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Thyroxine and triiodothyronine (T3) are classical thyroid hormones and with relatively
well-understood actions. In contrast, the physiological role of thyroid hormone
metabolites, also circulating in the blood, is less well characterized. These molecules,
namely, reverse triiodothyronine, 3,5-diiodothyronine, 3-iodothyronamine,
tetraiodoacetic acid and triiodoacetic acid, mediate both agonistic (thyromimetic) and
antagonistic actions additional to the effects of the classical thyroid hormones. Here, we
provide an overview of the main factors influencing thyroid hormone action, and then go
on to describe the main effects of the metabolites and their potential use in medicine.
One section addresses thyroid hormone levels in corona virus disease 19 (COVID-19). It
appears that i) the more potently-acting molecules T3 and triodoacetic acid have
shorter half-lives than the less potent antagonists 3-iodothyronamine and
tetraiodoacetic acid; i) reverse T3 and 3,5-diiodothyronine may serve as indicators for
metabolic dysregulation and disease, and iii) Nanotetrac may be a promising candidate
for treating cancer, and resmetirom and VK2809 for steatohepatitis. Further, the use of
L-T3 in the treatment of severely ill COVID-19 patients is critically discussed.

Keywords: triiodothyronine, non-thyroidal iliness syndrome, COVID-19, 3,5-diiodothyronine, tetraiodoacetic acid,
trilodoacetic acid, thyromimetics

INTRODUCTION

Thyroid hormones (TH) are endocrine hormones that influence nearly all cells of the human body.
Deficiency and excess, hypothyroidism and hyperthyroidism, demonstrate the action of TH on fetal
development, lipid and carbohydrate metabolism, growth, cardiovascular, central nervous, and
reproductive systems. TH action is determined by the level of circulating hormones and their
metabolites, serum binding (distribution) proteins, cellular transporters, type and amount of
deiodinases (D), and expression of receptors (Figure 1). Treatment with endocrine hormones is
usually restricted to supplementation in case of insufficient endogenous production (e.g. in
autoimmune diseases) or decreased target sensitivity (e.g. insulin resistance). TH may however also
be candidates to treat specific conditions, like obesity, diabetes mellitus type 2, and metabolic
syndrome. TH analogues with antagonistic effects may be helpful to support recovery from illness.
Biological issues like lack of selectivity of TH action and finding suitable pharmaceutical formulations
pose problems for treatment. Numerous recent studies focused on the role of pre-existing morbidities
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FIGURE 1 | Important parameters for cellular effects of thyroid hormones. Free TH levels are influenced by the amount of distribution proteins such as albumin (Alb),
thyroxine-binding globulin (TBG), and transthyretin (TTR). Cellular uptake is determined by expression of transporters like L-amino acid transporter (LAT),
monocarboxylate transporter (MCT), Na+/taurocholate cotransporting polypeptide (NTCP), and organic anion transporting polypeptide (OATP). Deiodinases D1-3
together with Sulfotransferases (SULT1) and UDP-glucuronosyltransferases (UGT) determine action on the cellular level. Cellular effects are further influenced by the

for risk of infection with Severe Acute Respiratory Syndrome-
Coronavirus-2 (SARS-CoV-2) and severity of corona virus disease
2019 (COVID-19). Although thyroid dysfunction appears to play
no important role as risk factor for contracting COVID-19 disease,
alterations in TH levels were observed in hospitalized patients.
This review starts with an overview of production, transport,
uptake, cellular metabolism and action of the classical
representatives T3 and T4 and proceeds with a description of
the biologically active TH metabolites. Although all of these
aspects are covered by excellent reviews, this more practically
oriented description of the different aspects influencing TH action
has been included to illustrate the variety of factors that affect TH
action and point out differences between the metabolites. One
section is devoted to the role of TH in COVID-19. Finally,
potential medical applications of TH metabolites and problems
in the pharmacological formulation of these agents are addressed.

BLOOD TRANSPORT, METABOLISATION,
CELLULAR UPTAKE, AND CELLULAR
EFFECTS OF TH

Structurally, TH belong to the amine hormones, which are
derivates of amino acids such as tyrosine, tryptophan, and

histidine. They include catecholamines (epinephrine and
norepinephrine), melatonin, and histamine. The molecules
generally are highly water-soluble, bind to membrane receptors
and act via G-proteins, adenylcyclase, c-AMP, and protein
kinases. TH differ from the general rule in the way that they
are lipophilic and cause effects via both nuclear and membrane
receptors (1).

Proteins influencing the cellular action of classical TH are
shown in Figure 1 and described in the following sections.

Production and Blood Levels

Production of TH by the thyroid is 85 ug/day for T4 and 6.5 pg/
day for T3. The majority of the estimated total amount of 30 ug
T3/day is produced outside the thyroid parenchyma via T4
deiodination, mainly by deiodinases. TH levels show circadian
rhythmicity with peak values of T4 from 8-12 am and lowest
levels from 10 pm-3 am. T3 levels are highest from 7 am-1 pm
and lowest from 11 pm-3 am (2). Levels are linked to those of
thyroid-stimulating hormone (TSH), which precede them by
around 6 h (peak at 2-4 am and nadir at 4-8 pm) (3). These data
suggest a link of TH levels to metabolism and arousal. Overall,
fluctuations of T4 and T3 levels in serum are not prominent,
while tissue concentrations of T3 can vary dramatically (4).
Regulation of TH levels through the hypophysis - pituitary
gland - thyroid (HPT) axis is the main mechanism of TH
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secretion. The mechanism is described in several reviews
dedicated to this topic [e.g. (5, 6)] and will not be addressed
here. Age and sex influence TH levels and free TH but not TSH
concentrations decrease in men with age, while in women the
free TH levels remain constant but TSH level increase in an age-
dependent manner (7). Decreased monocarboxylate transporter
(MCT)8 expression and decreased deiodinase (D)1 activity in
aged livers increase TH receptor (TR)B protein and shift T3
activity from liver to kidney (8). Reports of a correlation of low
fT4 and longevity lead to the hypothesis that a slower
metabolism with reduced production of oxygen radicals results
in reduced cell damage and longer life. Prominent changes were
seen during pregnancy when T4 levels increased sharply between
week 6-9 and more slowly thereafter, resulting in stable values
between week 20-27 of gestation. Increases in TH during
pregnancy are accompanied by increase of thyroxine binding
globulin (TBG) levels in blood due to longer half-life of the
protein. fT4 and fT3 levels, the important parameters for TH
action in the tissue, remain in the normal range (9). TH are
important for fetal development and more detailed information
on pregnancy-related changes in TH levels is available elsewhere
[e.g. (10, 11)].

Transport in Blood by TH

Distributor Proteins

TH are transported in blood bound to transport proteins. For
T4 the binding is 75% to TBG, 20% to transthyretin (TTR,
prealbumin), and 5% to serum albumin. Apolipoprotein B
and apolipoprotein Al-containing lipoproteins, contribute
with 3% of T4 and 6% of T3 to TH transport. In the rare
case of familial dysalbuminemic hyperthyroxinemia and
hypertriiodothyroninemia higher binding of T4 and T3 may occur
(12). The affected individuals have higher T4 and T3 levels but do
not have any symptoms because fT4 and fT4 are in the normal
range. Only a small fraction of 0.03% of T4 and 0.3% of T3 is
circulating in free form in the blood (13). The main source of all
distributor proteins is the liver but choroid plexus and retinal
pigment epithelium are additional sources for TTR. Albumin and
TTR are produced in syncytiotrophoblast cells of the placenta during
pregnancy (14). Affinity of T4 to distributor proteins is higher than
that of T3 and binding affinity for T4 and T3 increases in the order
albumin<TTR<TBG (15). In contrast to what was initially
hypothesized, limited solubility of T4 is not the reason for the
need for distributor protein binding because solubility of T4 is higher
than fT4 levels. The difference is impressive as the maximum
solubility of T4 at pH 7.4 is 2.3 uM, while concentration of free
T4 in human blood is only 24 pM. According to the current
hypothesis, binding to distributor proteins serves as a buffer for T4
and provides a more even tissue distribution of the TH. Of the three
most important proteins albumin, TTR, and TBG, TTR is
responsible for most of the delivery because TBG binds T4 too
tightly to allow release. Binding affinity of TH to albumin, on the
other hand, is too weak and the protein is not efficient for
distribution. The importance of TTR is corroborated by the fact
that its absence of TTR is the only distributor protein pathology not
compatible with human life, while absence of albumin and TBG

deficiency does not create major symptoms. TTR is not only a
binding protein for TH, it has many other biological functions (16).
Only in mammals, TTR has higher affinity for T4 than for T3.
Although intracellular T3 cannot be determined by blood analysis,
measurements of T4, T3, and TSH are the commonly used
parameters to assess thyroid function (https://www.thyroid.org/
thyroid-function-tests/).

