
 

 

 

Abstract - Thyroglobulin (Tg) is essential for thyroid 

hormone synthesis and thyroid function. Its levels are 

regulated by external environmental changes. Zinc is 

widely involved in cellular processes as a cofactor of 

enzymes and participates in metabolic processes. Here we 

investigated whether zinc depletion affected Tg production 

and secretion through the endoplasmic reticulum (ER) in 

the PCCL3 thyroid cell line exposed to the zinc chelator 

N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine 

(Tpen). Although zinc depletion did not affect the gene 

expression of ER chaperones (BiP and PDI), it increased the 

expression of ER transmembrane signaling proteins 

(PKR-like ER kinase, inositol requiring enzyme 1, and 

activating transcription factor 6 (ATF6)). This resulted in 

the activation of downstream factors as shown by the 

increase of eIF2-α phosphorylation, X-box binding protein 

1 mRNA splicing, and ATF6 fragmentation. Zinc depletion 

induced an inhibition of Tg expression and secretion and 

activated apoptosis in PCCL3 cells. Moreover, a reduction 

of secreted T4 levels and histologically abnormal thyroid 

follicle structures were found after zinc depletion. 

Therefore, zinc depletion likely inhibited the biosynthesis 

and extracellular secretion of Tg through ER stress 

 
 

signaling. These findings provide valuable insight into zinc 

potential as a treatment of hyperthyroidism. 
 

Keywords—zinc depletion, Tpen, endoplasmic reticulum 

stress, PCCL3 thyroid cells, thyroglobulin  

I. INTRODUCTION 

inc is a mineral indispensable for the body homeostasis 

[1]. It is not synthesized by the body but is naturally present 

in some foods. Zinc has been involved in vivo in DNA 

synthesis, protein production, cell growth and division, immune 

function, and the activity of over 300 enzymes [2-4]. 

Additionally, zinc improves the symptoms of many age-related 

diseases, such as atherosclerosis, vision loss, and human chronic 

inflammatory diseases, through its function as an 

anti-inflammatory and the stimulation of the immune system 

[5-7]. Zinc is relatively nontoxic, although extremely high zinc 

intakes induce symptoms such as nausea, vomiting, epigastric 

pain, lethargy, and fatigue [8]. However, zinc deficiency has 

been recently shown to have serious consequences on health as 

it leads to growth retardation, loss of appetite, impaired immune 

function, and associated diseases including malabsorption 

syndrome, chronic liver disease, chronic renal disease, sickle 

cell disease, and diabetes [9-11]. Biomedical studies have 
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revealed that zinc deficiency affects the activity of various 

enzymes (i.e., aryl hydrocarbon hydroxylase, cytochromes b 

and c, and cytosolic epoxide hydrolases) and strongly inhibits 

adenine-nucleotide hydrolysis [12-14]. Thus, zinc depletion 

causes apoptosis and autophagy of hepatocytes [15,16]. 

Additionally, cancer cells survival is partly mediated by 

increased zinc levels [17]. Moreover, zinc deficiency has been 

implicated in endoplasmic reticulum (ER) stress induction [18]. 

The ER is an organelle found in eukaryotic cells and is a 

critical site for post-translational modifications of secretory 

proteins such as protein disulfide isomerase (PDI), binding 

immunoglobulin protein (BiP), and calnexin. ER chaperones 

are involved in the synthesis, folding, modification, and 

transport of secretory proteins [19]. Additionally, the ER 

participates in the secretion of calcium, magnesium, and zinc 

cations [20]. ER stress is triggered by disturbed ER functions, 

especially by the accumulation of unfolded proteins in the ER 

lumen [21]. ER stress mainly activates three ER transmembrane 

signaling proteins: inositol requiring enzyme 1 (IRE1), 

PKR-like ER kinase (PERK), and activating transcription factor 

6 (ATF6). The prosurvival unfolded protein response (UPR) is 

activated to reduce the aggregation and accumulation of 

unfolded proteins [22-24]. An overwhelming of the UPR 

promotes pro-apoptotic signaling, especially in pathological 

conditions [25,26].  

