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Background: Increased oxidative stress has been suggested as one of the underlying mechanisms in iodide excess-induced thy-
roid disease. Metallothioneins (MTs) are regarded as scavengers of reactive oxygen species (ROS) in oxidative stress. Our aim is 
to investigate the effects of propylthiouracil (PTU), a thyroid peroxidase inhibitor, perchlorate (KClO4), a competitive inhibitor of 
iodide transport, and thyroid stimulating hormone (TSH) on mitochondrial superoxide production instigated by high concentra-
tions of iodide in the thyroids of MT-I/II knockout (MT-I/II KO) mice. 
Methods: Eight-week-old 129S7/SvEvBrd-Mt1tm1Bri Mt2tm1Bri/J (MT-I/II KO) mice and background-matched wild type (WT) 
mice were used. 
Results: By using a mitochondrial superoxide indicator (MitoSOX Red), lactate dehydrogenase (LDH) release, and methyl thia-
zolyl tetrazolium (MTT) assay, we demonstrated that the decreased relative viability and increased LDH release and mitochon-
drial superoxide production induced by potassium iodide (100 μM) can be relieved by 300 μM PTU, 30 μM KClO4, or 10 U/L 
TSH in the thyroid cell suspensions of both MT-I/II KO and WT mice (P<0.05). Compared to the WT mice, a significant de-
crease in the relative viability along with a significant increase in LDH release and mitochondrial superoxide production were de-
tected in MT-I/II KO mice (P<0.05). 
Conclusion: We concluded that PTU, KClO4, or TSH relieved the mitochondrial oxidative stress induced by high concentrations 
of iodide in the thyroids of both MT-I/II KO and WT mice. MT-I/II showed antioxidant effects against high concentrations of io-
dide-induced mitochondrial superoxide production in the thyroid.
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INTRODUCTION

Iodide is one of the main components in thyroid hormone syn-
thesis. The biosynthesis of thyroid hormones involves the con-

centration of iodide in the thyroid, formation of hydrogen per-
oxide (H2O2), production of thyroglobulin, oxidation of iodide 
and tyrosine, and the reaction of enzymes and substrates within 
the cells. During the formation of H2O2, a process known to 
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take part in oxidative stress, iodide possesses stimulatory prop-
erties [1,2]. Various iodine concentrations in the thyroid gland 
produce different results of oxidative stress, which may either 
be benign or malignant [3]. In order to maintain physiological 
adequacy for thyroid hormone synthesis, certain amounts of re-
active oxygen species (ROS) made by the thyroid epithelial 
cells are required. However, toxicity may occur if ROS are ex-
cessively produced [3].
  Serving as protection against injuries caused by ROS due to 
their antioxidant properties, metallothioneins (MTs) are from a 
group of intracellular, cysteine-rich, metal-binding proteins [4]. 
There are four isoforms of mammalian MT: MT-1, MT-2, MT-
3, and MT-4. The MT-1 and MT-2 isoforms, which only differ 
by one negative charge, are the most extensively expressed iso-
forms in a variety of tissues [5,6]. They play an important role 
in heavy metal detoxification and metal homeostasis [7]. Addi-
tionally, MTs have a potent antioxidant function, which may 
act as an adaptive protein that shields cells and tissues from ox-
idative stress [8,9]. In light of these characteristics, MT-I/II 
knockout (MT-I/II KO) mice and background-matched wild 
type (WT) mice were used to investigate the effects of mito-
chondrial oxidative stress in the thyroid in our present study.
  Propylthiouracil (PTU) is an anti-thyroid agent and an inhib-
itor of thyroid peroxidase (TPO), it plays a role in inhibiting io-
dide oxidation and monoiodotyrosine iodination, interferes 
with the synthesis of thyroxine (T4) production, and blocks the 
peripheral conversion of T4 to triiodothyronine [10]. Perchlo-
rate (KClO4) competitively inhibits iodide uptake into the thy-
roid at the sodium/iodine symporter (NIS), decreases intrathy-
roidal iodide content, and interrupts hypothalamic-pituitary-
thyroid axis homeostasis [11]. Thyroid stimulating hormone 
(TSH) is the main regulator of iodide uptake [12]. In addition 
to regulating NIS transcription and translation, TSH modulates 
NIS activity by a post-transcriptional mechanism [13]. More-
over, TSH can distinctively enhance the expression of thiol-
specific antioxidant (TSA), which protects the thyroid against 
excessive ROS production [14]. 
  Based on the role of MTs and on our previous report that 
shows PTU, KClO4, or TSH can modulate high concentrations 
of iodide-induced oxidative stress in Fischer rat thyroid cell 
line (FRTL) cells [15], we aim to investigate the effects of 
PTU, KClO4, and TSH on mitochondrial superoxide produc-
tion instigated by high concentrations of iodide in the thyroid 
with or without MT-I/II in our present study. We propose that 
thyrocytes with MT-I/II may have stronger antioxidant ability 
than those without MT-I/II. Furthermore, we aim to figure out 