Membrane Transporters

Entry into cells can be passive based on the lipophilicity of the
molecules but also by transporters. The amphipathic nature due
to the lipophilic aromatic rings and hydrophilic amino acid side
chains may be the reason why thyroid hormones are
suboptimal candidates for passive diffusion. The most
important transporters of TH are MCT8, MCT10 and organic
anion transporting polypeptide (OATP) 1Cl1. Further, L-amino
acid transporters (LAT) 1 and 2, multidrug resistance-
associated proteins (MDP), Na+/taurocholate co-transporting
peptide (NTCP) 1 and fatty acid translocase (FAT) are involved
(17). MCT10 transports T3 better than MCTS8, while for T4
transport MCTS8 is better than MCT10 (18). MCT's are the only
exclusive TH transporters and are abundantly expressed in
liver, intestine, kidney, and placenta. Both can transport TH
into and out of cells but the relevance of export is unclear.
OATPICI preferentially transports T4 and rT3 over T3, and is
expressed mainly in the brain (4). LAT1 transports several TH
metabolites in the order 3,3’-T2>T3~rT3>T4. The presence of
multiple membrane transporters appears particularly relevant
in Allan-Herndon-Dudley Syndrome (AHDS), where
decreased numbers of oligodendrocytes in the brain correlates
with TH due to mutation of the MCT8 and contributes to the
pathology (19). As OATP1C1 is not highly expressed in the
pre- and perinatal human brain, MCT10, LAT1 and LAT2 are
the most likely candidates for the basal TH supply in
these patients.

Importers and exporters in the nuclear membrane regulate
the transport of TR from cytoplasm to nucleus (20). Mutation of
the transporter proteins of TR (importins a1, B1, and 7) and of
TRPB (importin o1/B1 heterodimer) may play a role in TH
resistance. Exportins 4, 5, 7, and calreticulin/exportin 1
complex are mainly involved in export from the nucleus.

Deiodinases

There are 3 enzymes acting as deiodinases with different
specificities, cellular localization, and organ distribution. The
important effect of TH regulation by deiodinases on cellular
levels is best illustrated by the reciprocal actions of D2 and D3
regarding energy expenditure (21). c-AMP induction of D2
expression in brown adipose tissue upon cold exposure
increases energy expenditure, while hypoxia-inducible factor
(HIF)-lo—dependent induction of D3 in myocardium and
brain ischemia decreases expenditure. If the energy sparing is
exaggerated, activation of D3 can lead to non-thyroidal illness
syndrome (NTIS), also termed euthyroid sick syndrome. NTIS is
characterized by elevated rT3 and low total T3 and fT3. TSH and
fT4 can be normal but mortality increases steeply when both
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parameters, as in critically ill patients, decrease [(22), see also in
the section Reverse rT3]. The condition is viewed as a protection
mechanism to reduce energy expenditure that does not require
treatment, while other groups recommend treatment with
thyrotropin-releasing hormone (TRH), TSH, or T3 and T4.

All three deiodinases are selenoproteins but have different
specificities. D1 is localized at the plasma membrane and exists in
two forms, and can increase and decrease T3 levels. D2 localized
in the endoplasmic reticulum provides T3 for receptor activation
in the tissue, and D3 at the plasma membrane metabolizes T4 to
rT3 and degrades T3 to T2 (23). Due to the fast binding to
ubiquitin with subsequent proteasomal degradation, D2 has a
much shorter half-life (30 min) than D1 and D3 (12 h). D1
catalyses 5’-deiodination (D1_1) as outer ring deiodinase (ORD)
and converts T4 to T3 and rT3 to 3°,5’-T2 (24). Substrate affinity
decreases in the order rT3>>T4=T3. The D1 form for 5-
deiodination (D1_2), also known as inner ring deiodinase
(IRD), converts T4 to rT3 and T3 to 3,3’-T2. DI_1 has a
greater affinity to T3 than to T4 and inactivation of T3 prevails
over conversion of T4 to rT3. The high affinity to rT3 and
sulfated thyrothyronines led to the assumption that the main
function of D1 is to recover iodide from inactive compounds. In
addition to Se deficiency, illness, specific drugs, cadmium,
mercury or lead intoxication, and stress shift the balance to
rT3 generation. D1 enzymes are abundant in liver, kidney and
skeletal muscle (25). D2 catalyses the same reaction as D1_1 and
is located in brain, pituitary gland, and brown adipose tissue. The
affinity to T4 is greater than for rT3. A variety of signals, bile
acids, flavonols, chemical chaperones, insulin, and peroxisome
proliferator activated receptor (PPAR)-y, induce D2 expression,
while endoplasmic reticulum stress and liver X receptor/retinoid
X receptor (LXR/RXR) activation dampen the D2 pathway. D3,
with substrate affinity T4>T3 and function for T3 degradation, is
similar in activity to D1_2 and found in the central nervous
system. From its localization at the plasma membrane D3 may
migrate to the nuclear membrane in ischemia, where it
inactivates T4 and T3 (26).

Effects of polymorphisms of deiodinases on thyroid
metabolism have been studied, but with controversial results.
Carriers of the Dy,-G/T(rs12095080) allele in D1 had higher T3
and T3/rT3 ratio, while carriers of D;,-G/T(rs11206244) allele
had increases in fT4 and rT3 and decreases in T3 and T3/rT3
ratio. The affected individuals, however, presented no symptoms
of thyroid dysfunction (4). An indication of interference with
thyroid function has been reported in carriers of Thr92Ala
polymorphism in D2, which need higher L-T4 concentrations
to achieve euthyroidism and show delayed T3 secretion in
response to TSH.

Regulation of TH on the cellular level includes conjugation.
Sulfotransferases are located in the cytoplasm particularly of
liver, kidney, and brain. Several members of the sulfotransferase
(SULT) 1 family, namely SULT1A1, SULT1A2, SULT1A3,
SULT1B1, and SULT1C2 catalyze conjugation with velocity
3,3°-T2> T3~ rT3> T4 (24). Glucuronidation of TH is
performed by members of the Uridine 5’-diphospho-
glucuronosyltransferase (UDP-glucuronosyltransferase (UGT)

1A family, located in the endoplasmic reticulum. Tetrac and
Triac are more rapidly glucuronidated in the liver than T4
and T3.

Mechanisms of Cellular Action by TH
In some mammalian species, a cytosolic T3-binding p-crystallin
was identified. According to rodent studies, ketimine reductase
p-crystallin, which is the human homologue, may mediate the
intranuclear transport of T3, but allosteric regulation of
enzymatic activity of the reductase by T3 also appears possible
(27). Non-genomic regulation was discovered later than genomic
regulation. Several reviews are available for detailed information
on the complex and variable regulation of TH action [e.g. (28-
30)]. Diversity exists on the receptor level because due to
multiple splicing, multiple nuclear TRs, designated o1-at3 and
B1-B3, and the truncated forms Acl, AB2, and AB3 can be
generated (31). The 02 and 03 isoforms and all truncated TRs
are non-T3 binding proteins and function as antagonists of TH
signaling. As a general rule, TRB1 is mainly expressed in tissues
linked to regulation of metabolism, while TRal is the major
isoform in the heart. TRP1 is highly expressed in liver, TRB2 is
particularly relevant for brain, retina, and inner ear, and TRB3 is
expressed in rodent tissues but not in humans (32). Action of
nuclear receptors on transcription can be briefly described as
follows (Figure 2). TRs form homo- and heterodimers with
retinoid X receptors (RXR). Unliganded TRs bind to TH
response element sequences in T3 target genes and mediate
transcriptional repression. Co-repressor proteins (nuclear
receptor co-repressor protein (NCoR)/homolog silencing
mediator of retinoid) and TR are recruited to the RXR-TR
heterodimer in the absence of T3 and inhibit target gene
expression. The proteins contain three repressor domains and
two receptor interacting domains (28). The receptor domains
form a large repressor complex by interaction with different
types of histone deacetylases (HDAC 1, 3) and transducin (beta)-
like 1 (TBL-1). T3 binding causes a change in conformation with
displacement of co-repressors and dissociation of the complex.
Recruitment of co-activators results in interaction with RXR-TR
heterodimer and transcription. Steroid receptor coactivator-1
(SRC-1) interacts with cyclic AMP (cAMP) response element
binding protein (CREB) response element-binding protein
(CBP) and Adenovirus early region 1A binding protein p300
(p300) through its activation domain 1 (AD1), with histone
acetyltransferases through its AD2 and with ATP-dependent
chromatin remodeling complex through its AD3 (33). The
formation of such a coactivator complex results in chromatin
remodeling and bridges the hormone-activated receptors with
the general transcription machinery for transcriptional
activation of their specific target genes. More information on
the mechanism is available elsewhere [e.g. (28, 34)].
Non-genomic action of TH is initiated at the plasma
membrane, in the cytoplasm (TRo. or TRP) or in intracellular
organelles (e.g. mitochondria) (30) (Figure 2). Integrin ovf3
represents one of the 24 integrin family members with an Arg-
Gly-Asp (RGD) domain, which mediate interaction with
extracellular matrix proteins, such as osteopontin, fibronectin,
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FIGURE 2 | Transporters and mechanisms of genomic and non-genomic actions of thyroid hormones. TH enters cells by diffusion or via transporters like
monocarboxylate transporter MCT8 and MCT10, organic anion transporting polypeptide (OATP)1C1, L-amino acid transporter (LAT) 1 and 2, and Na+/taurocholate
cotransporting polypeptide (NCTP). Hormones inside the cell can bind to thyroid hormone transporter (TR) o and B1 and induce genomic changes via transcription.
Nuclear receptor co-repressor protein (NCoR) and Adenovirus early region 1A binding protein p300 (p300) are involved in this process. Non-genomic regulation
occurs by binding to integrin avB3 with activation of phospholipase C (PLC), protein kinase C (PKC), phosphorylated mitogen-activated protein kinase (oMAPK), and
extracellular signal-regulated kinase (ERK) to induce trafficking of the phosphorylated TRB1 and estrogen receptor (ER) into the nucleus. Cross-talk of ovB3 integrin
with growth factor receptors (GFR) is particularly important for cancer cells. T4 and rT3 can also act via TRAa1 on actin, and T3 through pMAPK/ERK1/2 on Na*/H*
antiporter and via phosphatidyl-inositol 3 kinase (PI3K) and Akt/protein kinase B (PKB) on Na*/K*-ATPase.