In mammals, the thyroid gland produces and secretes the 

thyroid hormones thyroxine (T4) and triiodothyronine (T3), 

which play a central role in the normal growth and development 

of the central nervous system. The thyroid physiological activity 

is regulated by various divalent cations such as calcium, 

magnesium, manganese, copper, strontium, cadmium, barium, 

and lead. Although the regulation of the thyroid gland by 

calcium has been extensively investigated, the action of zinc on 

thyroid physiology is not well known. Zinc has been involved in 

the metabolism of thyroid hormones, specifically in 

thyrotropin-releasing hormone and thyroid-stimulating 

hormone (TSH) syntheses [27-29]. Zinc also induces structural 

changes of essential transcription factors involved in thyroid 

hormone biosynthesis [30]. Moreover, zinc deficiency has been 

associated with hypothyroidism. However, the mechanisms 

involved are not known [31]. Congenital hypothyroidism is 

caused by defective thyroglobulin (Tg) synthesis and folding, 

which involves ER chaperones [32-34]. Limited information is 

currently available regarding the regulation of Tg synthesis and 

secretion from thyrocytes by zinc depletion [35]. Moreover, 

zinc deficiency and ER stress have been associated with various 

diseases; however, the pathological mechanisms triggered by 

zinc deficiency and ER stress are poorly known [16,36]. 

In the present study, we investigated the effects of zinc 

depletion on ER stress induction and Tg secretion in the rat 

PCCL3 thyroid cells. So far, there are no related studies 

showing that Tg secretion is controlled by zinc deletion. We 

used a membrane-permeable zinc-chelating agent, 

N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine (Tpen), 

which is traditionally used in zinc-associated studies to reduce 

intracellular concentrations of zinc [37]. This work aimed to 

understand the mechanism by which zinc regulates ER stress 

and Tg levels to ultimately provide insight into hypothyroidism 

treatment by improving Tg secretion using zinc. 

 

II. MATERIALS AND METHODS 

Cell culture and reagents 

PCCL3 cells (National Center for Biotechnology Information 

Taxonomy: 10116) were cultured in collagen-coated flasks 

containing Coon's medium, 5% calf serum, 10−9 M TSH, 5 

μg/ml transferrin, 1 μg/ml insulin, and 10 nM hydrocortisone at 

37℃ in a humid atmosphere with 5% CO2. Cells treated with 

TSH had a doubling time of 36 ± 6 h and did not proliferate 

without TSH. Fresh medium was added to the cells every 2 or 3 

days, and the cells were passaged every 2 weeks. For each 

experiment, the cells were washed three times with cold 

phosphate‐ buffered saline (PBS) to remove the hormones and 

were then incubated for 48 h in growth medium without 

hormones. Tpen and all chemicals were purchased from 

Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) unless 

stated otherwise. 

 

MTT assay 

PCCL3 cell growth and viability were measured using 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assays (Sigma Aldrich; Merck KGaA, Darmadst, 

Germany). Cells were seeded in 96-well plates (60%-80% 

confluency) and treated with Tpen for 0 (control), 4, or 16 h. 

MTT solution (0.5 mg/ml) was added to each well, and the 

plates were incubated for an additional 4 h at 37℃. Afterward, 

the medium was discarded, and formazan crystals were 

solubilized in dimethyl sulfoxide. Color development was 

monitored at 595 nm with a reference wavelength of 650 nm 

using a Sunrise™ microplate reader (Tecan Trading AG, 

Männedorf, Switzerland). 

