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A B S T R A C T   

Thyroid hormones act as master regulators of cellular metabolism. Thereby, the biologically active triiodothy-
ronine (T3) induces the expression of genes to enhance mitochondrial metabolic function. Notably, Ca2+ ions are 
necessary for the activity of dehydrogenases of the tricarboxylic acid cycle and, thus, mitochondrial respiration. 

We investigated whether treating HeLa cells with T3 causes alterations in mitochondrial Ca2+ ([Ca2+]mito) 
levels. Real-time measurements by fluorescence microscopy revealed that treatment with T3 for 3 h induces a 
significant increase in basal [Ca2+]mito levels and [Ca2+]mito uptake upon the depletion of the endoplasmic re-
ticulum (ER) Ca2+ store, while cytosolic Ca2+ levels remained unchanged. T3 incubation was found to upregulate 
mRNA expression levels of uncoupling proteins 2 and 3 (UCP2, UCP3) and of protein arginine methyltransferase 
1 (PRMT1). Live-cell imaging revealed that T3-induced enhancement of mitochondrial Ca2+ uptake depends on 
the mitochondrial Ca2+ uniporter (MCU), UCP2, and PRMT1 that are essential for increased mitochondrial ATP 
([ATP]mito) production after T3 treatment. Besides, increased [Ca2+]mito and [ATP]mito levels correlated with 
enhanced production of reactive oxygen species (ROS) in mitochondria. Notably, ROS scavenging causes mito-
chondrial Ca2+ elevation and outplays the impact of T3 on [Ca2+]mito homeostasis. 

Based on these results, we assume that thyroid hormones adjust [Ca2+]mito homeostasis by modulating the 
UCP2- and PRMT1-balanced [Ca2+]mito uptake via MCU in case of physiological ROS levels to convey their 
impact on mitochondrial ATP and ROS production.   

1. Introduction 

Thyroid hormones (TH) are crucial for organ development and 
metabolic control. Thereby, the biologically active 3,5,3’-triiodothyro-
nine (T3) displays its pleiotropic effects on various cell types throughout 
the whole body [1]. T3 binds to thyroid hormone receptors (TRs) α or β, 
which then dock to thyroid hormone response elements within the 
regulatory regions of respective genes to modulate gene transcription 
[1]. Besides these so-called canonical effects, T3 also affects intracellular 
signaling pathways without DNA binding and subsequent induction of 
gene and protein expression [2]. 

T3 has been shown to promote the expression and nuclear trans-
location of the intermediate factors like nuclear respiratory factors 

(NRF) 1 [3] and the NRF2 [4], facilitating the maintenance and tran-
scription of mitochondrial DNA (mtDNA). Moreover, T3 enhances the 
phosphorylation and nuclear translocation of NRF2. Besides, T3 medi-
ates the expression of the transcriptional coactivator peroxisome 
proliferator-activated receptor-gamma coactivator-1 α (PGC-1α) [5], 
which is central for mitochondrial homeostasis by promoting nuclear- 
and mtDNA-encoded genes and buffering oxidative stress [6]. Moreover, 
a ubiquitously expressed mitochondrial matrix-located T3 receptor, p43, 
stimulates mitochondrial transcription and protein synthesis in the 
presence of T3 [7]. Based on these transcriptional modulations, thyroid 
hormones essential control mitochondrial function. In general, thyroid 
hormones facilitate the mitochondrial substrate oxidation and the 
catabolism of carbohydrates and lipids [8], promoting the tricarboxylic 
acid (TCA) cycle flux [9] and stimulating mitochondrial respiration and 
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oxidative phosphorylation (OXPHOS) [10]. Due to the leakage of pro-
tons from the intermembrane space into the matrix, so-called uncou-
pling, enhanced mitochondrial respiration is not strictly translated into 
adenosine triphosphate (ATP) production [11]. The basal proton-leak 
rate is regulated by the fatty-acyl composition of the inner mitochon-
drial membrane (IMM). At the same time, activation of specific proteins 
modulates the inducible proton-leak [8]. For example, the uncoupling 
protein 1 (UCP1), also known as thermogenin, allows proton-flux from 
the intermembrane space into the matrix of brown adipocytes. Thereby 
energy can’t be used for ATP production via the ATP synthase but gets 
converted into heat instead [12]. Notably, several promoter regions of 
the Ucp1 gene exhibit thyroid hormone response elements [13], 
allowing thyroid hormones to stimulate the expression of the Ucp1 gene 
by transcriptional and post-transcriptional mechanisms. Consequently, 
thyroid hormones are necessary for cold-induced adaptive thermogen-
esis [14]. While the role of UCP1 in adipocytes is well-characterized, the 
function of its orthologues, uncoupling protein 2 (UCP2) and uncoupling 
protein 3 (UCP3), is still under debate. In contrast to UCP1, UCP2 is 
ubiquitously expressed, and UCP3 is predominantly found in skeletal 
muscle [15]. While UCP1 accounts for up to 10% of the IMM proteins in 
adipocytes, the amounts of UCP2 and UCP3 account for merely 0.01%– 
0.1% in the respective cell types [16]. Consequently, efficient uncou-
pling seems hardly possible, and several groups failed to detect uncou-
pling activity [17,18]. While the function of the distinct isoforms might 
be different, the expression of UCP2 and UCP3 seems to be controlled by 
thyroid hormones, similar to UCP1 [19]. Treatment of young, healthy 
males with T3 for 14 days induced UCP2 and UCP3 mRNA expression in 
skeletal muscle and adipose tissues [20]. Besides, administration of T3 
to hypothyroid and euthyroid mice for six days enhanced UCP2 and 
UCP3 mRNA expression in the liver, skeletal muscle, and the heart. 
Notably, the level of UCP2 and UCP3 directly correlated with the resting 
metabolic rate [21]. Also, treatment of rats with T3 for 14 days resulted 
in enhanced UCP2 and UCP3 mRNA and protein expression levels as 
well as in enhanced mitochondrial ATP production in oxidative muscles 
[22]. In contrast, patients with hypothyroidism exhibited reduced UCP2 
mRNA expression levels in comparison to people with a euthyroid state, 
and a correlation between lipid oxidation rates and UCP2 expression 
was revealed [23]. These studies demonstrate that T3 controls UCP2 and 
UCP3 expression and oppose the hypothesis that UCP2 and UCP3 
function as uncouplers. 