and vitronectin. The binding site of TH is distinct from this site
and consists of the two domains S1 and S2. Binding to S1
is specific to T3 and S2 accepts T4 and, with lower affinity,
T3 (28).

There is cross-talk between owvf33 integrin and growth factor
receptors [e.g. vascular endothelial growth factor (VEGEF),
endothelial growth factor (EGF), transforming growth factor B
(TGFB), insulin growth factor (IGF) 1) and basic fibroblast
growth factor (bFGF)], which can be modulated by activation
of extracellular signal-regulated kinase (ERK)1/2 (35, 36).
Actions of ovfB3 integrin are mediated by two binding
domains (28). Binding of TH to the S2 domain activates
phospholipase C (PLC) and protein kinase Ca. (PKCat), which
leads to phosphorylation of TR, estrogen receptor (ER), signal
transducer and activator of transcription 1 (STAT1), and p35.
The phosphorylated TRP1 translocates into the nucleus. Upon
binding of T3 to the S1 domain, phosphatidyl-inositol 3 kinase
(PI3K)/Akt/protein kinase B (PKB) pathway via Src kinase is
regulated and Src kinase activation induces TRol translocation
from the cytoplasm to the nucleus. The non-genomic regulation
ensures independent function of the cytoplasmic and nuclear
receptors (37, 38). TRA is involved in the maintenance of the
actin cytoskeleton by T4 and rT3, and the p30 TRal peptide at
the plasma membrane regulates T3-induced proliferation of

non-malignant cells via ERK1/2 and Akt pathways. Binding of
T3 in the cytoplasm to TRP1 activates the PI3K/Akt/mTOR
pathway, which then activates Na*/K*-ATPase. The T3-TRpB1
complex stimulates the Na'/H" exchanger at the plasma
membrane via MAPK/ERK 1/2 (28).

Due to the numerous interactions between non-genomic and
classical TR signaling, Flamant et al. suggested a new
classification system with four types of TH signaling based on
involvement of TR and extent of interaction with DNA (39).
Type I describes TR-dependent signaling with direct binding to
DNA and can occur as monomer, homodimer or heterodimer
(usually with retinoid X receptor, RXR) binding to response
elements, TR binding to enhancer elements, and as a
heterodimer with other partners, such as retinoic acid
receptors. Type II is TR-dependent signaling with indirect
DNA binding, where TRs interact with a number of
chromatin-associated proteins. In type III, signaling is TR-
dependent but no binding to DNA occurs. Interaction of
cytoplasmic TR with kinases associated to the plasma
membrane is the mechanism, and p30 protein translated from
an internal codon of TRol is one example. In type IV signaling
of TH no TR are involved and binding of TH to o3 integrin
regulates kinases, influences actin polymerization, and
allosterically regulates metabolic enzymes.
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RELATIONSHIP OF SARS-COV-2
AND THYROID

Influence of COVID-19 on TH Levels

Based on a report of co-morbidities in COVID-19 patients,
thyroid dysfunction is not a predisposing parameter for the
disease. About 0.5% of the 7,162 patients reported had thyroid
disease as a co-morbidity (40), which corresponds to a lower
incidence than in the general adult population of the United
States of America. Another study reported incidence similar to
the general population (41). Both studies concurred that
hypothyroidism is not a risk factor associated with worse
outcome in COVID-19-positive patients (42) but thyroid
disorders were linked to higher mortality of COVID-19
infected patients (43).

A variable percentage of COVID-19 patients was affected by
thyroid dysregulation and different pattern of abnormalities were
seen (Table 1). It has to be taken into account that not all studies
used the same control groups and that the focus of the studies
were different. While in one set of studies COVID-19 specific
effects on the TH levels should be studied, in others the role of
TH levels in the severity of the disease should be identified. In
three studies, only a minority of COVID-19 patients presented
with abnormal thyroid values (44, 45, 47). Inflammation markers
(CRP, erythrocyte sedimentation, lactate dehydrogenase levels)
correlated with reduced TSH and fT3 levels. Further, patients
with low T3 had a higher risk for deterioration (44). Decreased
TSH and T3 levels, isolated decreased TSH levels, decreased TSH
and increased T4 levels, and decreased TSH and fT4 were
reported. In the studies, where more than one third of
COVID-19 patients had abnormal TH levels, decreased TSH
and T3 was seen more often than decreased TSH in combination
with increased T4 levels. In the group of the severely ill COVID-
19 patients TSH and total T3 were reduced and the extent of T3
reduction correlated with the severity of the disease (48). It was
further reported that decreases in T3 levels were more

pronounced in the COVID-19 patients than in other critically
ill patients. Lower TSH and total T3 levels in COVID-19 patients
compared to patients hospitalized for non-COVID-19
pneumonia were also reported in two other studies (49, 51).
Decreases in total T3 and TSH levels were correlated to increases
in pro-inflammatory cytokines, such as interleukin (IL)-2, IL-6,
IL-7, interferon (INF)-y, and tumor necrosis factor (TNF)-o. T3
predicted all-cause mortality and IL-6 and C-reactive protein
(CRP) were negatively correlated with fT3 levels. TSH and fT'3
levels were also significantly decreased in deceased patients
compared to recovered patients (52). Of note, differences in T4
levels were not statistically different in these groups. In the study
published by Malik et al., by contrast, severely ill COVID-19
patients had increased T4, TSH, IL-6 and procalcitonin
levels (50). The preprint evaluated a patient collective, where
85.7% of the controls (hospitalized non-COVID-19 patients)
showed abnormal TH levels and where the incidence of
hyperthyroidism with 4.5% was considerably higher than in
Europe (0.7%) and the United States of America (0.5%). It
may be assumed that the reported results from this single
center study cannot be generalized.

Different mechanisms have been postulated to explain the
observed alterations of TH levels in COVID-19 patients. Elevated
IL-6 levels are typical for severe COVID-19 infections, while the
concurrent increase in anti-inflammatory IL-10 is interpreted as
response to overwhelming systemic inflammation (53). This
interleukin has also be identified as key cytokine in NTIS and
was identified as strong independent predictors of mortality in
NTIS (54). FT3 levels in NTIS patients were negatively correlated
to IL-10 levels but not associated with IL-6 levels. There is reason
to assume that severely ill COVID-19 patients suffer from NTIS
because IL-6 levels, which are generally increased in this
condition, were identified as prognostic parameter for severity
of COVID-19 infection (55).

The thyroid may, however, also be a target of the virus
because expression of angiotensinogen converting enzyme 2

TABLE 1 | Overview of studies on prevalence and relevance of thyroid dysregulation in COVID-19.