 

Reverse transcription-polymerase chain reaction (RT-PCR) 

Each gene expression was determined by RT-PCR. Total 

RNA was extracted from PCCL3 cells using the SV Total RNA 

Isolation System (Promega, Madison, WI, USA). NanoDrop™ 

Lite UV–Vis Spectrophotometer (Thermo Fisher Scientific, 

Cleveland, OH, USA) was used for the qualitative and 

quantitative analyses of total RNA. Then, mRNA was reverse 

transcribed using the Superscript™ II First Strand Kit 

(Invitrogen, Carlsbad, CA, USA). The PCR reaction was 

performed with Taq DNA polymerase (Solgent Co., Ltd., 

Daejeon, Korea), and PCR conditions included 30 cycles at 

94℃ for 30 s, 58℃ for 30 s, and 72℃ for 1 min (10 min in the 

final cycle). The PCR primers were supplied by Bioneer 

Corporation (Daejeon, Korea) and had the following sequences: 

forward primer (F): 5′-ACCACCAGTCCATCGCCATT-3′ and 

reverse primer (R): 5′-CCACCCTGGACGGAAGTTTG-3′ for 

IRE1; F: 5′-AGTGGTGGCCACTAATGGAG-3′ and R: 

5′-TCTTTTGTCAGGGGTCGTTC-3′ for BiP; F: 
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5′-CTAGGCCTGGAGGCCAGGTT-3′ and R: 

5′-ACCCTGGAGTATGCGGGTTT-3′ for ATF6; F: 

5′-ATCGAGTTCACCGAGCAGAC-3′ and R: 

5′-TCACAGCTTTCTGGTCATCG-3′ for PDI; F: 

5′-GGTCTGGTTCCTTGGTTTCA-3′ and R: 

5′-TTCGCTGGCTGTGTAACTTG-3′ for PERK; F: 

5′-ACATCAAATGGGGTGATGCT-3′ and R: 

5′-AGGAGACAACCTGGTCCTCA-3′ for peptidylprolyl 

isomerase A (PPIA); and F: 

5′-AAACAGAGTAGCAGCTCAGACTGC-3′ and R: 

5′-TCCTTCTGGGTAGACCTCTGGGAG-3′ for the X-box 

binding protein 1 (XBP1). The intensities of RT-PCR bands 

were quantified using the ImageJ program. 

 

Western blot analysis 

PCCL3 cells were lysed using RIPA buffer (25 mM Tris–HCl 

pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 

0.1% SDS, 1 mM PMSF). To measure total protein 

concentration, the Pierce® BCA Protein Assay Kit (Thermo 

Scientific, Catalog no. 23225) was used. Proteins were 

separated by SDS-polyacrylamide gel electrophoresis and 

transferred to a nitrocellulose membrane. The resulting 

membrane was incubated with primary antibodies overnight at 

4℃ and then with the secondary antibody. Blots were developed 

using an enhanced chemiluminescence Western blotting 

detection system Kit (Amersham, Sweden). All antibodies were 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). 

 

XBP-1 splicing experiment 

Total RNA was reverse transcribed, and double-strand cDNA 

was synthesized by PCR using sense and anti-sense primers 

specific from the XBP1 gene (F: 

5′-AAACAGAGTAGCAGCGCAGACTGC-3′, R: 

5′-TCCTTCTGGGTAGACCTCTGGGAG-3′). The amplified 

cDNA was treated with PstI, and the resulting products were 

analyzed by electrophoresis on a 2% agarose gel. 

Enzyme-linked immunoassay (ELISA) 

Amounts of T4 released into PCCL3 culture medium were 

determined using the rat T4 ELISA Kit-LS-F28089 (LSBio Co., 

WA, USA) following the manufacturer’s instructions. 

Absorbance was measured at 405 nm using an EL-311 ELISA 

microplate reader. 

Hoechst 33342 staining 

Following treatment with Tpen, PCCL3 cells were incubated 

for 30 min with Hoechst 33342 loading dye (Molecular Probes; 

Thermo Fisher Scientific, Inc.) and washed three times in 

ice-cold 1 × PBS. Following staining for 10 min, the stained 

cells were monitored using a fluorescence microscope (Axio 

Scope A1; Zeiss GmbH, Jena, Germany) at 340 nm. 