whether PTU, KClO4, or TSH may aid the thyroid in times of 
high concentrations of iodide induced oxidative stress.

METHODS

Reagents
MitoSOX Red was purchased from Invitrogen (Invitrogen Life 
Technologies, Carlsbad, CA, USA). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (methyl thiazolyl tetra-
zolium [MTT]), TSH, PTU, KClO4 and Coon’s F12 medium 
were purchased from Sigma (Sigma-Aldrich, MO, USA). Fetal 
bovine serum (FBS) were purchased from GE Healthcare Life 
Sciences (Hyclone, UT, USA). Lactate dehydrogenase (LDH) 
release was measured using a cytotoxicity detection kit (LDH; 
Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). 
All other chemicals that made in China were of analytical grade.

Animals and thyroid cell suspension preparation
Eight-week-old 129S7/SvEvBrd-Mt1tm1Bri Mt2tm1Bri/J (MT-I/II 
KO) mice were ordered from Jackson Lab (NO. 002211, Jack-
son Lab, Bar Harbor, ME, USA) and background-matched WT 
mice were used. The thyroid glands were obtained after the 
mice were sacrificed. The glands from 8 mice were pooled and 
used for the preparation of the thyroid cell suspensions for each 
treatment. The fascia and connective tissue were removed. The 
thyroid tissue was cut into small pieces under sterile condi-
tions, digested with 1 mg/mL of trypsin, and were oscillated for 
40 minutes in a 37°C water bath. The thyroid cell suspensions 
were collected in a centrifuge tube and centrifuged at 800 rpm/
min for 10 minutes, after which the supernatant was removed. 
A cell suspension (5×104 cells/well) was incubated in Coon’s 
F12 medium with 10% FBS at 37˚C in an atmosphere contain-
ing 5% CO2 and 95% air while being exposed to 100 μM po-
tassium iodide (KI), with or without 30 μM KClO4, 300 μM 
PTU, and 10 U/L TSH for 2 hours. The group without KI was 
regarded as the control group. Animal procedures were ap-
proved by the Institutional Animal Care and Use Committee of 
Tianjin Medical University and in accordance with the Nation-
al Institutes of Health Guide. 

Cell viability assay
Cell viability was evaluated using the MTT assay. A thyroid 
cell suspension (5×104 cells/well) was prepared first. The thy-
roid cell suspension was exposed to KI (100 μM), with or with-
out 30 μM KClO4, 300 μM PTU, and 10 U/L TSH for 2 hours. 
The group without KI served as the control group, the well 
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which contained solely medium was regarded as the blank 
group. Subsequently, 10 μL MTT (5 mg/mL) was added in the 
dark and covered with aluminum foil, and incubated at 37°C in 
an atmosphere containing 5% CO2 and 95% air for 4 hours. Af-
ter the incubation, the supernatant was removed, and 100 μL 
dimethyl sulfoxide was added to each well and was shaken for 
10 minutes in order to dissolve the formazan crystals that were 
formed. The values of absorbance were measured by a spectro-
photometer at 490 nm (Wallac 1420 VICTOR3, PerkinElmer, 
Waltham, MA, USA).

LDH release
LDH release in the supernatant following different treatments 
was measured using a cytotoxicity detection kit. LDH is an ox-
idoreductase that catalyzes the interconversion of lactate and 
pyruvate. LDH is a stable cytosolic enzyme found in all cells. 
It is released swiftly into the cell culture supernatant upon 
membrane damage. This is completed in order to evaluate the 
presences of damage or toxicity in the tissues and cells. The 
LDH assay was conducted by following the manufacturer’s 
protocols. The assay is based on the reduction of the 2-p-iodo-
phenyl-3-nitrophenyl tetrazolium chloride (tetrazolium INT) to 
a red formazan, which is specifically detected by colorimetric 
(450 nm) assay. The values of absorbance were measured using 
a spectrophotometer at 450 nm (Wallac 1420 VICTOR3). 