Number of COVID-19 Patients with abnormal Focus of the study Type of alterations in TH levels; control groups Reference

patients in the study TH values (%)

191 131 Specificity of TH level TSH decreased (5.2%); fT3 decreased (5.2%); COVID-19 vs non- (44)
changes for COVID-19 COVID-19 hospitalized patients

334 13.7 Specificity of TH level TSH and T4 decreased; COVID-19 vs non-COVID-19 hospitalized (45)
changes for COVID-19 patients

52 21 Role of TH levels for the TSH decreased and T4 increased (15%); critically ill COVID-19 vs (46)
severity of COVID-19 critically il non-COVID-19 patients

60 35 Role of TH levels for the TSH and T3 decreased (18.3%); TSH decreased and T4 increased 47)
severity of COVID-19 (9.1%); critically ill vs non-severe COVID-19

50 58 Specificity of TH level TSH and total T3 decreased and T4 normal; COVID-19 vs non- (48)
changes for COVID-19 COVID-19 pneumonia and healthy individuals

84 61.9 Specificity of TH level TSH and total T3 decreased; COVID-19 vs non-COVID-19 (49)
changes for COVID-19 pneumonia and healthy individuals

48 75 Specificity of TH level TSH and total T4 increased, total T3 decreased; COVID-19 (50)
changes for COVID-19 pneumonia vs non-COVID-19 pneumonia

100 na Role of TH levels for the TSH and fT3 decreased; critically ill vs to non-severe COVID-19 (51)
severity of COVID-19

113 na Role of TH levels for the TSH and fT3 decreased: deceased COVID-19 vs survivors (52)

severity of COVID-19
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(ACE2) and the transmembrane protease serine 2 (TMPS2) is
high (56). To compensate the lack of information about
biological effects of SARS-CoV-2, data obtained from the
closest related member of this virus family, SARS-CoV, are
often used for estimating SARS-CoV-2 effects. Although no
virus RNA was found in thyroid tissue, data from five
autopsies of SARS-CoV patients showed apoptosis in follicular
and interfollicular cells (57). This suggests that destructive
thyroiditis may occur in COVID-19 patients. Subacute
thyroiditis (SAT) can be caused by viral infections and
manifests itself by thyrotoxicosis, followed by hypothyroidism
and return to the euthyroid condition (58). The classical form is
characterized by painful swelling of the thyroid and this was
confirmed in few case reports of COVID-19 patients. Atypical
thyroiditis, which does not manifest with pain and swelling, was
seen in 15% of COVID-19 patients and could also explain an
increase in T4 (46). To reveal a potential effect of the SARS-CoV-
2 virus on the thyroid, thyrotoxicosis was evaluated in patients
admitted to the high intensive care unit (HICU) in 2019
compared to 2020. In 2020, 15% of the patients had
thyrotoxicity compared to 1% in 2019. By contrast, the rate of
pre-existing thyroid disorders was lower in 2020 than in 2019,
making thyroid disorders as risk factor for severe COVID-19
unlikely. Elevated T4 levels were seen in COVID-19 patients, but
not the elevated T3 levels typically seen in viral SAT (46).

In addition to a direct attack on the thyrocytes, the virus may
trigger destruction of the thyroid indirectly via cytokines (59).
The authors observed thyrotoxicosis in 20% of COVID-19
patients admitted to the hospital. These patients presented
with low TSH, increased T4 and normal fT3 levels in
combination with high IL-6 levels. As has been shown in
cancer patients treated with TNF-o. and healthy individual
after IV injection with IL-6, pro-inflammatory cytokines
decrease T3 levels (60). Cellular studies indicated action on
various steps of T3 synthesis, TNF-o further decreased
synthesis of TSH. Changes of TH levels induced by the
cytokines were similar to the pattern seen in NTIS.

Injury of TSH-producing cells of the pituitary gland as reason
for the decreased TSH levels is also suspected (48). This theory is
supported by the observation that number and intensity of the
staining with anti-TSH antibody was decreased in pituitary
glands of deceased COVID-19 patients. Decreased TSH levels
may result from direct virus attack on TSH-producing cells in the
pituitary gland or by action of cytokines (49).

Further explanation for the abnormal TH levels would be
treatment with glucocorticoids (48). Glucocorticoids over a wide
range of concentrations decrease TSH levels and inhibit the
conversion of T4 to T3, while stimulating the conversion of T4 to
rT3 (61). The induced pattern resembles NTIS. Since about 50%
of COVID-19 patients are treated with glucocorticoids, this effect
needs to be taken into account (60).

In summary, NTIS, elevated IL-6 and TNF-o levels,
glucocorticoid treatment and hypophysitis may cause a similar
pattern of decreased TSH levels, slightly reduced T4 and T3
levels. SAT and atypical thyroiditis, by contrast, would be
characterized by transiently elevated T4 and T3 levels. After

recovery normalization of TH levels without treatment has been
reported for infections with the SARS-CoV and SARS-CoV-2,
which occurs after both thyroiditis (SAT or atypical) and NTIS
(50, 59, 62). The rate of hypothyroidism in 7% of patients after
infection with SARS-CoV is in the same order as for SAT (62,
63). Indication of rT3 levels may help in differential diagnosis but
this parameter is not routinely being determined.

It should also be mentioned that heparin, a prophylactic
anticoagulation for hospitalized COVID-19 patients in
hospital, can interfere with the measurement of free TH levels
(60). The activity of lipoprotein lipase in blood samples is
increased by heparin and non-esterized fatty acids are
generated during sample storage. These acids displace T3 and
T4 from their binding proteins and cause artificially high levels of
the free hormones.

Common Targets of SARS-CoV-2 and TH
Effects of SARS-CoV-2

Primary targets of SARS-CoV-2 are pneumocytes, immune cells,
and vascular endothelial cells. Although most patients with
COVID-19 manifest fever and respiratory tract symptoms, SARS-
CoV-2 infection may also cause extra-respiratory symptoms,
including cardiac, gastrointestinal, hepatic, renal, neurological,
olfactory, gustatory, ocular, cutaneous and haematological
system. Independent from the primary manifestation, death is
generally associated with elevated levels of cytokines, interleukin
IL-6, IL-1, and tumor necrosis factor (TNF-ot), and COVID-19-
associated coagulopathy (CAC) (64). Thrombotic complications
were seen in one third of patients infected with SARS-CoV-2.
Incidence of venous thromboembolism in COVID-19 patients was
high, affecting 69% of patients admitted in the Intense Care Unit
(ICU), and much higher than in other patients with acute
respiratory distress syndrome (ARDS) (53). It is proposed that in
the early phase of the disease, hypercoagulation predominates, and
anticoagulation e.g. by heparin may be helpful. CAC presents
specific differences to common coagulopathies like sepsis-induced
coagulopathy and disseminated intravascular coagulation. Typical
features of CAC are increased D-dimer levels, elevated
inflammatory cytokines but minor changes in prothrombin time
(PT), activated partial thromboplastin time (aPTT), and platelet
count (65). D-dimer elevation was the most common finding and
associated with severity and prognosis (66). Incidence of
thrombocytopenia was seen only in 11% of SARS-CoV-2
infections and lower than for SARS-CoV infections (53). Blood
levels of (VWF) and factors of the complement system are also
increased. Increased release of van Willebrand factor (vWF) and
FVIIIL, elevated expression of P-selectin by endothelial cells and
damage of the glycocalyx of the endothelial cells has been reported
in COVID-19 patients. These findings suggest endothelial
dysfunction due to infection of the cells with the virus.
Endothelial dysfunction affects regulation of vascular tonus,
endothelial permeability, cell adhesion, and anticoagulation. The
release of nitric oxide is particularly important for prevention of
leukocyte and platelet adhesion, inflammation, migration of
immune cells, smooth muscle cell proliferation and suppression
of apoptosis.
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Effects of TH

Circulating TH levels may improve or worsen the clinical
situation based on their action on clotting, endothelial function
and immune system. It has been reported that manifest
hypothyroidism was linked to bleeding and hyperthyroidism to
venous thromboembolism and that fT4 levels were associated
with increased FVII, fibrinogen, and vWF levels (67). It is
hypothesized that T4 acted by increased transcription of
coagulation proteins by activation of TRB. On the other hand
correlated fT3 levels with FIX activity, but neither fT4, fT3 nor
TSH with fibrinogen, antithrombin IIT (ATIII), tissue
plasminogen activator (t-PA), plasminogen activator inhibitor
1 (PAI-1) or vWF (68). The association of hyperthyroidism with
hypercoagulable states and moderate-to-severe hypothyroidism
with hypocoagulable states appear to be caused by the respective
fT4 levels and not associated with fT3 levels (69). Blood clots
formed in hyperthyroid individuals showed a much denser fibrin
network and were more resistant to fibrinolysis (70).

Increased rT3 levels found in NTIS, on the other hand, may
promote hypocoagulable states in the patients because r'T3 inhibits
collagen-induced platelet aggregation. T4, on the other hand,
promotes platelet aggregation and degranulation, and T3 appears
to cause no effects in platelets (71). The lack of action of T3 on
platelets can be explained by the fact that platelets are anucleate and
do not have nuclear receptor proteins. Expression of avB3 integrin
on platelets is lower than that of other integrins, and T4, in addition
to avP3 integrin binding, may support pathologic platelet
aggregation by regulation of CX3CL1 (Fractalkine) (71, 72).
Fractalkine induces platelet adherence to collagen.