Reports have suggested that UCP2 and UCP3 might act as trans-
porters for fatty acids [24,25] or TCA cycle intermediates [26], thereby 
modulating mitochondrial metabolic activity. Besides, UCP2 and UCP3 
have been shown to enable proper mitochondrial Ca2+ ([Ca2+]mito) 
uptake in cells with hampered [Ca2+]mito uptake due to protein meth-
yltransferase 1 (PRMT1)-driven methylation of the Ca2+-sensing mito-
chondrial Ca2+ uptake 1 (MICU1) [27]. Thereby, UCP2 and UCP3 
facilitate [Ca2+]mito uptake via the central pore-forming mitochondrial 

Ca2+ uniporter (MCU) [28]. Besides, alternative [Ca2+]mito uptake 
routes involve the leucine zipper-EF-hand-containing transmembrane 
protein 1 (LETM1) [29]. This complex interaction allows to tightly 
control [Ca2+]mito that acts as a powerful buffer for cytosolic Ca2+ and as 
a modulator of mitochondrial membrane potential [30], apoptotic 
signaling [31], and mitochondrial metabolic activity [32]. [Ca2+]mito is 
essential to the function of Ca2+-dependent dehydrogenases like pyru-
vate dehydrogenase [33], isocitrate dehydrogenase [34], and α-keto-
glutarate dehydrogenase [35] of the TCA-cycle, facilitating the activity 
of the electron transport chain (ETC) by providing reduction equivalents 
[32]. Thereby, [Ca2+]mito also affects the primary source of cellular 
production of reactive oxygen species (ROS). However, enhanced ETC 
activity does not per se translate into a higher probability of electron 
leakage and ROS production but is dependent on substrate and O2 
availability, mitochondrial membrane potential, and the functionality of 
the ETC [36]. Under physiological conditions, experiments revealed that 
Ca2+ diminishes ROS leakage from complex I and complex III. However, 
[Ca2+]mito enhances ROS production in case of a blockage of ETC 
complexes [37]. In turn, ROS were also found to affect [Ca2+]mito ho-
meostasis by, for instance, oxidation of MCU leading to enhanced 
mitochondrial Ca2+ uptake [38]. 

In this study, we analyzed how T3 treatment affects [Ca2+]mito ho-
meostasis. This work reveals that T3-induced upregulation of UCP2, 
UCP3, and PRMT1 correlates with elevated basal [Ca2+]mito levels and 
increased [Ca2+]mito uptake. Moreover, we present that an increase in 
mitochondrial ATP ([ATP]mito) production by T3 is dependent on proper 
[Ca2+]mito uptake facilitated by UCP2, MCU, and PRMT1. 

2. Material and methods 

2.1. Cell culture and handling 

HeLa cells and HeLa UCP2ko cells [39] were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM, D5523) (Sigma-Aldrich, Vienna, 
Austria), containing 10% fetal bovine serum (FCS) (Gibo, Life-
technologies, Vienna, Austria), 4 mM glutamine, 5.5 mM glucose, 1% 
penicillin (100 U/ml) (Gibco), 1% streptomycin (100 μg/ml) (Gibco), 
and 1.25 μg/ml amphotericin B (Gibco). Cells were transiently trans-
fected at a confluence of 60 to 70% with 1.5 μg plasmid DNA and 100 μM 
of respective siRNA using 2.5 μl of TransFast™ transfection reagent 
(Promega, Mannheim, Germany) in 1 ml of serum- and antibiotic-free 
DMEM. siRNAs were obtained from Microsynth (Balgach, Switzerland) 
and included human MCU siRNA-1: 5′-GCC AGA GAC AGA CAA UAC U 
dTdT-3′; human MCU siRNA-2: 5′-GGA AAG GGA GCU UAU UGA A 
dTdT-3′, human PRMT1 siRNA: 5′-CGU CAA AGC CAA CAA GUU A 
dTdT-3′, human UCP2 siRNA: 5′- GCA CCG UCA AUG CCU ACA A 
dTdT-3′ and human control siRNA: 5′- UUC UCC GAA CGU GUC ACG U 
dTdT-3′. Knockdown efficacy was validated previously [27]. 3,5, 

Abbreviations 

ATP adenosine triphosphate 
DMEM Dulbecco’s Modified Eagle Medium 
ETC electron transport chain 
FCCP carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
fT3 free T3 
Fura-2AM Fura-2 acetoxy-methyl-ester 
IBM inner boundary membrane 
IP3 inositol 1,4,5-triphosphate 
LETM1 leucine zipper-EF-hand-containing transmembrane protein 

1 
MCU mitochondrial Ca2+ uniporter 
mtDNA mitochondrial DNA 

OCR oxygen consumption rate 
OXPHOS oxidative phosphorylation 
PRMT1 protein methyltransferase 1 
ROI region of interest 
ROS reactive oxygen species 
T3 3,5,3’-triiodothyronine 
TCA tricarboxylic acid 
TH thyroid hormone 
TMRM tetramethylrhodamine 
TR thyroid hormone receptor 
UCP1 uncoupling protein 1 
UCP2 uncoupling protein 2 
UCP3 uncoupling protein 3  
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3’-triiodothyronine (T3) was obtained from Sigma Aldrich (Missouri, 
US) and dissolved in ethanol and 1 M HCl (4:1). Cells were treated with 
100 nM T3 in a culture medium containing FCS for different duration 
periods, including 3 h, 24 h, and 48 h. Control HeLa cells were treated 
with the respective T3-free stock solution. The treatment with 5 mM 
N-acetyl cysteine (NAC) was performed in parallel to the T3 treatment in 
a culture medium containing FCS. 

2.2. Live-cell imaging experiments 

For live-cell imaging experiments, cells were seeded on 30 mm glass 
coverslips in 6-well plates and accordingly transfected with 1.5 μg of 
plasmid DNA and 100 μM of the respective siRNA. Before the mea-
surement, cells were kept in EH-loading buffer (135 mM NaCl, 5 mM 
KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 2.6 mM NaHCO3, 440 μM 
KH2PO4, 340 μM Na2HPO4, 10 mM D-glucose, 0.1% MEM vitamins 
(Gibco), 0.2% MEM amino acids (Gibco), 1% penicillin-streptomycin 
(100 U/ml), 1% streptomycin (100 μg/ml), and 1.25 μg/ml amphoter-
icin B, pH adjusted to 7.4) at room temperature. During the measure-
ment, the cells were continuously perfused with a Ca2+-containing 
buffer, which consisted of 145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM 
MgCl2, 10 mM D-glucose, and 10 mM HEPES, pH adjusted to 7.4, using a 
perfusion system (PS9D, NGFI, Graz, Austria; www.ngfi.eu). 

2.3. Measurements of [Ca2+]mito, [ATP]mito, and mitochondrial 
membrane potential 

Dynamic changes in [Ca2+]mito were analyzed in Hela cells 
expressing the organelle-targeted FRET-based Ca2+ sensor 4mtD3cpv as 
previously described [27]. Cells were stimulated with the 
IP3-generating agonist ATP (Sigma Aldrich, Vienna, Austria). Basal 
levels in [ATP]mito were measured in Hela cells expressing the 
organelle-targeted FRET-based ATP sensor mtAT1.03 [40]. To deter-
mine mitochondrial membrane potential, cells were incubated in 20 nM 
of the fluorescent indicator tetramethylrhodamine (TMRM) (Invi-
trogen™ T668; Vienna, Austria) in EH-loading buffer for 20 min at room 
temperature, as described previously [41]. A full disruption of the 
mitochondrial membrane potential by application of carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (Abcam, Cam-
bridge, UK) was used to normalize the TMRMmito/TMRMnuc ratio. 