Statistical analysis 

Statistical significance among multiple groups was assessed 

using one-way analysis of variance) test. All statistical analyses 

were performed using the GraphPad Prism 6 software 

(GraphPad Software Inc.). The data were presented as mean ± 

standard error of the mean. Each group contained six samples (n 

= 6). Differences were considered statistically significant for p < 

0.05. 

 

III. RESULTS AND DISCUSSION 

Zinc is a bivalent ion essential for life [1]. Although it is, after 

iron, the second most needed metal in the human body, its 

mechanisms of action to promote survival are poorly known 

[2-4]. Recently, zinc deficiency has been reported in the elderly 

as the main cause of palate disorders, immune and metabolic 

dysfunctions, and pressure ulcers, leading to poor quality of life 

[38]. Thus, adequate serum levels of zinc need to be maintained 

for a healthy life [39]. Here, we investigated whether zinc 

deficiency induced ER stress signals and its effects on the 

secretion of Tg, a precursor of thyroid hormones, in PCCL3 

cells. 

Morphological differences in PCCL3 cells, including many 

cells floating in the medium, were observed after treatment with 

10 µM Tpen (data not shown). Tpen toxicity for PCCL3 cells 

was tested by MTT assay after 4, 8, and 16 h of treatment with 1, 

2.5, 5, 8, and 10 µM Tpen (Fig. 1A). The viability was slightly 

increased in the 4 h treatment group compared with that of 

untreated controls regardless of Tpen concentration, whereas it 

was slightly decreased for cells treated with 8 and 10 µM Tpen 

for 8 h. Additionally, the viability of PCCL3 cells treated 10 h 

with 5, 8, or 10 µM Tpen was lower and reached 70% of the 

control cell viability for Tpen concentrations of 8 and 10 µM. 

This finding indicated that Tpen high concentrations (greater 

than 8 µM) and long treatment time (longer than 8 h) led to cell 

death. These data were taken into consideration when selecting 

Tpen concentration and treatment time in the following 

experiments. 

Next, we tested the effect of zinc depletion induced by Tpen 

on the gene expression of ER chaperones (PDI and BiP) and 

three ER transmembrane signaling proteins (PERK, IRE1, and 

ATF6) (Fig. 1B). Zinc depletion had no significant effect on 

BiP and PDI gene expression. In contrast, treatment with 8 µM 

Tpen for 4 h induced an increase of IRE1 expression by 

approximately 2.5 times, of PERK by approximately 1.75 times, 

and of ATF6 expression by approximately 1.25 times. Overall, 

the results of Fig. 1B indicated that the gene expression of the 

ER chaperones were not affected by zinc depletion induced  
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Figure 1. Cell viability and ER stress response after Tpen treatment. (A) PCCL3 cell viability was measured using MTT assays after treatment 

with different Tpen concentrations (1, 2.5, 5, 8, and 10 µM) and for different durations (4, 8, and 24 h). (B) Induction of ER chaperones (PDI and 

BiP) and three ER transmembrane signaling proteins (PERK, IRE1, and ATF6) measured by RT-PCR. PPIA was used as the loading control. (C) 

Detection of ATF6 fragmentation (ATF6-f) and eIF2-α phosphorylation (eIF2α-p) by western blot. (D) Detection of XBP1 mRNA splicing (the 

spliced XBP1 mRNA is indicated by an arrowhead), respectively. Data represent mean ± standard error of the mean, n = 6, *p < 0.05, **p < 0.005, 

***p < 0.001, ****p < 0.0001 compared with controls. 

 

Tpen in the thyroid cell line, whereas that of the ER 

transmembrane signaling proteins was regulated. These three 

ER transmembrane signaling proteins are involved in the UPR 

induced by the accumulation of unfolded or misfolded proteins 

in the ER lumen [21]. PERK is a type I transmembrane protein 

kinase inhibiting total protein translation by phosphorylating 

eIF2 upon ER stress. Phosphorylated eIF2 structurally 

interferes with the formation of complexes required for protein 

translation [40]. ATF6 is an ER membrane-type II protein 

cleaved by site-1 and site-2 proteases (S1P and S2P) at its 
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cytoplasmic N-terminus to free its cytosolic domain, ATF6c, 

upon ER stress. ATF6c acts as a transcription factor to stimulate 

the gene expression of ER chaperones and ER-associated 

protein degradation (ERAD)-related genes [41]. IRE1 is 

autophosphorylated upon ER stress to induce XBP mRNA 

splicing, by cleaving XBP mRNA, generating an activated form 

of XBP1 mRNA that can be translated into XBP1 protein. 