TH can further increase the interaction of platelets and
endothelium through the avp3 integrin-adjacent receptor
VEGEF, increasing angiogenesis (70). Potential mechanisms
include increased amount of CD31 (PECAM-1) or increased
owP3 integrin/PECAM-1 binding. Oral addition of L-T4 to
euthyroid individuals resulted in elevated expression of several
coagulation proteins. TH status appears to play a role for the
development of atherosclerosis, and subclinical hypothyroidism
was found to be correlated with endothelial dysfunction, where
increased TSH levels were hypothesized as mechanism of action
(73). Application of L-T4 to women with subclinical
hypothyroidism did not reduce intima-media thickness (74).
L-T3, on the other hand, induced expression of endothelial nitric
oxide synthase (eNOS) in human umbilical vein endothelial cells in
the presence of IL-1f and acted vasoprotective in hypertensive rats
by reducing ROS levels (75, 76). The proposed mechanism here is
T3 binding to integrin owP3 followed by PI3K/Akt signaling and
increased eNOS production (77).

The importance of T3 and T4 levels and the T3/T4 ratio in the
euthyroid condition for the immune system has been studied by
Hodkinson et al. (78). Higher T3 levels were associated with
higher complement levels, increased phagocytic activity of
monocytes, elevated natural killer (NK) cell counts, higher
percentage expression of IL-6, and higher monocyte counts.
Higher T4 levels were correlated to higher complement C3 and
C4, C-reactive protein concentrations, neutrophil counts, and
percentage expression of T memory cells (78). In combination with

other studies, the following differences between T3 and T4 were
identified. T3 in physiological concentrations increased NK cell
activity and interferon (IFN)-y responses on NK activity. Further,
T3 stimulated maturation, functional activation, viability, and
antigen cross presentation-allostimulatory capacity boosting
antigen-specific cytotoxic T cell responses of dendritic cells (DCs)
(79). T4 was unable to induce effects in DCs because only T3 was
taken up by the cells. Similarly, NK cell activity was not increased,
when T4 was applied to isolated lymphocytes. T4, 3,5-T2, and T3
increased respiratory burst activity, reactive oxygen species (ROS)
levels, myeloperoxidase and NADPH oxidase activity of
neutrophilic granulocytes, as well as ROS levels and phagocytosis
of macrophages. Bacterial killing and pro-inflammatory response
may be increased or decreased. In addition, T4 inhibited secretion of
migration inhibitory factor (MIF) by macrophages, while no
changes in IL-6 and TNF-o levels were detected. T4 increases
expression of VEGF, ICAM-1, E-selectin, IL-6, and TNF-o in
human umbilical vein endothelial cells (HUVEC) (80). It is
suggested that inhibition of IL-6 signaling induced by T3 has
potent regulatory functions during infection and inflammation,
and decreased intracellular concentrations of T3 resulted in
impaired polarization of macrophages into pro-inflammatory M1
type (81, 82). T3 stimulates immune reactions via action on
lymphocytes and monocytes and supraphysiological levels of T3
decreased replication of vesicular stomatitis virus (83) and
supplementation with T3 increased the number of resident
(potentially beneficial) peritoneal macrophages in mice with
endotoxemia (84). TRP1 was identified as the major player
mediating T3 effects on macrophages. Decreased T3 levels in
NTIS most likely impair immune cell function, particularly action
of the specific immune system leading to insufficient protection
against pathogens, e.g. viruses. Predictive data on the reaction of the
human immune system in vivo are difficult to obtain because
evaluation in vitro cannot represent its complexity and species-
specificity of the immune system limits the value of animal studies.

BIOLOGICAL EFFECTS OF
METABOLISATION PRODUCTS OF TH

Detection of Metabolisation Products

In addition to T4 and T3, various TH metabolites circulate in
blood, some of which mediate biological effects. Exact levels are
not known due to cross-reactivity of TH metabolites in
conventional immunoassays, and it is also clear that metabolites
found in plasma do not reflect tissue concentrations (85).
Uncertainties of exact levels are not restricted to TH metabolites
but exist also for T3, fT4 and fT3 levels. Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) is the reference method
for exact TH quantification but shows a general trend for
overestimation, particularly of free TH (86). Based on LC-MS/
MS data, 48% percent of patients were classified as hypothyroid
compared to 11% by immunoassay. In another study, in a cohort
of 40 patients diagnosed with subclinical hypothyroidism (normal
T4 and increased TSH levels in conventional immunoassay), 65%
had fT4 and fT3 levels below the reference level. A major reason
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for the better performance of LC-MS/MS in the determination of
fT4 and fT3 is the removal of TH binding proteins during
sample preparation.

Important TH metabolites that circulate in blood include the
iodinated derivates of the phenolic amino acid thyronine similar
to T4 and T3, namely reverse T3 (rT3), 3,3’-diiodothyronine
(3,3’-T2), and 3,5 - diiodothyronine (3,5-T2), but also
tetraiodoacetic acid (Tetrac), triiodoacetic acid (Triac), 3-
iodothyronamine (3-T1AM), thyronamine (TOAM), and the
conjugated TH metabolites, TH sulfate, and glucuronide. T4
deiodination leads to rT3, and T4, T3, and rT3 deiodination to
3,3’-T2 and 3,5-T2, respectively. 3-T1AM and TOAM are formed
by T4 and T3 deiodination and amino acid decarboxylation
(Figure 3). Tetrac and Triac are produced by oxidative
deamination and decarboxylation of T4 and T3.

Reverse T3
The role of rT3 is receiving increasing interest because high levels
are seen in NTIS, in contrast to low T3 and T4 levels. The TH
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metabolite is also increased in starvation, surgery, bone marrow
transplantation, heart attack, coronary bypass grafting, and
chronic dieting (87). Centenarians exhibit significantly lower
TSH levels together with slightly higher rT3 levels than aged
controls (7). rT3 binds to TBG with 40% higher affinity than T4.
Also TTR and albumin plus several other serum proteins, in
particular high density lipoproteins bind rT3 but contribution to
overall transport is minimal.

Upon binding of rT3 to D1 or D2, biologically inactive 3,3-T2
is formed. Drugs like dexamethasone, propyl thiouracil, iopanic
acid and sodium ipodate, amiodarone, and propranolol decrease
T3 and increase rT3 levels (25) rT3 influences various cellular
events, e.g. mitosis, cell migration and invasion, by conversion of
soluble actin to fibrous actin. rT3 has a role in glial-mediated
neuronal guidance during mammalian brain development but
when rT3 is lacking, no prominent symptoms arise (85).
Increases in rT3 are seen in physiological and pathological
conditions. Serum T3 was significantly lower and serum rT3
significantly higher in diabetic patients prior to treatment as
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FIGURE 3 | Generation of biologically active thyroid hormone metabolites from thyroxine. Circles mark agonists and boxes antagonistically acting metabolites. 3,5-
T2, 3,5-diiodothyronine; T1AM, 3-iodothyronamine; rTg, reverse triiodothyronine; TAy, tetraiodoacetic acid; TOAM, thyronamine; TAs, triiodoacetic acid.
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compared to normal subjects (88). Both T3 and rT3 normalized
in 20 patients studied when adequate metabolic control was
achieved as reflected by normalization of HbA1. Increased levels
of rT3 also occurred in patients with myocardial infarction,
hepatitis, or hepatic cirrhosis (89). On the other hand, insulin
resistance was linked to an increased T3/rT3 ratio (90). All data
suggest that the T3/rT3 ratio is decreased when metabolism is
dysregulated, a notion supported by the finding that stress
(induced by sleep deprivation, cold exposure, examination) and
elevated cortisol levels (even if still in the normal range) are linked to
raised r'T3 levels (25). It appears that a rise in rT3 indicates short-
term changes in metabolism rather than being a marker for chronic
alterations because after 3 weeks of caloric restriction, T4 and rT3
levels returned to normal. The theory of r'T3 being a marker for
acute metabolic dysregulation is also compatible with the observed
decrease in r'T3 in hibernating bears. In this physiological long-term
state, the bears showed a hypothyroid condition with decreased rT3
levels (91). Species-specificity, on the other hand, could also be the
reason for the different reaction.

According to a generally accepted hypothesis, rT3 levels
increase in specific conditions to conserve energy and to
protect cells against insufficient T4, which could be converted
to T3. rT3 is hypothesized to act as an energy-saving mechanism
and as compensation for the decreased T3 levels (92). Upon
dieting, T3 levels can decrease to 50% and after prolonged dieting
not return to normal levels upon normal food intake. Conversely,
in alternative day fasting normal T3 and rT3 levels are restored
after a meal (93). During starvation more than the normal rate of
40% of T4 is converted to rT3 and less than the normal 60% to
T3 with the effect of a changed rT3/T3 ratio. Increase of rT3
levels in dieting is mainly due to decreased elimination of rT3
during fasting, while decrease of r'T3 after re-feeding is caused by
decreased production. D1 was more sensitive to starvation than
D2 and D3, which is consistent with the finding that changes in
T3 affect mainly peripheral tissues, not the brain. This regulation
serves the purpose of maintaining function of the central nervous
system. Carbohydrate levels are important regulators in rT3 and
T3 levels in low caloric intake between 360-1200 cal/day (94).