Flow cytometry
Flow cytometry was carried out using a FACScalibur (BD Bio-
science, San Jose, CA, USA). A mitochondrial superoxide indi-
cator (MitoSOX Red) was used to measure mitochondrial su-
peroxide production by flow cytometry. A thyroid cell suspen-
sion was prepared first. The thyroid cell suspension was then 
exposed to 100 μM KI, with or without 30 μM KClO4, 300 μM 
PTU, and 10 U/L TSH for 2 hours. Subsequently, 5 μM Mito-
SOX was added and incubated for 10 minutes at 37°C in the 
dark. Next, the cells were centrifuged, washed with Hank’s so-
lution, and then suspended in Hank’s solution with 1% bovine 
serum albumin. The fluorescence intensity of MitoSOX was 
detected using a FACSCalibur, and the excitation/emission 
wavelength was 488 nm/575 nm. By collecting FL2 channel 
forward scattering and lateral scattering data, 10,000 cells were 
collected for each sample. The control group without MitoSOX 
was regarded as the blank zero group for standardization.

Statistics
The data was represented as mean±SD. One-way analysis of 

variance with the least significant difference test was performed 
using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) to de-
termine the differences between the groups. A P value of less 
than 0.05 was considered to be statistically significant.

RESULTS

PTU regulates KI-induced mitochondrial oxidative stress
Effects of PTU (300 μM) on KI (100 μM) induced mitochondrial 
superoxide production
Compared to the control group, a significant increase in mito-
chondrial superoxide production was detected in the KI group 
in both MT-I/II KO and WT mice (P<0.05); however, no sig-
nificant differences were detected in the PTU and the KI+PTU 
groups. Compared to the KI group, a significant decrease in 
mitochondrial superoxide production was detected in both the 
PTU groups and the KI+PTU groups for both MT-I/II KO and 
WT mice (P<0.05). Compared to the WT mice, a strong in-
crease in mitochondrial superoxide production was observed in 
the KI, PTU, and KI+PTU groups of the MT-I/II KO mice 
(P<0.05) (Fig. 1A , B).

Effects of PTU (300 μM) on KI (100 μM) induced LDH release
Compared to the control group, a significant increase in LDH 
release was detected in the KI group for both MT-I/II KO and 
WT mice (P<0.05); however, no significant differences were 
observed in the PTU group and the KI+PTU group (P>0.05). 
Compared to the KI treatment group, the PTU group and the 
KI+PTU group exhibited significantly decreased LDH release in 
both MT-I/II KO and WT mice (P<0.05). A strong increase in 
LDH release was detected in the KI group for MT-I/II KO mice 
compared to the WT mice (P<0.05). No significant differences 
were observed between the MT-I/II KO mice and WT mice in 
both the PTU group and KI+PTU group (P>0.05) (Fig. 1C).

Effects of PTU (300 μM) on KI (100 μM) induced relative viability
Compared to the control group, the relative viability of the KI 
treatment group in both MT-I/II KO and WT mice was signifi-
cantly decreased (P<0.05), while the PTU and KI+PTU groups 
showed no significant differences. Compared to the KI group, 
a significant increase in relative viability was detected in both 
the PTU and KI+PTU groups for MT-I/II KO and WT mice 
(P<0.05). Compared to the WT mice, there was a significant 
decrease in relative viability in the KI treatment group for 
MT-I/II KO mice (P<0.05), while no significant changes were 
observed in both the PTU and KI+PTU groups between the 
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MT-I/II KO and WT mice (P>0.05) (Fig. 1D).

KClO4 modulates KI induced oxidative stress
Effects of KClO4 (30 μM) on KI (100 μM) induced mitochondrial 
superoxide production
Compared to the control group, a significant increase in mito-
chondrial superoxide production was detected in the KI group 
(P<0.05), while no significant differences were observed in 
the KClO4 and the KI+KClO4 group for both MT-I/II KO and 
WT mice (P>0.05). Compared to the KI group, a significant 
decrease in mitochondrial superoxide production was seen in 
both the KClO4 and KI+KClO4 groups for MT-I/II KO and WT 
mice (P<0.05). Compared to the WT mice, MT-I/II KO mice 
exhibited a significant increase in mitochondrial superoxide 

production in both KI and KI+KClO4 groups (P<0.05) (Fig. 
2A, B).