XBP1 is a transcription factor upregulating the expression of 

UPR target genes associated with protein folding, 

ER quality control, and ERAD [42]. Therefore, we investigated 

UPR signaling upon zinc depletion. ATF6c fragmentation was 

increased by approximately four times after 24 h of Tpen 

treatment, and eIF2-α phosphorylation was increased by 

approximately 1.5 times after 8 h of treatment (Fig. 1C). 

Additionally, alternative XBP cleavage was detected after 8 h 

treatment (Fig. 1D, arrowhead). Overall, these data suggested 

that although zinc depletion did not induce ER chaperone gene 

expression, zinc depletion activated factors downstream ER 

transmembrane signaling proteins. 

 

 
Figure 2. Tg biosynthesis and secretion upon Tpen treatment. (A) Intracellular Tg levels. PCCL3 cells were lysed after Tpen treatment for various 

durations (4, 8, and 24 h), and western blot using an anti-Tg antibody was performed. Band intensities were quantified and expressed as the ratio 

of the intensity in the control (not treated for 4 h). (B) Tg levels secreted in the culture medium. Here, the supernatant was subjected to western 

blot analysis as described above. (C) After 24 h of Tpen treatment, T4 levels secreted by PCCL3 were assessed by ELISA. (D) Thyroid tissue 

stained with hematoxylin-eosin under the same conditions as C (×150). Data represent mean ± standard error of the mean, n = 6, *p < 0.05, **p < 

0.005, ***p < 0.001, ****p < 0.0001 compared with controls (not treated of each time point), ##p < 0.005, ####p < 0.0001 compared with the 

control of the 4-h time point. Met: methimazole. 

 

Because zinc depletion affected UPR signaling protein 

expression, we assessed whether the intracellular biosynthesis 

and extracellular secretion of Tg were regulated by zinc 

depletion in PCCL3 thyrocytes. PCCL3 cells were treated with 

a nontoxic concentration of Tpen (5 µM) for 4, 8, and 24 h, and 

the amounts of intracellular and secreted Tg were measured by 

western blot using an anti-Tg antibody. As shown in Fig. 2A, 

intracellular levels of Tg were approximately 80% lower after 8 

and 24 h of Tpen treatment than those in controls and cells 

treated for 4 h. The levels of Tg secreted from the cells were 

decreased after Tpen treatment to 60%, 70%, and 65% of the 

control levels after 4, 8, and 24 h of treatment, respectively (Fig. 

2B). Thus, Tpen treatment of PCCL3 cells inhibited Tg 

biosynthesis by approximately 80% and its secretion by 

60%-70%, suggesting that zinc depletion inhibits the 

biosynthesis and secretion of Tg in thyroid cells. Tg is a 
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660-kDa dimer glycoprotein produced by the thyroid in a 

TSH-dependent manner. Secreted Tg is a precursor protein 

essential for thyroid hormone synthesis. After combining with 

iodine in the follicle colloid, Tg is proteolyzed in the 

endocytosis process. As a result, T3, which contains three 

iodine atoms, and T4, which contains four iodine atoms, are 

produced and enter the bloodstream [27,28]. The most 

important function of T4 is to promote the cell consumption of 

oxygen, which stimulates the metabolism in nearly all cells of 

the body [29]. Excessive production of T4 causes 

hyperthyroidism, whereas T4 deficit leads to hypothyroidism. 