The most dramatic manifestation, where increased rT3 levels
are seen, is NTIS. Also in this situation, the changes are
interpreted as protection mechanism to reduce energy
expenditure that does not require treatment, while other
groups recommend treatment with thyrotropin-releasing
hormone (TRH), TSH, or T3 and T4. In patients with NTIS,
half-life of rT3 was short (3h) and levels mainly influenced by
liver deiodinases (95). Davis et al. do not exclude the possibility
that increased r'T3 levels in NTIS contribute to hypercoagulation
because rT3 acts similar to T4 on awf3 integrin (96). rT3 levels
were negatively correlated to D1 in liver and positively to D3 in
liver and muscle. The proposed mechanism of decreased action
of D1 is downregulation by inflammatory cytokines TNF-q,
interferon o, and IL-6. IL-6 plays a key role in the regulation of
TH levels by acting on central and peripheral levels (Figure 4). IL-6
is increased in N'TIS and levels inversely correlated (r=0.56) with T3
levels and positively correlated (r=0.78) with rT3 levels (97). Low T3
and T4 levels are detected extremely frequently in patients in

intensive care, namely in 70% and 50%, respectively. Processes
contributing to the findings in NTIS include IL-6 induced decrease
of TBG and TTR, decreased T4/T3 tissue uptake, increased or
unchanged transporter expression, decreased D1 and increased D3
expression in liver and increased D2 in muscle (98). Changes in
acute and prolonged disease differ in the way that pulsatile TSH
surge is present, TRH mRNA and T4 levels normal, T3 low and rT3
elevated in the acute, while TSH surge is absent, TRH mRNA and
T4 levels low, T3 very low, and rT3 normal in chronic NTIS.
Circulating rT3 levels are also increased in cancer patients
(96). rT3 increases proliferation of cancer cells via avB3 integrin
signaling, which is highly expressed in such cells. It is supposed
that cancer cells use this metabolite for proliferation instead of
T3, which at physiological concentrations does not promote
proliferation. This is in line with the finding that suppression
of TH synthesis by methimazole and substitution by T3 in
terminal patients induced stabilization or regression of the
disease (71). Another, very rare, manifestation of increased rT3
levels is consumptive hypothyroidism seen in hemangioma (99).

3,5 Diiodothyronine (3,5-T2)

Of the several diiodothyronines, biological effects have been
identified for 3,5-T2, while other diiodothyronines have higher
serum levels (3,3’-T2: 1-8 ng/dl; 3°,5-T2: 1.5-9 ng/dl) but no
effect on metabolism (100). 3,5-T2 has blood levels of 0.2-0.75
ng/dl and low binding to TBG (101). Other studies reported up
to 15 ng/dL, and blood levels have to be interpreted with caution
because interference between diiodothyronines and T3 occurs
(85). Inter-individual differences in 3,5-T2 levels have been
reported, which are not linked to T3 levels. In NTIS, 3,5-T2
correlated with rT3 and may result from either increased
production from T3 or decreased degradation. The 3,5-T2
levels increased by 30% in NTIS and may be seen as a balance
to the increased rT3, that has opposite effects on metabolism
(102). It is assumed that increased 3,5-T2 levels in otherwise
healthy individuals may be an indication of an underlying
disease. 3,5-T2 can bind to the T3 receptor and induce TSH
suppression and alter expression of classical T3-regulated genes
in liver and other tissues. 3,5-T2 increases mitochondrial oxygen
consumption in rats rapidly (103). Increased 3,5-T2 levels in
disease have been interpreted as compensation for low cellular
T3 levels (104). Survival in chronically cold-exposed animals is
improved due to activation of thermogenesis, stimulation of -
oxidation, and up-regulation of F(0)-F(1)-ATP synthase. In HepG2
hepatocytes, 3,5-T2 blocked proteolytic cleavage of SREBP 1, which
resulted in decreased fatty acid synthase expression. Administration
to humans rapidly increases resting metabolic rate. Upon chronic
administration (28 d) body weight decreased and metabolic rate
increased in a study of just two participants. Although T3- and 3,5-
T2-induced effects are inhibited by propranolol, application of
deiodinases did not influence the effects and these were more
rapid than T3-induced events, suggesting independent
mechanisms of T3 and 3,5-T2 actions. T3 stimulates fatty acid
synthesis (FAS, fatty acid synthase) and B-oxidation (ACC, acetyl-
CoA carboxylase) while 3,5-T2 stimulates only B-oxidation (105).
Decrease of FAS is regulated by SREBP-1 at the non-genomic level.
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Central effects
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Decrease of TSH pulsatility
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FIGURE 4 | Effects of interleukin (IL)-6 on cellular thyroid hormone levels. The inflammatory cytokine acts on hypothalamus and pituitary gland of the brain, on levels
of free hormones, on transporters, and on cellular deiodinases. Indoxy! sulfate is a metabolite of tryptophan that accumulates in kidney damage. NEFA, non-esterified
fatty acids; TBG, thyroxine binding globulin; TRH, thyrotropin releasing hormone; TSH, thyroid stimulating hormone; TTR, transthyretin.

3,5-T2 stimulated mitochondrial oxidative metabolism of fatty acids
and reduced SREBP-1. The latter effect was linked to the pro-
apoptotic effects of T2, suggesting potential application as an anti-
cancer agent. Other effects of 3,5-T2 include activation of protein
kinases Akt, p38, PKC-6, ERK, ATP-activated protein kinase
(AMPK) and silent mating-type information regulation 2
homolog (sirtuin, SIRT)1, a nuclear deacetylase that enhances
mitochondrial activity.

Thyronamines

Thyronamines are decarboxylated and deiodinated metabolites of
thyroid hormones with 3-iodothyronamine (3-T1AM) and
thyronamine (TOAM) as the most important representatives in
humans. Blood levels are 0.6-2.3 ng/dl but intracellular levels can be
20 times higher than T3 and twice as high as T4 (106). 3-T1AM is
produced by ornithine carboxylase and is very stable. It is observed up
to 6 days after oral application of L-T4. 3-T1AM accumulates in
skeletal muscle, myocardium>liver>adipose tissue. 3-T1AM and
TOAM differ from T3 and T4 regarding their effects and their
binding to serum proteins in the way that the highly lipophilic
molecules are transported by apolipoprotein B100 instead of the
common TH distributor proteins. As a general rule, the action of
3°3,5-T3 isroughly equal to 3,5-T2, while TLIAM acts as an antagonist.

T3 has a stronger action on body temperature and insulin secretion
than 3,5-T2, while the opposite applies to insulin sensitivity, heart rate
and contractility (107). Upon activation of 3-T1AM, metabolic rate
decreased and metabolism was shifted from carbohydrate to lipid
with elevated H,0, production. Sirtuin increased expression of
SIRT4 and SIRT6-dependent genes. 3-TIAM activates trace
amine-associated receptor 1 (TAAR 1), adrenergic receptors, and
serotonin 1P receptors and reduces metabolic rate and increases lipid
utilization, resembling the pattern of sleep or hibernation. 3-T1AM
has also neuromodulatory effects, which are, according to animal
experiments, partly mediated by inhibition of dopamine and
norepinephrine reuptake and transport into synaptic vesicles. 3-
T1AM and TOAM cause similar effects (e.g. hypothermia, negative
chronotropy, reduction of respiratory coefficient). More details are
given by Kohrle (85).

Thyroacetic Acids (Tetraiodoacetic and
Triiodoacetic Acid)

Thyroacetic acids circulate at relatively high levels in blood and are
formed by desamination of iodothyronines. Tetraiodoacetic acid
(Tetrac) is a physiological metabolite of T4, a ligand of a3
integrin, and a precursor of triiodoacetic acid (Triac). Levels are
increased upon fasting as with T3 and appear to serve the same
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purpose, ie. the shunting away of T4 from T3 (108). Half-lives of
Triac at 6h and Tetrac at 3-4d are related to the half-lives of T4 (7d)
and T3 (1d), respectively. Deiodinases D1 and D2 can convert
Tetrac to Triac, and D1 and D3 can deiodinate Triac with higher
affinity than T3. The hydrophilic molecules have little binding to the
distributor proteins, and are transported exclusively by TTR.
Cellular uptake of Triac takes place by tissue-specific transporters
different from MCT8, MCT10 and OATP. Triac is excreted in the
urine after conjugation to glucuronic acid. Tetrac and Triac are
much better substrates for glucuronidation than T4 and T3 and are,
as sulfates and glucuronates, better substrates for deiodination in
liver and kidney than T3 and T4 (109).