Effects of KClO4 (30 μM) on KI (100 μM) induced LDH release
Compared to the control group, the LDH release in the KI 
treatment group was significantly increased in both the MT-I/II 
KO and WT mice (P<0.05), while no significant differences 
were observed in KClO4 or KI+KClO4 group for MT-I/II KO 
and WT mice (P>0.05). Compared to the KI group, a signifi-
cant decrease in LDH release was detected in both KClO4 and 
KI+KClO4 groups for MT-I/II KO and WT mice (P<0.05). 
Compared to the WT mice, a significant increase in LDH re-
lease was detected in the KI group for MT-I/II KO mice 
(P<0.05). No significant differences were detected in the 
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Fig. 1. Effect of propylthiouracil (PTU) on high concentrations of iodide induced relative viability, lactate dehydrogenase (LDH) release 
and mitochondrial superoxide production in metallothionein I/II knockout (MT-I/II KO) and wild type (WT) mice. (A, B) Effects of PTU 
on high concentrations of iodide induced mitochondrial superoxide production. Histogram analysis was performed on the mean fluores-
cence intensity of MitoSOX Red as measured by flow cytometry. Experiments were repeated 3 times with similar results. (C) Effects of 
PTU on high concentrations of iodide induced LDH release. (D) Effects of PTU on high concentrations of iodide induced relative viabil-
ity. One-way analysis of variance with a least significant difference test was used. aP<0.05 compared with the control group of WT or 
MT-I/II KO mice respectively; bP<0.05 compared with the potassium iodide (KI) group of WT or MT-I/II KO mice respectively; 
cP<0.05, WT mice compared with the MT-I/II KO mice under the same treatment.
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KClO4 and KI+KClO4 groups between the MT-I/II KO and 
WT mice (P>0.05) (Fig. 2C).

Effects of KClO4 (30 μM) on KI (100 μM) induced relative viability
Compared to the control group, the relative viability of the KI 
group was significantly decreased for both the MT-I/II KO and 
WT mice (P<0.05), while no significant differences were ob-
served in the KClO4 group or the KI+KClO4 group (P>0.05). 
Compared to the KI group, a significant increase in relative vi-
ability was detected in the KClO4 and the KI+KClO4 groups 
for both MT-I/II KO and WT mice (P<0.05). Compared to the 
WT mice, there was a significant decrease in relative viability 
in the KI group for MT-I/II KO mice (P<0.05). No significant 
differences were detected in the KClO4 and KI+KClO4 groups 

between the MT-I/II KO and WT mice (P>0.05) (Fig. 2D).

TSH modulates KI induced oxidative stress
Effects of TSH (10 U/L) on KI (100 μM) induced mitochondrial 
superoxide production 
Compared to the control group, a significant increase was de-
tected in the KI group in mitochondrial superoxide production 
(P<0.05), while no significant differences were detected in the 
TSH or the KI+TSH group for both MT-I/II KO and WT mice 
(P>0.05). Compared to the KI group, a significant decrease 
can be observed in the TSH and KI+TSH group for both MT-I/
II KO and WT mice (P<0.05). Compared to the WT mice, sig-
nificant increases in mitochondrial superoxide production can 
be detected in both the KI and TSH groups for MT-I/II KO 

Fig. 2. Effect of perchlorate (KClO4) on high concentrations of iodide induced relative viability, lactate dehydrogenase (LDH) release 
and mitochondrial superoxide production in metallothionein I/II knockout (MT-I/II KO) and wild type (WT) mice. (A, B) Effects of 
KClO4 on high concentrations of iodide induced mitochondrial superoxide production. Histogram analysis was performed on the mean 
fluorescence intensity of MitoSOX Red as measured by flow cytometry. Experiments were repeated 3 times with similar results. (C) Ef-
fects of KClO4 on high concentrations of iodide induced LDH release. (D) Effects of KClO4 on high concentrations of iodide induced 
relative viability. One-way analysis of variance with a least significant difference test was used. aP<0.05 compared with the control 
group of WT or MT-I/II KO mice respectively; bP<0.05 compared with the potassium iodide (KI) group of WT or MT-I/II KO mice re-
spectively; cP<0.05 WT mice compared with the MT-I/II KO mice under the same treatment.
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mice (P<0.05). No significant differences were detected be-
tween MT-I/II KO and WT mice in the KI+TSH treatment group 
(P>0.05) (Fig. 3A, B).