Measurements were performed on an inverted wide-field microscope 
(Observer.A1, Carl Zeiss GmbH, Vienna, Austria) as described previ-
ously [27,40,41]. Alternatively, an NGFI AnglerFish C-Y7G imager 
equipped with the NGFI PS9D perfusion system (NGFI) was used. In 
short, cells were imaged with a 40x oil immersion objective (Plan 
Apochromat 1,3 NA Oil DIC (UV) VISIR, Carl Zeiss GmbH, Vienna, 
Austria) and a standard CFP/YFP filter cube. Emission was collected 
with a 505dcxr beam-splitter on two sides of the camera (CCD camera, 
Coolsnap Dyno, Photometrics, Tucson, AZ, USA). 4mtD3cpv and 
mtAT1.03 were excited with a wavelength of 440 nm (440AF21, Omega 
Optical, Brattleboro, VT, USA), and emission was captured at 480 and 
535 nm (480AF30 and 535AF26, Omega Optical, Brattleboro, VT, USA). 
TMRM was excited at 550 nm, and the emission was collected at 600 nm. 
A region of interest containing the mitochondrial TMRM fluorescence 
(TMRMmito) and the cytosolic TMRM (generally the area of the nucle-
olus) fluorescence (TMRMnuc) was selected, and a ratio TMRMmi-

to/TMRMnuc was calculated over time. 
The data were recorded with the NIS-Elements AR software (Nikon, 

Vienna, Austria) and analyzed using GraphPad Prism (GraphPad Soft-
ware, San Diego, CA). Measurements were background corrected using a 
background region of interest and corrected for bleaching using an 
exponential decay fit of the basal fluorescence extrapolated to the whole 
measurement. Results are shown as Δmax(TMRMmito/TMRMnuc) be-
tween basal level and maximal FCCP induced depolarization. 

Measurements of [Ca2+]cyto and [H2O2]mito 
To measure [Ca2+]cyto, cells were incubated with the fluorescent 

cytosolic Ca2+ indicator Fura-2 acetoxy-methyl-ester (Fura-2AM) 
(TEFLabs, Austin, TX) for 30 min in EH-loading buffer, as described 
previously [42]. Fura-2AM was illuminated with 340 nm and 380 nm, 
and emission was captured at 515 nm (495dcxru; Omega Optical, 
Brattleboro, VT, USA). The results of the measurements were recorded 
with live-acquisition software v2.0.0.12 (Till Photonics) and analyzed 
using GraphPad Prism (GraphPad Software 9.3.0, San Diego, CA). The 
measurement was background-subtracted using a background ROI and 
corrected for bleaching using an exponential decay fit. Results are 
shown as the ratio of F380/F340. 

Cells expressing the mitochondrial H2O2 sensor HyPer [43] were 
illuminated at 430 and 480 nm, whereas fluorescence emission was 
recorded at 520 nm. In order to normalize to maximal mitochondrial 
ROS levels, 150 μM of H2O2 were applied at the end of each measure-
ment. The results of the measurements were recorded with 
live-acquisition software v2.0.0.12 (Till Photonics) and analyzed using 
GraphPad Prism (GraphPad Software 9.3.0, San Diego, CA). The mea-
surement was background-subtracted using a background ROI and 
corrected for bleaching using an exponential decay fit. Results of ROS 
measurements are shown as the ratio of F480/F430. 

Measurements in Fura-2AM stained cells and cells expressing mito-
chondrial HyPer were performed on a polychromator illumination sys-
tem (VisiChrome, Visitron Systems, Puchheim, Germany) with a 
motorized sample table of Till Photonics (Graefling, Germany). Alter-
natively, an NGFI AnglerFish F/O imager (NGFI) equipped with the 
NGFI PS9D perfusion system was used. The probes were excited via a 
polychrome V (Till Photonics), and emission was visualized using a 40x 
objective (alpha Plan Fluar 40, Zeiss, Goettingen, Germany) and a 
charge-coupled device camera (AVT Stringray F145B, Allied Vision 
Technologies, Stadtroda, Germany). 

2.4. Analyses of mitochondrial structure and ER-mitochondrial 
colocalization 

Cells expressing ERAT4.03 NA (NGFI, Graz, Austria) were stained 
with 100 nM TMRM in EH-loading buffer for 20 min and 3D-imaged on a 
confocal spinning microscope (Axio Observer.Z1 from Zeiss, Gottingen, 
Germany) with z increments of 0.2 μm as previously described [39,44]. 
The microscope is equipped with a motorized filter wheel (CSUX1FW, 
Yokogawa Electric Corporation, Tokyo, Japan) on the emission side and 
a 100x objective lens (Planapochromat 100x/1.4 Oil, Zeiss, Germany). It 
also contains an AOTF-based laser merge module for laser lines 405, 
445, 473, 488, 514, and 561 nm (Visitron Systems, Puchheim, Germany) 
and a Nipkow-based confocal scanning unit (CSU-X1, Yokogawa Electric 
Corporation). All images were taken with a CoolSnap HQ2-CCD camera 
(Photometrics, Tucson, Arizona, USA). Data acquisition and software 
control was achieved by VisiView Premier Acquisition software (2.0.8, 
Visitron Systems, Puchheim, Germany). Image stacks were deconvo-
luted through blind deconvolution (NIS-Elements 5.20.02, Nikon, 
Austria). Morphology parameters were measured automatically via a 
custom-made ImageJ macro using the following procedure. An addi-
tional background subtraction based on the rolling ball method was 
introduced to enhance contrast for later analysis. A global auto Otsu 
threshold using a stack histogram as well as a local auto Otsu threshold 
(radius of 640 nm) based on a single slice histogram were applied to the 
stack and merged. ERAT4.03 NA staining was Otsu thresholded, dilated, 
filled, and subsequently and used as a mask for TMRM stained mito-
chondria to exclude not transfected cells. 

Binarized mitochondria got segmented via the ImageJ plugin 3D 
manager. Mitochondrial volume and surface were determined through 
the plugin 3D Geometrical Measure. The Plugin 3D Ellipsoid Fitting 
generated an ellipsoid fit of mitochondria to measure mitochondrial 
elongation. 

To analyze the colocalization between ER and mitochondria, TMRM 
and ERAT4.03 NA were determined on a single cell level using ImageJ 
and plugin coloc2. The Pearson’s coefficient and the Costes thresholded 
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Manders coefficient were calculated as previously described [44]. 

2.5. Mitochondrial oxygen consumption rate 

As described previously [45], one day before the experiment, 
respectively treated HeLa cells were plated on XF96 polystyrene cell 
culture microplates (Seahorse®, Agilent, Vienna, Austria) at a density of 
40.000 cells per well. After keeping freshly seeded cells in the incubator 
at 37 ◦C for 24 h, the cell culture medium was exchanged with Seahorse 
medium supplemented with 1 mM sodium pyruvate, 2 mM glutamine, 
and 5.5 mM D-glucose. The oxygen consumption rate (OCR) was sub-
sequently measured every 7 min using an XF96 extracellular flux 
analyzer. After basal measurement, 2 μM oligomycin (Sigma Aldrich, 
Vienna, Austria), 0.4 μM FCCP, and 2.5 μM antimycin were injected. 
OCR was normalized to protein content using the Pierce™ BCA Protein 
Assay Kit (Fisher Scientific, Vienna, Austria) assay and presented as 
pmolO2/(min*μgprotein) [46]. 