Tetrac blocks T4 at the binding site of the ovf33 integrin and acts
via MAPK/ERK signaling in competition with T4. The binding
disrupts cross-talk with adjacent growth factor receptors like VEGF,
platelet-derived growth factor (PDGF), basic fibroblast growth
factor (bFGF), and EGF (110). Tetrac appears to be able to
disrupt this cross-talk and through this mechanism block
migration, angiogenesis and tissue invasion of cancer cells (111).
Tetrac can also lower DNA repair, drug resistance and
radioresistance by blocking P-glycoprotein (P-gp) and multidrug
resistance protein (MRP). By its action on the Na'/H" antiporter,
the pH shifts away from the optimum of the P-gp pump and the
intracellular pH becomes more acidic. In cancer cells with inherent
radioresistance due to changed conformation of the receptor, Tetrac
can reduce the effect (96). In addition to prevention of
angioneogenesis in cancer, Tetrac can reduce fibrosis in hepatic
fibroblasts (35). The increased Tetrac levels in patients with Graves’
disease have to be discussed in the light of the greater risk of these
patients for cancer (112) and the promoting effect of hyperthyroidism
on cancer progression (36, 113). It may be speculated that
conversion of T4 to Tetrac in cancer patients is lower than the 20%
reported in normal individuals (114). In this way the effects of the
other TH may outbalance the anti-tumor effects of Tetrac.

Similar to rT3, Triac levels are increased in fasting and in NTIS.
However, in contrast to rT3, Triac acts as a thyromimetic, affecting
the liver, adipose tissue, bone, and brain but not the heart. Triac
binds to TRou with similar binding affinity as T3 and to TRf with
six-fold higher affinity but has limited potency due to its short half-
life (115). Triac causes pituitary suppression of TSH, and effects on
bone, kidney, liver and body weight similar to T3. Triac has
suppressive function on TSH and decreases leptin secretion by
adipocytes in this condition. This is surprising because, when blood
T3 levels are low, increased TSH is expected. Triac is special because
the metabolite acts as a thyromimetic in hypothyroid conditions
and increases metabolism. In the euthyroid condition, metabolic
rate is reduced. The applied doses were 4-30 times lower than L-T4
and 15-100 times lower than L-T3 but much higher than needed for
TSH suppression.

MEDICAL USES OF IODOTHYRONINES,
THYROAMINES, AND IODOACETATES

Medical uses may consist in functioning as biomarkers or as
candidates for treatment.

Use of L-T4 and L-T3

Thyroxine (T4) is one of the top 10 medically-prescribed drugs
worldwide, with the most common indication being
hypothyroidism. At first glance, supplementation of TH appears
less challenging than application of insulin in diabetes mellitus,
where food intake, physical activity and stress change hormone
requirement (116). Levels of T3 have a diurnal rhythm with peak
round 4 am and a nadir between 3-5 pm but actual differences in T3
are low (117). T4 levels are constant mainly due to the long half-life
of T4 of about 7 days, which eliminates the need to adapt for
circadian changes. On the other hand, identification of the ideal
personalized dose may pose problems. Requirements of L-T4
appear to be influenced by residual thyroid function because the
small amounts of co-secreted T3 upon normal T4 secretion have
regulatory function on the HPT axis (118).

Doses for L-T4 supplementation can be calculated based on
body weight or body mass index (BMI) with and without inclusion
of additional factors (e.g. patient sex). Generally, both a TSH-based
estimate and a body weight-based estimate yield similar initial
estimates of dose requirement (119). Type of formulation, co-
medication (iron, calcium carbonate, -citrate, -acetate, vitamin C,
phenytoin, rifampin) and nutrients (soja products, milk, coffee,
grape fruit, papaya), co-existing conditions (pregnancy, renal
failure, hepatic disease), deiodinase expression and peripheral
conversion, dosing (lean/obese), drug distribution (circulation,
plasma proteins), drug absorption (food intake, timing
gastrointestinal tract motility), patient compliance, co-morbidities
(malabsorption, surgery), and disease stage (stable, progressing,
residual thyroid tissue) cause variable TH levels upon
administration of the same amount of L-T4 (120). Conversely,
chronic conditions like diabetes mellitus, cardiac disease, hepatic
disease, osteoporosis do not have a pronounced influence on L-T4
requirement. Some general rules, the reduced requirement of aged
individuals and postmenopausal women should also be taken into
account. A list of medical conditions, food ingredients, and drugs
that interfere with L-T4 supplementation is available elsewhere
(121). If patients complain of hypothyroid symptoms despite L-T4
therapy, a panel of other diseases, which could cause symptoms
similar to TH deficiency, has to be excluded. These conditions
include: diabetes mellitus, adrenal insufficiency, hypopituitarism,
celiac disease, pernicious anemia, anemia, multiple myeloma,
chronic kidney damage, chronic liver disease, and congestive
heart failure (117). Similarly, B12 deficiency, folate, vitamin D,
and iron deficiency, obesity, hypercalcemia, electrolyte imbalance,
treatment with B-blockers, statins and opiates, stress, lack of sleep,
alcohol excess, sleep apnea, chronic fatigue syndrome, co-
poisoning, depression, polymyalgia rheumatica, and fibromyalgia
can mimic inadequate L-T4 supplementation. Reasons for
insufficient treatment like lack of compliance or change of L-T4
formulation should also be considered. The different existing
formulations were regarded as bioequivalent and products, in
theory, should be interchangeable (122). Bioequivalence of two
products means that 90% confidence interval of the ratio of the log-
transformed exposure measure, area under the curve (AUC) and
maximal plasma concentration (Cmax), falls within 80-125%. The
method is not undisputed because only T4 levels are used for the
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evaluation and conventional immunoassays may overestimate TH
levels. Furthermore, the method cannot distinguish dose differences
of up to 33% (e.g. 400 vs 600 ug) and doses that differ by 12.5% (400
vs 450 ug). There is uncertainty if products are really bioequivalent
and, therefore, change between products is not recommended
because changes of 12.5 pg may have dramatic effects on a drug
like L-T4, which has a narrow therapeutic window. In
gastrointestinal diseases such as celiac disease, gastritis, or lactose
intolerance, that decrease absorbance, liquid formulations may
work better than tablets. However, even when euthyroidism
according to standard readout parameters for TSH and fT4 is
achieved, ~15% of patients experience some level of psychological
impairment. These patients express the wish for alternative
treatment, often the combination of L-T4 with L-T3 or the
prescription of desiccated porcine thyroids. The D-enantiomer of
L-T4 dextrothyroxine (D-T4) has been tested in clinical trials for its
antihyperlipidemic effects. Although D-T4 lowered serum
cholesterol in the Coronary Drug Project (1966 and 1975), groups
were discontinued early because of increased mortality, probably
due to tachycardia (123).

The question whether combined L-T3 + L-T4 supplementation
is superior to L-T4 monotherapy has been under debate for many
years and numerous reviews have been dedicated to this question
(e.g (4, 124, 125).). Patients under replacement therapy have lower
T3 and higher T4 levels compared to control individuals. When L-
T4 was dosed to reach T3 levels of the controls, TSH was lowered or
suppressed (126). Only the combination of L-T3 + L-T4 normalized
TSH, serum and tissue T4 and T3 concentrations. In another study
including patients with elective total thyroidectomy, L-T4
monotherapy was able to bring serum T3 back to the same
presurgical levels without suppressing TSH but with elevated fT4
levels. Also better quality of life under combination therapy
compared to L-T4 monotherapy has been reported (127).
Improved effects by L-T3 + L-T4 combination may be explained
by placebo effects, differential signaling in neurons and positive
effects by action on serotonin and catecholamines (120). A
systematic review of ten randomized controlled trials comparing
combination therapy vs monotherapy found no statistically
significant differences in biochemical markers, mood states, and
adverse effects. Commercially available products like Armour
Thyroid, Nature-Throid, Bio-Throid, WP-Thyroid, Westhiod,
and NP-Throid consist of desiccated porcine thyroid extracts.
Although containing both TH may be advantageous, one major
criticism is the species-specific relation of T4:T3, of 4:1 in pigs and
14:1 in humans. Combination therapy may only be adequate in
patients bearing the Thr92Ala D2 (rs225014) polymorphism. This
genetic polymorphism may affect half-life of the protein and could
hypothetically disrupt TH signaling in D2-expressing tissues.
Nevertheless, human studies, so far, did not find lower TSH
levels, changes in fT4 and fT3, metabolic syndrome etc. in
carriers of this polymorphism (119). Patients with MCT10
(rs17606253) polymorphism, on the other hand, preferred the
combination therapy to L-T4 monotherapy (128). This led to the
recommendation to restrict the combination therapy to
populations with such polymorphisms. T3 supplementation is
adequate for patients with TR mutations, where TR} mutation

hyperthyroid symptoms are frequent upon L-T4 therapy. They
manifest as tachycardia because heart effects are dominated by TRo
signaling and when the L-T4 dose, which is adjusted to the
dysfunctional TRP is too high (129). In patients with TRo
mutations, low T4/T3 ratio is typical and symptoms of
hypothyroidism with variable manifestations are seen. The
consensus report on evidence-based use of L-T3/L-T4
combinations in treating hypothyroidism reported that there is
dissatisfaction with the existing standard of care and that “a new
well-designed adequately powered clinical trial of combination
therapy” is needed because not all studies met the current
standard requirements (130).