Effects of TSH (10 U/L) on KI (100 μM) induced LDH release
Compared to the control group, a significant increase in LDH 
release was detected in the KI group (P<0.05), while no sig-
nificant differences were observed in the TSH treatment group 
and the KI+TSH treatment group for MT-I/II KO and WT mice 
(P>0.05). Compared to the KI group, a significant decrease in 
LDH release was detected in the TSH and KI+TSH groups in 
both MT-I/II KO and WT mice (P<0.05). Compared to the WT 
mice, there was a significant increase in LDH release in the KI 
group for MT-I/II KO mice (P<0.05), while no significant 

changes were detected in the TSH and KI+TSH groups for 
MT-I/II KO mice (P>0.05) (Fig. 3C).

Effects of TSH (10 U/L) on KI (100 μM) induced changes of 
relative viability
Compared to the control group, a significant decrease in rela-
tive viability was detected in the KI group; however, a signifi-
cant increase was detected in the TSH groups for both MT-I/II 
KO and WT mice (P<0.05). Compared to the KI treatment 
group, an increase in relative viability was seen in both the 
TSH and KI+TSH groups (P<0.05) for both MT-I/II KO and 
WT mice. Compared to the WT mice, MT-I/II KO mice 
showed a significant decrease in relative viability in the KI 
group (P<0.05). MT-I/II KO mice showed no significant 

Fig. 3. Effect of thyroid stimulating hormone (TSH) on high concentrations of iodide induced relative viability, lactate dehydrogenase 
(LDH) release and mitochondrial superoxide production in metallothionein I/II knockout (MT-I/II KO) and wild type (WT) mice. (A, B) 
Effects of TSH on high concentrations of iodide induced mitochondrial superoxide production. Histogram analysis was performed on the 
mean fluorescence intensity of MitoSOX Red as measured by flow cytometry. Experiments were repeated 3 times with similar results. 
(C) Effects of TSH on high concentrations of iodide induced LDH release. (D) Effects of TSH on high concentrations of iodide induced 
relative viability. One-way analysis of variance with a least significant difference test was used. aP<0.05 compared with the control 
group of WT or MT-I/II KO mice respectively; bP<0.05 compared with the potassium iodide (KI) group of WT or MT-I/II KO mice re-
spectively; cP<0.05 WT mice compared with the MT-I/II KO mice under the same treatment.
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changes in the TSH or the KI+TSH group when compared to 
the WT mice (P>0.05) (Fig. 3D).

DISCUSSION

We demonstrated in the present study that PTU, KClO4, and 
TSH modulate high concentrations of iodide-induced mito-
chondrial superoxide production in the thyroid cells of MT-I/II 
KO mice. In addition, MT-I/II exhibited antioxidant effects on 
high concentrations of iodide-induced mitochondrial superox-
ide production in the thyroid.
  Iodide excess is considered an environmental risk factor dur-
ing thyroid disease development and has been linked to various 
associated disorders like autoimmune thyroiditis [16-23]. The 
imbalance caused by increased oxidative stress due to high 
concentrations of iodide is an underlying mechanism that is un-
able to be corrected by endogenous antioxidant systems [3,15]. 
In this study, we focused on the effects of PTU, KClO4, and 
TSH on high concentrations of iodide-induced mitochondrial 
superoxide production in the thyroid with or without MT-I/II. 
We have previously demonstrated the concentration-response 
and time-course response of KI on FRTL cells [15]. A signifi-
cant iodide stimulatory effect was detected in the 10–4 M KI 
and 10–3 M KI exposure groups following 2 hours of exposure 
[15,24]. Our results are in accord with the report that a maxi-
mum stimulatory effect on H2O2 production was achieved after 
2 hours incubation with 10–4 M KI in bovine thyroid slices [1]. 
Accordingly, for our present study, we chose a concentration of 
10–4 M KI in order to investigate the effects of PTU, KClO4, 
and TSH on mitochondrial oxidative stress in the thyroids of 
MT-I/II KO mice.
  We showed that PTU attenuates mitochondrial superoxide 
production induced by high concentrations of iodide in both 
MT-I/II KO and WT mice. After employing 300 μM PTU in 
this study, there were no significant cytotoxic effects on cell vi-
ability in contrast to the control group. These findings are con-
sistent with previous research that 300 μM PTU completed in-
hibited the morphological change brought about by KI. These 
cells remained in their original morphology as flat, polygonal, 
and adherent cells in appearance [25]. TPO is a tissue-specific 
peroxidase involved in transforming ionic iodide into its mo-
lecular form (I2) in the thyroid cell membrane through oxida-
tion [24]. The inhibitory effect of PTU on TPO is evident 
through the inhibition of TPO and molecular iodine formation 
in the thyroid [26]. Inhibition of nicotinamide adenine dinucle-
otide phosphate (NADPH)-dependent H2O2 production is re-