We performed ELISA analyses of T4 levels secreted in the cell 

culture medium to confirm the results of Fig. 2A and 2B. Zinc 

depletion induced a 20%-30% reduction of T4 amounts released 

by PCCL3 cells in the medium, most likely as a result of the 

inhibition of Tg biosynthesis and secretion (Fig. 2C). 

Methimazole inhibits the iodination of Tg and is widely used as 

a treatment for hyperthyroidism [43]. As shown in Fig. 2C, 

secreted T4 levels were decreased to nearly the same levels as 

those obtained upon zinc depletion induced by Tpen. These 

results clearly showed that zinc depletion inhibited the 

biosynthesis and secretion of Tg, likely resulting in insufficient 

secreted T4 amounts and lower thyroid activity than normal. 

The thyroid gland consists of many follicles. Each follicle is 

bounded by a simple cubic epithelium, but the epithelium of the 

physiologically active thyroid gland is a simple columnar 

epithelium [44]. The follicle structure is essential for the good 

functioning of the thyroid. Here, histological analyses revealed 

that the follicle structure in a Tpen-treated thyroid was smaller 

and dented than normal follicles (Fig. 2D), indicating that Tpen 

affected thyroid functions. 

Recently, ER stress has been closely linked to apoptosis and 

autophagy induction [45]. Several studies have shown that 

autophagy and apoptosis are induced by zinc release to maintain 

cell homeostasis and inhibit pathogenesis [46,47]. We 

investigated whether autophagy or apoptosis was activated upon 

zinc depletion. Coiled-coil moesin-like Bcl2 interacting protein 

(Beclin) plays an important role in autophagy and cell death. 

Apoptosis is activated by the pro-apoptosis protein B-cell 

lymphoma 2 (Bcl-2)-associated X (Bax) and inhibited by the 

anti-apoptosis protein Bcl2 [48]. Fig. 3A shows that zinc 

depletion increased Bax gene expression by about 1.8 times (5 

µM Tpen for 8 h) but did not affect Bcl2 and Beclin. Fig. 3B 

shows apoptotic bodies observed after Hoechst 33342 staining 

of cells treated with Tpen. Therefore, apoptosis, but not 

autophagy, was induced by zinc depletion. 

 

 
Figure 3. Tpen induces apoptosis. (A) Beclin, Bcl2, and Bax mRNA levels after Tpen treatment. The mRNAs used were the same as those used 

in Fig. 1C subjected to RT-PCR. (B) Tpen inducible apoptotic bodies as detected by Hoechst 33342 staining. Stained nuclei (arrows) were 

observed under a fluorescence microscope using a blue filter (×200). Data represent mean ± standard error of the mean, n = 6, *p < 0.05, **p < 

0.005, ***p < 0.001, ****p < 0.0001 compared with controls. 
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In summary, we determined the effect of Tpen concentrations 

and treatment times on PCCL3 thyroid cells’ viability. In most 

experiments, Tpen was used at 8 µM for 8 h. Zinc depletion did 

not affect ER chaperones (BiP and PDI) expression but 

increased the levels of three ER transmembrane signaling 

proteins (PERK, IRE1, and ATF6). As a result, PERK, IRE1, 

and ATF6 activated their targets, namely, PERK induced 

eIF2-α phosphorylation, IRE1 led to XBP1 mRNA splicing, and 

ATF6 was fragmented. Zinc depletion inhibited both the 

expression and secretion of Tg, the main precursor of thyroid 

hormones, in thyroid PCCL3 cells. As a result, the amounts of 

T4 secreted were 70%-80% of those measured in controls. 

Additionally, an abnormal follicle structure in the thyroid was 

detected upon zinc depletion. Finally, zinc depletion induced 

apoptosis but not autophagy. These data indicate that zinc 

depletion might cause hypothyroidism by interfering with ER 

signal pathway and consequently inhibiting Tg expression and 

secretion. Therefore, maintaining an adequate level of zinc is 

essential for normal thyroid function. It is required that to 

changes ER functions in the ER lumen by zinc deletion in 

further study, it will be given directly how to control Tg 

secretion through the ER by zinc. 
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