2.6. Analyses of mRNA expression levels 

As described previously [45], the PEQLAB total RNA isolation kit 
(Erlangen, Germany) was used to isolate the total RNA. The concen-
tration was measured and the purity was controlled with a spectro-
photometer (UviLine 9400, SCHOTT Instruments, Mainz, Germany). 
cDNA transcription was performed using the Applied Biosystems cDNA 
reverse transcription kit (Foster City, CA). qRT-PCR was done using the 
QuantiFast SYBR Green RT-PCR kit (Qiagen, Hilden, Germany) and 
performed on the LightCycler 480 (Roche Diagnostics, Vienna, Austria). 
Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Quanti-
Tect, Qiagen) was used as a housekeeping gene. The primers used were 
obtained from Invitrogen (Vienna, Austria) and were as follows: 

UCP2: forward: 5’-TCCTGAAAGCCAACCTCATG-3‘, reverse: 5’- 
GGCAGAGTTCATGTATCTCGTC-3’; UCP3: forward: 5’-AGAAAATA-
CAGCGGGACTATGG-3‘, reverse: 5’-CTTGAGGATGTCGTAGGTCAC-3’; 
PRMT1: forward: 5’-TGCTCAACACCGTGCTCTATGC-3’, reverse: 5’- 
TCCTCGATGGCCGTCACATACA-3’; MCU: forward: 5’AGAGA-
TAGGCTTGAGTGTGAAC-3’, reverse: 5’-TTCCTGGCAGAATTTGGGAG- 
3’; MCUb forward: 5’-TATAGTACCGTGGTGCCACCTGATG-3’, reverse: 
5’-TTGTAGGTCCTGAAGGAATGAACCA-3’, MICU1: forward: 5’- 
CAGGTTCAGAGCATCATTCG-3’, reverse: 5’-GAACACAAGCCA-
GACTTGAG-3’; LETM1: forward: 5’-TGTTGCTGTGAAGCTCTTCC-3’, 
reverse: 5’-TGTTCTTCAAGGCCATCTCC-3’ 

2.7. Determination of free T3 concentrations in the cell culture medium 

Samples of the respectively treated cell culture medium were 
collected after indicated incubation times. Samples were stored frozen 
and protected from light. Then, the levels of free T3 (fT3) were deter-
mined by performing an automated chemiluminescence analysis on 
Advia Centaur (Siemens, Eschborn, Germany) as described previously 
[47]. 

2.8. Statistical analyses 

The data were analyzed using Microsoft Excel Professional Plus 2019 
(Microsoft Corporation, Albuquerque, NM, USA). Statistical analyzes 
and design of graphs were carried out with GraphPad Prism Version 
9.3.0 for Windows (GraphPad Software, San Diego, CA, USA) using 
Student’s t-test or one-way ANOVA, if applicable. Data are expressed as 
MEAN ± SEM unless otherwise indicated. Results were obtained from at 
least three independent experimental days. Differences were considered 
statistically significant at p < 0.05 and presented as specific p-values (* 
= p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001). 

3. Results 

3.1. T3 induces an elevation in basal and stimulated [Ca2+]mito levels 

Previous work revealed that thyroid hormones boost mitochondrial 
metabolic activity, enhance the turnover of the TCA cycle, and trigger 
the ETC and OXPHOS machinery [22,48,49]. The activity of the TCA 
cycle strongly depends on Ca2+-dependent dehydrogenases in the 
mitochondrial matrix [33–35]. Consequently, we investigated whether 
the biologically active thyroid hormone, T3 [1], affects [Ca2+]mito. HeLa 
cells were transfected with the FRET-based [Ca2+]mito sensor 4mtD3cpv 
and treated with 100 nM T3 for 3 h, 24 h, and 48 h. Live-cell imaging 
revealed increased basal [Ca2+]mito levels after 3 h but not after 24 h and 
48 h of T3 treatment (Fig. 1A and C). Also, [Ca2+]mito uptake after 
stimulation with 100 μM ATP, inducing IP3-mediated endoplasmic re-
ticulum (ER) Ca2+ release, was significantly enhanced after 3 h but not 
after 24 h and 48 h of T3 treatment (Fig. 1B and C). Since [Ca2+]mito is 
fueled by cytosolic Ca2+ ([Ca2+]cyto) [50], we investigated whether T3 
affects [Ca2+]cyto homeostasis. Neither basal [Ca2+]cyto (Fig. 1D and F) 
nor [Ca2+]cyto elevation upon ER Ca2+ release by 100 μM ATP (Fig. 1E 
and F) was altered after T3 incubation for 3 h, 24 h, and 48 h. 

3.2. T3 causes upregulation of UCP2, UCP3, and PRMT1 

Depending on the source of Ca2+, different Ca2+ uptake routes into 
mitochondria exist [28]. Mitochondrial Ca2+ uptake in response to Ca2+

depletion of the ER, as shown in Fig. 1B, was found to be dependent on 
MCU and facilitated by UCP2 [42]. Notably, previous studies reported 
T3-induced upregulation of UCP2 and UCP3 in adipose tissue cell lines 
and skeletal muscle [20,51]. Indeed, mRNA expression levels of UCP2 
(Fig. 2A) and UCP3 (Fig. 2B), the less abundant isoform of UCPs in HeLa 
cells, were significantly increased after 3 h of T3 treatment. The 
expression of UCP2 and UCP3 was decreased after 24 h and normalized 
in comparison to respective control cells after 48 h. Since the function of 
UCP2 is dependent on PRMT1-driven methylation of MICU1 [27], we 
also analyzed mRNA expression levels of PRMT1. Similar to UCP2 and 
UCP3, PRMT1 mRNA expression levels were enhanced after 3 h, reduced 
after 24 h, and normalized after 48 h (Fig. 2C). Notably, mRNA 
expression levels of other proteins involved in [Ca2+]mito uptake upon 
[Ca2+]ER depletion, including MCU, MCUb, and MICU1, and the mRNA 
expression of LETM1 (Fig. 2D), a protein contributing to alternative 
uptake routes [29], were not significantly altered by T3 treatment. Due 
to the well-known isoform UCP1, UCP2 and UCP3 were assumed to 
function as uncoupling proteins [52,53]. However, several reports failed 
to support this assumption, proving that UCP2 and UCP3 do not 
significantly alter mitochondrial membrane potential [18]. To assess the 
impact of T3 on mitochondrial membrane potential, we stained 
respectively treated HeLa cells with TMRM and measured basal mito-
chondrial membrane potential. Basal mitochondrial membrane poten-
tial (Fig. 2E) was normalized to entirely disrupted mitochondrial 
membrane potential after the application of FCCP [10 μM], which causes 
the complete release of the TMRM dye into the cytosol (Fig. 2F). T3 
treatment for 3 h, 24 h, and 48 h did not alter mitochondrial membrane 
potential, emphasizing that UCP2 and UCP3 expression does not affect 
mitochondrial membrane potential. Next, we investigated by 
3D-confocal microscopy the structure of mitochondria after T3 treat-
ment through application of the dye TMRM. We found increased mito-
chondrial volume and surface after 3 h of T3 incubation (Fig. 2G), while 
the ratio between volume and surface (Fig. 2H), as well as the mito-
chondrial elongation (Fig. 2I), remained unchanged after T3 treatment 
in HeLa cells (Fig. 2J). These results indicate a slight increase in mito-
chondrial size and swelling, potentially due to enhanced basal 
[Ca2+]mito uptake after T3 application. 
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3.3. T3’s impact on [Ca2+]mito is dependent on UCP2-dependent Ca2+

uptake 

To directly test whether the function of proteins involved in 
[Ca2+]mito uptake is essential to T3’s effect on [Ca2+]mito homeostasis, 
we performed experiments in 4mtD3cpv expressing HeLa cells depleted 

from proteins of interest. As already shown in Fig. 1A and B, basal 
[Ca2+]mito levels (Fig. 3A) and [Ca2+]mito uptake (Fig. 3B) were signif-
icantly increased after 3 h of treatment with 100 nM T3. A UCP2- 
dependent [Ca2+]mito uptake requires functional MCU [42] as well as 
PRMT1-driven methylation [27]. Indeed, the application of siRNA 
against MCU abolished the effect of T3 on basal [Ca2+]mito levels 