garded as a probable method of action [27,28]. Another possi-
ble method of action is via inhibition of Ca2+/NADPH-depen-
dent H2O2 production in the thyroid [29]. Additionally, PTU is 
considered to be very adept at scavenging for ROS [30]. Cer-
tain cellular injuries such as radiation-induced damage require 
protection by PTU in the form of reduced apoptotic events and 
decreased ROS production [31]. As a reliable scavenger for 
ROS, PTU treatment is very effective for arsenic trioxide tox-
icity in the livers of rats [32]. Substantial inhibitory effects on 
superoxide induced reduction of cytochrome c reflected the an-
tioxidant characteristics of PTU. These effects that protect 
against liver damage are brought about by certain scavenging 
reactions with hydroxyl radicals, which further demonstrate the 
antioxidant capabilities of PTU [30]. 
  Additionally, we found that significantly increased mito-
chondrial superoxide production induced by high concentra-
tions of iodide can be relieved by KClO4 in both MT-I/II KO 
and WT mice. KClO4 is a competitive inhibitor of iodide trans-
port. It is also known to interfere with thyroid iodide accumula-
tion and is able to block iodine uptake by the inhibition of NIS 
at the thyroid follicle [33,34]. Inhibition of iodide uptake at the 
NIS by KClO4 was found to be 30 times more potent than that 
of iodide [35]. KClO4 protects against high concentrations of 
iodide-induced oxidative stress by not allowing iodide to enter 
the thyroid. Due to various indications of greater environmen-
tal distribution of KClO4 in water, food, and other media, 
KClO4 is under specific regulation [36]. To prevent goitrogenic 
effects of KClO4 exposure among persons with insufficient io-
dine, a modest iodine dietary intake is recommended for those 
who consume KClO4 in drinking water [37]. 
  We demonstrated that TSH (10 U/L) decreases KI-mediated 
mitochondrial superoxide production in both MT-I/II KO and 
WT mice. This result is in accord with our report regarding 
FRTL cells [23]. It is known that TSH augments the function of 
NIS and leads to increased 131I uptake [38], which subsequently 
increases ROS production and reduces cellular viability. In ad-
dition, TSH regulates NIS transcription and translation, and 
modulates NIS activity by a post-transcriptional process [13]. 
In response to the physiological function of TSH, thyroid cells 
are continually subject to ROS activity as they are engaged in 
the production of elevated amounts of H2O2 [14]. However, 
thyrocytes utilize multiple defense mechanisms specific to 
ROS, such as TSA and superoxide anion dismutase. TSH is 
known to activate antioxidant systems and control the TSA 
gene [14,23]. Regulation of the transcriptional expression of 
TSA in thyrocytes is completed by TSH due to its antioxidant 
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features [14]. Usually, an elevated concentration of H2O2 in-
duces cellular apoptosis; however, this phenomenon was dimin-
ished by the overexpression of TSA. This suggests that constitu-
tive TSA expression is involved in this regulation and that TSH-
induced TSA expression plays a pivotal role in removing excess 
H2O2 during thyroid cellular homeostasis [14]. Moreover, TSH 
can prevent apoptosis and sustain cell viability by strengthening 
the cell-matrix adhesion and by assisting cell cycle progression 
to a certain degree via the cyclic adenosine monophosphate 
pathway in FRTL-5 cells. Therefore, this suggests that in addi-
tion to regulating growth and differentiation, TSH may also 
function as a mechanism for survival in thyroid cells [39].
  Furthermore, we demonstrated that significant increases in 
mitochondrial superoxide production and LDH release along 
with the decrease in relative cell viability of the MT-I/II KO 
mice displays the protective action of MT-I/II against mito-
chondrial superoxide production induced by high concentra-
tions of iodide in thyrocytes. We have previously demonstrated 
that iodide excess in thyroid glands without MT-I/II protection 
may result in strong mitochondrial oxidative stress, which fur-
ther leads to the damage of thyrocytes in vivo [40]. This may 
be explained by the protective effect of MTs against oxidative 
stress. MTs are derived from a group of proteins that have in-
tracellular, cysteine-rich, and metal-binding characteristics 
[4,41], and they are found in almost every kind of tissue and 
cell [42-45]. MTs possess high antioxidant qualities that protect 
against damage due to ROS production, including exogenous 
sources such as ionizing radiation, as well as various chemo-
therapy drugs [42]. Moreover, the upregulation of antioxidant 
enzymes improves plant stress tolerance by maintaining redox 
balance and lessens injuries as a result of the damaging effects 
of ROS production [46]. MTs can be beneficial [39] in a sur-
plus of oxidative events, such as doxorubicin cardiotoxicity, 
ischemia/reperfusion injury, diabetes, and alcohol administra-
tion [47-51].
  In regard to MTs expression during states of excess iodide, 
since iodide excess increases oxidative stress [52,53], similar 
degrees of MT expression may be observed in various types of 
cells, especially thyroid cells, during oxidative stress. Previous 
studies have exhibited the link between excess iodide exposure 
and its role in increasing oxidative stress in the rat model [52]. 
Specifically, high concentrations of KI damaged rat thyroid 
follicular cells and increased oxidative stress indicators, which 
demonstrated the effects of oxidative damage caused by vary-
ing concentrations of KI [52]. In mice, the MT-I and MT-II 
genes are highly upregulated in response to oxidative stress 

