, was observed after the incu-
bation of human lymphoma cells with an antineoplastic
drug, thus indicating that this mechanism is involved in
cytotoxic drug-induced apoptosis [43]. In addition, the
depletion of GSH enhances the induction of apoptosis
through a therapeutic agent in lymphoma cells [44]. In
addition, oxidative stress induces the intrinsic pathway of
apoptosis, resulting in mitochondrial membrane depolar-
ization with a loss of membrane potential. Thus, cyto-
chrome C is released from the mitochondria to the cytosol,
triggering the activation of the caspase cascade, which is
responsible, along with oxidizing species, for cell death
[45]. The long-term culture of BW cells in the presence of
T4 showed a significant increase in the loss of mitochon-
drial membrane potential, the activation of caspases 9 and
3 and the cleavage of PARP. Caspase 3 is a key down-
stream effector in the apoptosis pathway, amplifying the
signal of the initiator caspase 9 and leading to PARP
cleavage in lymphocytes in response to several apoptotic
stimuli [46]. These results confirm that T4 treatment for
more than 5 days leads to a cascade of events, including
membrane depolarization and ROS production, culminat-
ing in cell apoptosis.

When analyzing the intracellular signaling cascades
involved in the long-term effects of T4 on BW cells, we
observed an increase in PKCC levels at 24-72 h after T4
treatment (see also [25]), followed by an abrupt decrease
after 5 days of T4 treatment, which was inhibited
through co-incubation with the NOS competitive inhibitor
L-NAME, thus indicating the involvement of *NO in these
effects. Most of the cytotoxicity attributed to *NO is pri-
marily due to peroxynitrite, the product of the diffusion-
controlled reaction of this free radical with the superoxide
anion radical. Peroxynitrites are reactive nitrogen species
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(RNS) that interact with lipids, DNA, and proteins via
direct oxidative reactions or nitration mechanisms, thus
triggering cellular responses that culminate in over-
whelming oxidative injury, committing cells to necrosis or
apoptosis [47]. The potential participation of RNS in the
T4-mediated reduction of PKC( levels was evaluated. We
observed an increase in the levels of nitrated proteins and
the specific nitration of PKC(, as demonstrated through
immunoprecipitation assays, suggesting that the decrease
of PKC( levels observed after long-term treatment with T4
was most likely associated with tyrosine nitration, as this
effect was also inhibited using L-NAME. The nitration of
proteins generally accelerates proteasome degradation [48].
Indeed, the proteasome inhibitor MG132 inhibited the
T4-mediated reduction of PKCC. As this enzyme is
essential for BW cell division and survival, the reduced
intracellular PKC{ levels might contribute to the apoptotic
process. According to our results, peroxynitrites are pri-
marily responsible for protein nitration in human leuko-
cytes [49] and are also involved in the nitration and
inhibition of PKC isoenzymes, including PKCC, in hippo-
campal neurons [50]. Moreover, the overexpression of
PKCC in intestinal cells confers protection against oxida-
tive stress through iNOS [51]. However, the *"NO-mediated
tyrosine nitration of antioxidant enzymes has been descri-
bed in mouse glial cells, leading to mitochondrial dys-
function and subsequent apoptosis [52]. Indeed, we
observed an increase in the total levels of tyrosine-nitrated
proteins, suggesting that similar mechanisms might occur
in our experimental system. Thus, the nitration of antiox-
idant enzymes could modulate the cellular redox state and
contribute to the induction of cell apoptosis.

The kinetic course of T4-mediated apoptotic events,
iNOS levels, *NO production and PKC{ degradation
requires special discussion. DNA fragmentation is maximal
at 15 days, and PKCC degradation accompanied this event.
However, the production of *NO is highest after 7 days, with
iNOS expression drastically diminishing after 15 days.
Notably, the delay in the induction of apoptosis through THs
in T lymphoma cells is associated with the fact that short-
term treatment with both T3 and T4 induces the proliferation
of this cell line [25, 27]. Therefore, this delay in induction is
likely associated with the balance between proliferative
versus apoptotic signals that become evident after 5 days.
Lymphoma BW5147 is a T cell line dependent on both *"NO
and PKCC activity for proliferative survival [26, 53]. At
24-72 h of incubation with THs induces cell proliferation,
NOS and PKC{ activation and increased enzyme mRNA
and protein levels in BW cells. [26]. According to our
results, the *“NO and iNOS were maintained after treatment
with T4 for 5 days, leading to even higher levels of NOS
activity than those observed at 72 h, consequently generat-
ing higher levels of *NO that would induce the cascade of

apoptotic, instead of proliferative, signals. The fact that the
NOS values after 15 days were similar to basal levels is
difficult to explain, as at this time point, less than 3 % of the
cell population is viable according to the Annexin-FITC
staining. Cell counting at this time point with Trypan blue
exclusion dye showed ~6 £ 3 % viable cells (data not
shown). Thus, one possible explanation is that high NOS
levels in a few cells might compensate for cellular loss,
showing values similar to those observed in the untreated
cell population. A dual effect was described for *NO,
depending on its concentration in cancer cells [54], and
intracellular events induced through high levels of nitric
oxide precedes apoptotic events in pancreatic cells [55]. This
cascade might lead to oxidative stress and PKC{ degrada-
tion, resulting in cell death. The maximum degradation of
PKC{ is also evident after 15 days of T4 treatment, thus
indicating that the levels of this enzyme must most likely be
reduced for the induction of apoptosis to occur. The atypical
PKCC was demonstrated to play an important role in apop-
tosis induction in several cell types. Indeed, the ototoxic
aminoglycoside antibiotic amikacin induced PKC{ cleavage
concomitant with chromatin condensation in the cochlea of
amikacin-treated rats [56]. In addition, *NO production in
primary culture articular chondrocytes induces apoptosis and
*NO-induced apoptosis requires the down-regulation of
PKCC [57]. Reduced *NO production and NOS activity after
15 days is likely associated with the reduced iNOS expres-
sion and increased number of apoptotic cells observed at this
time.

In conclusion, these results indicate that the long-term
treatment of BW cells with T4 leads to iNOS-induced
oxidant up-regulation, which reduces protective PKCC
levels through nitration and increased proteasome degra-
dation, culminating in cellular apoptosis.

Moreover, the role of THs on tumor cell growth is
controversial. Hypothyroidism differentially affects tumor
growth and invasiveness. Martinez-Iglesias et al. [58]
showed that hypothyroid mice display smaller, but more
invasive, tumors than euthyroid mice. Although the results
obtained in the present study are only from in vitro anal-
yses, this evidence might clarify the dual action of THs in
tumor growth, as THs induce either T tumor cell division
or apoptosis, depending on chronic or acute exposure to
hormonal stimulus. While these observations require fur-
ther studies, these findings suggest a role for THs in
modulating T lymphocyte pathophysiology.
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