Fig. 1. Effects of T3 on [Ca2þ]mito and [Ca2þ]cyto 
homeostasis. 
Bar graphs (MEAN + SEM) represent basal [Ca2+]mito 
levels of control HeLa cells 3 h (n = 42/8/4), 24 h (n 
= 51/9/4), and 48 h (n = 113/22/6) or HeLa cells 
treated with 100 nM T3 for 3 h (n = 67/12/4), 24 h 
(n = 67/11/4), and 48 h (n = 82/14/5) (1A). Bar 
graphs (MEAN + SEM) represent [Ca2+]mito uptake in 
response to 100 μM ATP in HeLa cells and in HeLa 
cells treated with 100 nM T3 for 3 h, 24 h, or 48 h 
(numbers as for 1A) (1B). Representative [Ca2+]mito 
traces of control HeLa cells (black curves) or HeLa 
cells treated with 100 nM T3 (blue curves) for 3 h 
(left), 24 h (middle), or 48 h (right) (1C). Bar graphs 
(MEAN + SEM) represent basal [Ca2+]cyto levels of 
control HeLa cells treated for 3 h (n = 73/9/3), 24 h 
(n = 83/11/3), and 48 h (n = 82/12/3) or HeLa cells 
treated with 100 nM T3 for 3 h (n = 65/11/3), 24 h 
(n = 93/12/3), or 48 h (n = 76/12/3) (1D). Bar 
graphs (MEAN + SEM) represent [Ca2+]cyto elevation 
in response to 100 nM ATP in control HeLa cells or 
HeLa cells treated with 100 nM T3 for 3 h, 24 h, or 48 
h (1E). Representative [Ca2+]cyto traces of control 
HeLa cells (black curves) or HeLa cells treated with 
100 nM T3 (blue curves) for 3 h (left), 24 h (middle), 
and 48 h (right) (1F). Results were obtained in at least 
3 independent experiments (n ≥ 3). If applicable, 
significant differences were assessed via one-way 
ANOVA or unpaired t-test and presented as specific 
p-values (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤
0.001). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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Fig. 2. T3’s impact on mRNA expression, mitochondrial membrane potential, and mitochondrial structure. 
Bar graphs (MEAN ± SEM) represent the percentage of UCP2 mRNA expression level change in HeLa treated with 100 nM T3 for 3 h (n = 6), 24 h (n = 3), or 48 h (n 
= 3) compared to respective control cells (2A). Bar graphs (MEAN ± SEM) represent the percentage of UCP3 mRNA expression level change in HeLa cells treated with 
100 nM T3 for 3 h (n = 5), 24 h (n = 3), or 48 h (n = 3) compared to respective control cells (2B). Bar graphs (MEAN ± SEM) represent the percentage of PRMT1 
mRNA expression level change of HeLa cells treated with 100 nM T3 for 3 h (n = 7), 24 h (n = 3), or 48 h (n = 3) compared to respective control cells (2C). Bar graphs 
(MEAN ± SEM) represent the percentage of MCU, MCUb, MICU1 and LETM1 mRNA expression of HeLa cells treated with 100 nM T3 for 3 h (n = 5) compared to 
respective control cells (2C). Bar graphs (MEAN ± SEM) reveal mitochondrial membrane potential normalized to fully disrupted mitochondrial membrane potential 
in response to FCCP [10 μM] in control HeLa cells for 3 h (n = 30/7/3), 24 h (n = 30/7/3) or 48 h (n = 31/8/3) and in HeLa cells treated with 100 nM T3 for 3 h (n =
30/7/3), 24 h (n = 30/7/3), or 48 h (n = 37/9/3) (2E). Cells stained with TMRM before (left) and after (right) application of FCCP (2F). Bar graphs (MEAN ± SEM) 
represent mitochondrial volume (2G), surface, (2H) and elongation (2I) of control HeLa (n = 71/8/4), 24 h (n = 80/8/4), or 48 h (n = 72/8/4) or HeLa cells treated 
with 100 nM T3 for 3 h (n = 75/8/4), 24 h (n = 80/8/4), or 48 h (n = 71/8/4). Representative images show TMRM-stained control HeLa cells and HeLa cells treated 
with T3 for 3 h (left), 24 h (middle), and 48 h (right) (2J). Results were obtained in at least 3 independent experiments (n ≥ 3). If applicable, significant differences 
were assessed via one-way ANOVA or unpaired t-test and presented as specific p-values (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001). 
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(Fig. 3C) and on [Ca2+]mito uptake upon IP3-generating agonist response 
(Fig. 3D). Also, knockdown of PRMT1 prevented the effect of T3 under 
basal conditions (Fig. 3E) and after intracellular Ca2+ release (Fig. 3F). 
Next, we tested whether T3 application affects Ca2+]mito levels in UCP2 
knockout HeLa cells. The basal [Ca2+]mito remained unchanged by T3 
application (Fig. 3G), while the [Ca2+]mito uptake was significantly 
decreased after T3 treatment for 3 h (Fig. 3H), possibly due to hampered 
MICU1 activity as a result of PRMT1 upregulation (Fig. 2C) and the lack 
of UCP2 [39]. The usage of UCP2 knockout HeLa has become necessary 
since incubation with 100 nM T3 counteracts siRNA-induced knock-
down of UCP2 (Fig. 3I). A former report has revealed an inverse corre-
lation between UCP2 mRNA expression and ER-mitochondrial 
interaction [44]. Consequently, we aimed to test whether upregulation 
of UCP2 induced by T3 is also accompanied by alterations in the 
colocalization between ER and mitochondria. As presented through 
Pearson’s (Fig. 3J) and Mander’s 2 (Fig. 3K) coefficients, the interaction 
between mitochondria and ER was reduced after 3 h of T3 treatment in 
TMRM stained and ERAT4.0NA expressing HeLa (Fig. 3L). Notably, at 
this time point, the mRNA expression level of UCP2 was found to be 
enhanced (Fig. 2A). In line with the mRNA expression level of UCP2, the 
ER-mitochondrial interaction was normalized to respective control 
levels after 48 h. 

3.4. T3’s impact on mitochondrial ATP and ROS production is dependent 
on [Ca2+]mito 

Thyroid hormones are known to boost cellular metabolism [54]. 
Notably, [Ca2+]mito is essential to the function of Ca2+-dependent matrix 
dehydrogenases [33–35,55]. To determine after which incubation 
period T3 affects mitochondrial metabolism, we measured basal oxygen 
consumption rate (OCR) and the OCR after application of the ATP syn-
thase inhibitor oligomycin, the uncoupling agent FCCP, and the inhib-
itor of complex III antimycin A. Incubation of HeLa cells with 100 nM T3 
for 3 h enhanced basal OCR (Fig. 4A) and boosted maximal OCR after 
FCCP application significantly (Fig. 4B). No alterations could be 
observed after 24 h and 48 h of T3 incubation compared to respective 
controls. To analyze whether enhanced OCR also correlates with 
enhanced mitochondrial ATP production, we measured mitochondrial 
ATP ([ATP]mito) levels by using the organelle-targeted ATP sensor 
mtAT1.03 after treatment with T3 for 3 h. Notably, basal [ATP]mito 
levels were significantly elevated after 3 h of T3 treatment in HeLa cells 
(Fig. 4D), while transient siRNA-induced knockdown of MCU (Fig. 4E) 
and of PRMT1 (Fig. 4F) abolished the effect of T3 on [ATP]mito levels. 
Also, [ATP]mito levels remained unchanged after T3 treatment in UCP2 
knockout HeLa (Fig. 4G). Enhanced OCR and [ATP]mito require a boost 
in the ETC activity, one of the main cellular production sites for reactive 
oxygen species (ROS) [56]. To investigate whether T3 also affects ROS 