[54]. Also, most studies have reported that cells lacking MT-I 
or MT-II are more sensitive to a wide range of stressors, such 
as oxidative stress and excess of heavy metals. Santon et al. 
[55]  in their experiments on MT+/+ cells, have shown that MT 
biosynthesis is readily induced by Cd treatment, with a con-
comitant decrease in sensitivity to injury by ROS. Inoue et al. 
[56] suggested that MT demonstrates strong antioxidant prop-
erties. MT protein levels in rodent liver and mRNA levels in 
hepatic cell lines are increased following injection with com-
pounds that result in free radical formation, such as carbon tet-
rachloride, menadione, or paraquat. An injection of ferric nitri-
lotriacetate, which produces ROS, induces transcription of MT 
in the liver and kidney. These findings suggest that MT plays a 
key role in oxidative stress. Consistent with this, MT is able to 
scavenge a wide range of ROS including superoxide, H2O2, hy-
droxyl radicals, and nitric oxide [56]. Higashimoto et al. [57] 
also showed that MT plays a preventive role by acting as an 
antioxidant along with a decrease in glutathione by repeated 
stress, and that MT may be an essential factor for inducing car-
nitine under stress. Hu et al. [58] reported that the cardiac-spe-
cific overexpression of MT rescues nicotine exposure-induced 
cardiac contractile dysfunction and fibrosis possibly through 
the inhibition of ROS accumulation and apoptosis. Ruiz-Riol et 
al. [59] also reported MTs are small proteins induced by tissue 
stress that can contribute to the restoration of homeostasis in 
tissue inflammation, and it was found to be increased in a tran-
scriptomic analysis of Graves disease (GD) glands, which 
shows that overexpression of MT-I/II is a new feature of thy-
roid follicular cells in GD. Moreover, Zhou et al. [60] suggest-
ed that chronic intermittent hypoxia may lead to aortic damages 
characterized by oxidative stress and inflammation, and MTs 
may play a pivotal role in the above pathogenesis. Yang et al. 
[61] suggested that MTs protect against endoplasmic reticulum 
stress-induced cardiac anomalies possibly through the attenua-
tion of cardiac autophagy. Similarly, in our previous study, we 
have reported that iodide excess in a thyroid without MT-I/II 
protection may result in strong mitochondrial oxidative stress, 
which further leads to the damage of thyrocytes [40]. 
  In conclusion, our study provides evidence that MT-I/II dis-
play its antioxidant effects in high concentrations of iodide-in-
duced oxidative stress in the thyroid. These 300 µM PTU, 30 
µM KClO4, or 10 U/L TSH relieve the oxidative stress induced 
by high concentrations of iodide (10–4 M KI) in both MT-I/II 
KO and WT mice.
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