levels after 3 h of incubation, we expressed the mitochondrial H2O2 
([H2O2]mito) sensor, HyPer [43], in HeLa cells and measured basal 
[H2O2]mito levels. In line with enhanced mitochondrial respiration ac-
tivity, basal ROS levels were increased after 3 h of T3 treatment 
(Fig. 4H). These basal levels were normalized to maximal [H2O2]mito 
levels induced by the application of 150 μM H2O2 (Fig. 4J). T3 appli-
cation did not cause a significant rise in [H2O2]mito levels in UCP2 
knockout HeLa cells (Fig. 4I and J), supporting the concept of an 
important role of mitochondrial Ca2+ uptake in mitochondrial ROS 
formation in response to T3. Notably, ROS scavenging by treatment with 
5 mM NAC for 3 h significantly enhanced basal [Ca2+]mito levels 
(Fig. 4K) and mitochondrial Ca2+ uptake (Fig. 4L). No significant impact 
of T3 on basal [Ca2+]mito levels (Fig. 4K) and mitochondrial Ca2+ uptake 
(Fig. 4L) could be detected in NAC-treated cells. These results suggest 
that ROS scavenging by NAC affects [Ca2+]mito homeostasis, potentially 
covering T3’s impact, but might also point to an essential role of ROS as 
signaling molecules to adjust [Ca2+]mito homeostasis in response to T3. 

4. Discussion 

Thyroid hormones are key determinants of cellular metabolism, 
modulating the pathways to metabolize carbohydrates, lipids, and pro-
teins in various tissues [48]. Since a proper mitochondrial Ca2+ ho-
meostasis is essential to boost the activity of Ca2+-dependent 
dehydrogenases like pyruvate dehydrogenase, isocitrate dehydrogenase, 
and α-ketoglutarate dehydrogenase of the TCA-cycle [33–35], 
[Ca2+]mito serves as a potent regulator of the mitochondrial metabolism 
[55]. Consequently, it appears fundamental that T3-induced enhance-
ment of cellular metabolism is accompanied by an adjustment of 
[Ca2+]mito homeostasis (Fig. 1A and B), enabling enhanced de-
hydrogenases activity. Studies in mitochondria isolated from the liver of 
hyperthyroid rats have already suggested enhanced [Ca2+]mito uptake 
by increased expression of MCU [57]. A recent study suggested a boost 
in the intracellular Ca2+ and revealed that T3 treatment hampers protein 
degradation mediated by mechanistic target of rapamycin (mTOR), 
causing increased protein abundance of UCP1 and MCU in brown adi-
pocytes of mice within 30 min [58]. Also, T3 was found to rapidly and 
transiently increase [Ca2+]cyto levels within several minutes in rat 
myocytes [59]. The rapid alterations on cellular Ca2+ levels found in 
brown adipocytes of mice and rat myocytes suggest that T3 might 
modulate cellular Ca2+ initially in a non-canonical way. Notably, we 
could neither detect rapid changes in cytosolic Ca2+ levels within 
short-term T3 incubation nor after 3 h, 24 h, or 48 h (Fig. 1D and E) in 
HeLa cells. Consequently, we assume that T3-induced rapid changes in 
cellular Ca2+ homeostasis are tissue-specific and that effects on 
[Ca2+]mito levels of HeLa cells after 3 h of T3 incubation are conveyed 
through the canonical pathway by specific modulation of gene 

Fig. 3. Effects of T3 on [Ca2+]mito homeostasis of HeLa cells with transient knockdown of MCU and PRMT1 and HeLa cells with a stable knockout of UCP2. Bar 
graphs (MEAN + SEM) represent basal [Ca2+]mito levels of control HeLa cells (n = 42/8/4) or HeLa cells treated with 100 nM T3 for 3 h (n = 67/12/4), shown in 
Fig. 1A (3A). Bar graphs (MEAN + SEM) represent [Ca2+]mito uptake in response to 100 μM ATP in control HeLa cells (n = 42/8/4) or HeLa cells treated with 100 nM 
T3 for 3 h (n = 67/12/4), shown in Fig. 1B (3B). Bar graphs (MEAN + SEM) represent basal [Ca2+]mito levels of control HeLa cells transfected with siRNA against 
MCU (n = 40/19/4) or respective HeLa cells treated with 100 nM T3 for 3 h (n = 49/20/4) (3C). Bar graphs (MEAN + SEM) represent [Ca2+]mito uptake in response 
to 100 μM ATP in control HeLa cells transfected with siRNA against MCU (n = 40/19/4) or respective HeLa cells treated with 100 nM T3 for 3 h (n = 49/20/4) (3D). 
Bar graphs (MEAN + SEM) represent basal [Ca2+]mito levels of HeLa cells transfected with siRNA against PRMT1 (n = 55/27/5) or of respective HeLa cells treated 
with 100 nM T3 for 3 h (n = 49/25/5) (3E). Bar graphs (MEAN + SEM) represent [Ca2+]mito uptake in response to 100 μM ATP in HeLa cells transfected with siRNA 
against PRMT1 (n = 55/27/5) or in respective HeLa cells treated with 100 nM T3 for 3 h (n = 49/25/5) (3F). Bar graphs (MEAN + SEM) represent basal [Ca2+]mito 
levels of control HeLa cells with stable knockout of UCP2 (n = 29/9/3) or respective cells treated with 100 nM T3 for 3 h (n = 33/9/3) (3G). Bar graphs (MEAN +
SEM) represent [Ca2+]mito uptake in response to 100 μM ATP in HeLa cells with stable knockout of UCP2 (n = 29/9/3) or respective HeLa cells treated with 100 nM 
T3 for 3 h (n = 33/9/3) (3H). Bar graphs (MEAN ± SEM) represent the percentage of UCP2 mRNA expression level change in HeLa cells treated with siRNA against 
UCP2 and HeLa cells treated with siRNA against UCP2 and 100 nM T3 (n = 4) (3I). Bar graphs (MEAN + SEM) show Pearson’s (3J) and Manders’s 2 (3K) of control 
HeLa (n = 71/8/4), 24 h (n = 80/8/4), or 48 h (n = 72/8/4) or HeLa cells treated with 100 nM T3 for 3 h (n = 75/8/4), 24 h (n = 80/8/4), or 48 h (n = 71/8/4). 
Representative picture show control TMRM stained and ERAT4.0NA expressing control HeLa cells and respective HeLa cells treated with T3 for 3 h, 24 h, and 48 h. 
Mitochondria are depicted in red, the ER in green, and overlapping areas in yellow (3L). Results were obtained in at least 3 independent experiments (n ≥ 3). If 
applicable, significant differences were assessed via one-way ANOVA or unpaired t-test and presented as specific p-values (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤
0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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expression levels. 
Just a limited number of genes are actually controlled in their 

expression by thyroid hormones, including UCP2 and UCP3 [20–22]. In 
HeLa cells that exhibit TRα and TRβ [60], incubation with 100 nM T3 in 
an FCS-containing medium caused a significant upregulation of UCP2 
(Fig. 2A), the less abundant UCP3 (Fig. 2B), and PRMT1 (Fig. 2C) after 3 
h. Others reported an increase of UCP2 and UCP3 after treatment with 
100 nM of T3 in human muscle cells after 24 h incubation [20]. Also, in 
vivo experiments have revealed upregulation of UCP2 and UCP3 in mice 
[21], rats [22], and humans after different treatment periods [20]. In 
contrast, reduced UCP2 mRNA expression levels were found in patients 
with hypothyroidism [23]. Since the impact of the biologically active T3 
[61] is determined by deiodinase activities, transport mechanisms [62], 
and the density of the respective receptors [63], we assume that the 
timing of T3’s impact on gene expression is tissue- and cell-specific. 
Notably, UCP2 has a half-life of 30 min [64] and UCP3 of 30 min to 4 
h [65]. This high protein turnover of UCP2 and UCP3 is in strong 
contrast to UCP1 with a half-life of 30 h [64,65] and fits to an expression 
level change induced by T3 within 3 h (Fig. 2A and B). PRMT1, which is 
essential for UCP2’s function in modulating [Ca2+]mito, was also found 
to be upregulated after 3 h of T3 treatment (Fig. 2C). Previous experi-
ments in the frog Xenopus laevis reported T3-induced upregulation of 
PRMT1 expression [66] and revealed that PRMT1 acts as a T3 receptor 
coactivator [67], hinting at a boosting effect of PRMT1 on T3 activity. 

The mRNA expression levels from UCP2 (Fig. 2A), UCP3 (Fig. 2B), 
and PRMT1 (Fig. 2C) were reduced after 24 h and normalized after 48 h. 
Notably, treatment with 100 nM T3 caused a significant rise in the level 
of free fT3 in the cell culture medium (Supplementary Fig. 1). After 3 h 
of T3 incubation, levels of fT3 dropped significantly. Then, fT3 levels 
remained stable for 24 h and 48 h. These results might indicate that T3 
gets bound initially and remains stable without further degradation or 
binding within 48 h. Consequently, we assume that alterations in 
[Ca2+]mito induce adaptational responses in respectively treated cells 
after 24 h. Still, we can’t exclude that T3 gets inactivated by intracellular 
degradation [48]. In line with that, oral administration of T3 causes 
peak levels in the blood after 2–4 h, making frequent dosing of T3 
necessary and the treatment with the more stable thyroxine, T4, more 
attractive [61,68]. The reported upregulation of UCP2 and UCP3 in mice 
[21], rats [22], and humans [20] after daily thyroid hormone adminis-
tration suggests that the effect seen after 3 h might be maintained over a 
prolonged period by frequent dosing. 

T3-induced upregulation of UCP2 and UCP3 was not accompanied by 
alterations in mitochondrial membrane potential (Fig. 2 E), opposing a 
potential function of UCP2 and UCP3 as uncouplers. Early reports 
showed that UCP2 and UCP3 affect mitochondrial membrane potential 
in yeast [52,53]. However, these effects were declared artifacts due to an 
extraordinarily high level of overexpression in experimental models 

[69]. In fact, UCP2 and UCP3 merely account for 0.01% to 0.1% of IMM 
proteins in mammalian cells [16]. This fits to in vivo studies reporting a 
direct correlation between mRNA expression levels of UCP2 and UCP3 
and the rate of resting metabolic rate in mice [21] and enhanced UCP2 
and UCP3 expression accompanied by ATP production in rats [22]. Also, 
experiments in different cell types failed to reveal alterations in mito-
chondrial membrane potential induced by UCP2 and UCP3 [17,18]. 

To elucidate the role of different proteins in the effect of T3 on 
mitochondrial Ca2+, we tested T3’s effect on cells depleted of MCU, 
PRMT1, and UCP2. Our experiments revealed that the impact of T3 on 
mitochondrial Ca2+ homeostasis is dependent on MCU (Fig. 3C and D), 
PRMT1 (3E, 3F), and UCP2 (Fig. 3G and H). Due to the low abundance of 
UCP3 in HeLa cells [70], we solely tested for UCP2 function. Notably, T3 
incubation normalized UCP2 expression levels in HeLa cells treated with 
siRNA against UCP2 (Fig. 3I). Consequently, we performed experiments 
in HeLa with Crispr/Cas9-induced knockout of UCP2 [39]. In 2007, 
UCP2 and UCP3 were characterized as fundamental proteins for 
[Ca2+]mito uptake [18]. Further studies revealed the intermembrane 
loop 2 (IML2) as an essential protein part of UCP2 and UCP3 for mito-
chondrial Ca2+ modulation [18,28]. They showed that UCP2 and UCP3 
normalize mitochondrial Ca2+ uptake in the case of PRMT1-driven 
desensitization of MICU1’s Ca2+ binding [27] in cancer cells [45]. 
Thereby, UCP2 and UCP3 modulate the mitochondrial Ca2+ uptake via 
the MCU in response to IP3-generating agonist stimulation [71]. We 
assume that T3 induces alterations on mitochondrial Ca2+ homeostasis 
via an MCU-dependent uptake route modulated by UCP2 and PRMT1. As 
shown in Fig. 3H, T3 treatment caused a significant decrease in the 
mitochondrial Ca2+ uptake of UCP2 knockout HeLa. We hypothesize 
that T3-induced PRMT1 upregulation prevented proper mitochondrial 
Ca2+ uptake in these HeLa cells lacking the normalizing function of 
UCP2. Further, a reduction of ER-mitochondrial contact sides, which 
serve as the main hubs for Ca2+ signaling between these organelles, after 
T3 incubation might cause a decrease in mitochondrial Ca2+ uptake. In 
addition to the impact of T3 on mitochondrial Ca2+ homeostasis, T3 
might also affect the transport of fatty acid transport [24,25] or TCA 
cycle intermediates [26] by modulating UCP2 expression. How these 
effects add to the T3-induced modulation of mitochondrial metabolic 
activity has to be further elaborated. 

Notably, previous reports revealed that an inverse correlation be-
tween UCP2 expression and the stability of mitochondrial-ER interac-
tion serves as a mechanism for cancer cells to protect themselves from 
mitochondrial Ca2+ overload [45]. This fits our results obtained by 
confocal microscopy showing decreased interaction between ER and 
mitochondria after 3 h of T3 treatment (Fig. 3J and K) when UCP2 and 
UCP3 mRNA expression levels were found to be elevated (Fig. 2A and B). 
Therefore, we assume that also T3-induced upregulation of UCP2 and 
UCP3 provokes adaptation of the ER-mitochondrial interplay to prevent 

Fig. 4. Effects of T3 on mitochondrial metabolism and ROS production in HeLa cells. 
Basal OCR presented as MEAN ± SEM before injection of compounds in control HeLa cells and HeLa cells treated with 100 nM T3 for 3 h (n = 3), 24 h (n = 3), or 48 h 
(n = 3) (4A). Maximal OCR (MEAN ± SEM) in response to FCCP in control HeLa cells and in HeLa cells treated with 100 nM T3 for 3 h (n = 3), 24 h (n = 3), or 48 h 
(n = 3) (4B). Representative OCR changes in control HeLa cells (black curve) or HeLa cells treated with 100 nM T3 for 3 h (blue curve) (4C). Bar graphs (MEAN ±
SEM) represent basal [ATP]mito levels of control HeLa cells for 3 h (n = 24/10/3) or treated with 100 nM T3 for 3 h (n = 18/8/3) (4D). Bar graphs (MEAN ± SEM) 
represent basal [ATP]mito levels in control HeLa cells transfected with siRNA against MCU (n = 49/25/3) or respective HeLa cells treated with 100 nM T3 for 3 h (n =
40/20/3) (4E). Bar graphs (MEAN ± SEM) represent basal [ATP]mito levels in control HeLa cells transfected with siRNA against PRMT1 (n = 40/19/4) or respective 
HeLa cells treated with 100 nM T3 for 3 h (n = 38/19/4) (4F). Bar graphs (MEAN ± SEM) represent basal [ATP]mito levels in control HeLa cells with stable UCP2 
knockout (n = 109/31/6) and in respective HeLa cells treated with 100 nM T3 for 3 h (n = 110/34/6) (4G). Bar graphs (MEAN ± SEM) represent [H2O2]mito 
production of HeLa cells treated with 100 nM T3 for 3 h (n = 41/9/4) compared to respective control cells (n = 44/10/4) (4H). Bar graphs (MEAN ± SEM) represent 
[H2O2]mito production of HeLa cells with UCP2 knockout treated with 100 nM T3 for 3 h (n = 47/12/4) compared to respective control cells (n = 41/14/4) (4I). 
Representative [H2O2]mito traces of control (left) and UCP2 knockout (right) HeLa cells (black curves) or respective HeLa cells treated with 100 nM T3 for 3 h (blue 
curves), before and after addition of 150 μM H2O2 (4J). Bar graphs (MEAN + SEM) represent basal [Ca2+]mito levels of control HeLa cells (n = 101/26/6), treated 
with 100 nM T3 (n = 105/26/6), 5 mM NAC (n = 108/26/6), or both (n = 116/26/6) (4K). Bar graphs (MEAN + SEM) represent [Ca2+]mito uptake in response to 
100 μM ATP in control HeLa cells cells (n = 101/26/6), treated with 100 nM T3 (n = 105/26/6), 5 mM NAC (n = 108/26/6), or both (n = 116/26/6) (4L). 
Results were obtained in at least 3 independent experiments (n ≥ 3). If applicable, significant differences were assessed via one-way or two-way ANOVA, or unpaired 
t-test and presented as specific p-values (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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Ca2+ overload-induced apoptosis. 
We revealed that OCR (Fig. 4A and B), as well as mitochondrial ATP 

levels (Fig. 4D), rise significantly after 3 h of T3 incubation. These re-
sults, again, oppose the hypothesis that UCP2 and UCP3 function as 
uncouplers and are aligned with results obtained from in vivo experi-
ments in rats, presenting an increase in UCP2 and UCP3 expression and 
mitochondrial ATP production after T3 treatment [22]. Notably, 
knockdown of MCU (Fig. 4E) and PRMT1 (Fig. 4F) as well as knockout of 
UCP2 (Fig. 4F) prevented the impact of T3 on mitochondrial ATP levels, 
emphasizing the crucial role of mitochondrial Ca2+ homeostasis on 
OXPHOS activity. The ETC is the primary cellular ROS production site, 
and enhanced activity might yield ROS [72]. As presented in Fig. 4H, the 
basal [H2O2]mito was indeed enhanced after 3 h of T3 treatment. Pre-
vious reports have shown that severe hyperthyroidism is associated with 
increased ROS production, promoting mitochondrial biogenesis and 
mitophagy and, thus, mitochondrial turnover and cellular health [10]. 
As shown in Fig. 4I, the impact of T3 on basal [H2O2]mito levels was 
abolished in UCP2 knockout HeLa. Consequently, we assume that 
mitochondrial ROS formation in response to T3 is at least partly 
dependent on enhanced mitochondrial Ca2+ uptake. ROS formation 
induced by increased mitochondrial Ca2+ uptake might, in turn, 
modulate proteins involved in mitochondrial Ca2+ homeostasis. 
Notably, so far, no impact of UCP2 on basal [Ca2+]mito levels could be 
revealed, but an elevation of basal mitochondrial Ca2+ was observed in 
our experiments after T3 treatment (Fig. 3A). We assume that post-
translational modifications by ROS might cause elevated basal 
[Ca2+]mito after T3 incubation. ROS were, for instance, shown to 
modulate the activity of IP3 receptor [73,74] and SERCA [75] isoforms. 
Moreover, MCU is controlled by ROS via S-glutathionylation at cysteine 
97, boosting the MCU channel assembly into higher-order complexes 
with persistent activity [38]. Based on these studies, ROS-induced al-
terations in the ER to mitochondrial Ca2+ flux as well as in the mecha-
nism of mitochondrial Ca2+ uptake might affect basal [Ca2+]mito. 

Notably, ROS scavenging by NAC application caused an elevation in 
basal [Ca2+]mito levels (Fig. 4K) and agonist-triggered mitochondrial 
Ca2+ uptake (Fig. 4L). We assume that the antioxidant and the reducing 
activity of NAC might affect [Ca2+]mito signaling by altering protein 
function via, for instance, disruption of disulfide bonds [76]. In this 
regard, it is interesting that the absence of the disulfide bond between 
MICU1 and MICU2 has been shown to boost mitochondrial Ca2+ uptake 
due to the lack of MICU2’s inhibiting function on MICU1 [77]. In 
NAC-treated cells, no further impact of T3 on basal [Ca2+]mito levels 
(Fig. 4K) was detected. However, T3 induced a reduction in 
agonist-triggered mitochondrial Ca2+ uptake in NAC-treated cells 
(Fig. 4L). Notably, MCU’s shuttling to the IBM was proven essential to 
the UCP2- and PRMT1- dependent mitochondrial Ca2+ uptake in HeLa 
cells [39]. Consequently, a reduction in mitochondrial Ca2+ uptake 
might be due to a hampered MCU shuttling to the inner boundary 
membrane (IBM) by ROS scavenging under a physiological level. 
Notably, oxidation of MCU was found to facilitate MCU’s accumulation 
in the IBM [38]. Consequently, it is tempting to speculate that ROS 
scavenging by NAC might prevent MCU shuttling to the IBM and thereby 
inhibit a T3-facilitated mitochondrial Ca2+ uptake in HeLa cells 
dependent on UCP2 and PRMT1. Moreover, ROS scavenging might 
impair the activity of UCP2 and UCP3 [78], potentially hampering 
UCP2’s function to reestablish mitochondrial Ca2+ uptake under con-
ditions of high PRMT1 levels [27]. However, these are mere specula-
tions, and further experiments are required to clarify how ROS and Ca2+

homeostasis are intertwined in T3 signaling. 

5. Conclusions 

The current study reveals that T3 causes enhanced basal [Ca2+]mito 
by facilitating an UCP2-dependent and PRMT1-controlled mitochon-
drial Ca2+ uptake via MCU. T3’s impact on [Ca2+]mito correlates with the 
expression and activity of UCP2 and translates into enhanced [ATP]mito 

and [H2O2]mito production. These results suggest that mitochondrial 
Ca2+ homeostasis is essential for the role of T3 in controlling metabolic 
activity. 
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