Treatment of heart diseases may be another indication for use of
TH. This may appear surprising as arrhythmia and mortality are
linked to overdoses of L-T4. However, in heart disease, tissue levels
of deiodinases are altered and less T3 is being produced. In
hypothyroidism MCT10 expression in the heart is increased and
deiodinase expression thus changed to produce more T3. The
opposite is observed in hyperthyroidism showing that the heart is
capable to adapt to abnormal THlevels. A combination of L-T4 + L-
T3 is suggested because supplementation with either of the TH
alone did not restore T3 in rats (131). L-T3 alone has positive effects
in myocardial infarction and protects hypothyroid rats against
arrhythmia. L-T3 and L-T4 showed beneficial effects in patients
with heart failure (132). Small clinical trials reported promising
effects of L-T3 administration in patients with acute myocardial
infarction, cardiac surgery and transplantation.

TH interact with catecholamines (epinephrine and
norepinephrine) in that infusion of T3 before trauma in pigs
increased epinephrine levels and decreased T3 and T4 levels
(133). The resultant hypothyroid state decreased responsiveness
to o- and P-adrenergic agonists. Similar effects occur also during
brain death and provide the theoretical basis for the use of TH in
preparation of organ transplantation. It is assumed that loss of TH,
cortisol, antidiuretic hormone (ADH) and insulin leads to
reduction in perfusion, inhibition of mitochondrial function and
organ failure. Therefore, the United Network for Organ Sharing
(UNOS) Critical Pathway for the Organ Donor recommends
hormone replacement with TH, vasopressin, methylprednisolone
and insulin; both L-T3 and L-T4 may be used. According to a large
retrospective analysis L-T3 or L-T4 therapy produced more
transplantable hearts, lungs, kidneys, pancreases, and intestines,
while the number of transplantable livers was not increased (134).
Positive effects include increased chronotropy and upregulation of
ATPase-rich o heavy chain isoenzyme that results in increased
inotropy. In combination with the increased smooth muscle
relaxation and vasodilation, diastolic pressure is lowered and
resistance to left ventricular ejection reduced (135). In general,
disparate results were reported for heart transplantation. The
studies differed in the use of TH (either alone or in combination
with other hormonal therapies) in methodology and biological
readouts. For instance, donor administration of L-T4 improved
survival of the graft recipient. The recipients who received L-T4
prior to the transplantation had a survival advantage over those who
did not and results were better when L-T4 was applied to the donor
before the declaration of brain death (136). Early L-T4 therapy was
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associated with an increase in solid organ procurement rate with
odds ratio of 1.9 (137).

Application of L-T3 alone is commonly restricted to specific
situations such as preparation of patients with advanced thyroid
cancer for nuclear imaging, for primary ablation or whole body
scan, if recombinant TSH is not available. Further, clinical data
indicate that application of L-T3 to patients in the terminal phase
of lung cancer, pancreatic cancer, mesothelioma, soft tissue
cancer, and glioblastoma can prolong survival (138). The
interventional lowering of fT4 by application of L-T3 alone or
in combination with methimazole is better tolerated than
withdrawal of TH by methimazole alone. Twenty percent of
the patients exceeded the 20% expected 1-year survival upon L-
T3 treatment (139). The reported prolongation of survival may
be caused by reduction of the promoting effects of T4 on tumor
proliferation, coagulation, and angiogenesis. Additional
indications appear possible as L-T3 in septic rats prevented the
consumption of coagulation inhibitors like ATIII (140).

Efficacy of L-T3 in critically ill COVID-19 patients is under
investigation. A phase II clinical trial (ClinicalTrials.gov
Identifier: NCT04348513) including patients diagnosed with
pulmonary infection due to COVID-19 in intensive care
requiring mechanical respiratory support was started. The trial
will study the effect of intravenous high dose L-T3 for enhancing
recovery of critically ill COVID-19 patients. In this trial, T3
treatment is started with a bolus injection, followed by
maintenance dose of 0.113 g/kg/h for 38h and 0.057 g/kg/h for
up to 30d (141). Successful weaning from ventilation was defined
as primary outcome. The treatment was initiated under the
assumption that thyroid dysregulation in severely ill COVID-
19 patients shows the pattern of NTIS. Although a correlation
between low T3 and diseases severity has been established,
replacement with TH in NTIS in general is not suggested
(142). Application of L-T3, instead of L-T4, was chosen based
on the following findings; i) T3, in contrast to T4, does not
induce hypercoagulation (71), ii) T3 stimulates secretion of the
anti-inflammatory IL-10 and strengthens specific immune
response by action on DCs (79), and iii) T3 prevents action of
T4 on integrin avB3. T4 may be facilitating virus uptake because
it increases expression of the genes for the specific integrin
monomers ov and B3 and increases internalization of the
integrin (143). In other words, fT4, in contrast to T3, may
increase the number of binding sites for the virus on the target
cell surface. Finally, endothelial dysfunction, induced by
increased TSH level, may improve because high T3/T4 levels
will reduce TSH secretion of the anterior pituitary gland (144). In
the light of later studies, which reported heterogenous pattern of
thyroid dysfunction with decreased TSH levels in combination
with decreased T3 or increased T4 levels (Table 1), systemic
administration of L-T3 appears debatable. The differentiation
between decreased TSH values as indication for NTIS in
prolonged disease or as thyrotoxicosis is very important
because 32% of thyrotoxic COVID-19 patients developed atrial
fibrillation (59). Atrial fibrillation is not typical for viral SAT but
one of the most common arrhythmias caused by SARS-CoV-2-
induced myocardial injury (58). It was hypothesized that the

SARS-CoV-2 virus showed specific cardiotoxicity but a more
recent study suggests that patients with pre-existing heart disease
may be more likely to contract the disease (145). In
hyperthyroidism, T3 more than T4, may cause atrial fibrillation
(146). It is, therefore, possible that a combination of L-T3
administration and COVID-19 induced myocardial damage leads
to an increase in adverse cardiac effects. The determination of
physiological parameters and troponin I levels performed in the
NCT04348513 trial are suitable to identify such effects. Another
phase II trial will study effects of locally administered T3 to reduce
pulmonary edema in COVID-19 pneumonia (ClinicalTrials.gov
Identifier: NCT04725110), based on beneficial effects of
intratracheally administered modified Triostat® (liothyronine) to
rats on alveolar fluid clearance (147). Primary outcome is the
change of the extravascular lung water index. Kidney function
(glomerular filtration rate and creatinine levels) but not cardiac
function will be monitored. Although local action on the Na/K
ATPase to stimulate alveolar clearance is the primary mode of
action (148), the lipophilic molecule can also cross the alveolar
barriers and reach the systemic circulation, resulting in increases of
circulating T3 levels.

L-T3 is more difficult to dose correctly than L-T4 because
absorption is fast and half-life is short. Absorption leads to 40%
increase in T3 blood levels, which is markedly higher than the
normal daily fluctuation of 5-10%. The high T3 levels represent a
risk factor for cardiovascular events and hip fractures (149). Slow
release formulations, such as metal coordinated poly-zinc-
liothyonine, may be a solution because stable levels of circulating
T3 were obtained in rats. T3 from the poly-zinc complex is slowly
absorbed. Over a time span of 8 days levels gradually increased but
were still in the reference range. Alternatively, T3 sulfate may be
applied, which has to be activated in the liver. Oral administration of
T3 as sulphate may also be an option because endogenous
desulphatases can slowly produce T3 (150).

Adequate supplementation with L-T4 is monitored by levels
of TSH, T4, fT'3 and fT4/fT3 ratio. It is agreed that fT3 is a much
better biochemical marker for euthyroidism than TSH but
determination of fT3 levels is often inaccurate (118). A
recent meta-analysis reported that fT4 levels were better
correlated to clinical symptoms than TSH levels (151). There
is no general recommendation by the European Thyroid
Association to determine rT3 levels, except in infantile hepatic
hemangiomatosis (IHH). This condition is also termed
consumptive hypothyroidism and has to be differentiated from
congenital hypothyroidism because treatments differ (152).
Consumptive hypothyroidism in adults due to hemangioma or
hemangioendothelioma has only been reported in a few case studies
(99). Although both diseases need supplementation with TH,
patients with THH receive 22-70 pg/kg/day L-T4 or L-T3
compared to 5-10 pg/kg/day L-T4 or L-T3 in congenital
hypothyroidism. For combinations of L-T4 and L-T3, lower doses
may be required (153). The reason for the thigh doses in IHH is the
high expression of D3 in the hemangioma tissue. It has been
postulated that IHH may originate from placental angioblasts and
arise from embolization of placental endothelial cells. The liver
carries the highest risk for hemangioma development as it is the first
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organ to be perfused with the incoming blood from the
placenta (154).

Use of 3,56 T2

3,5 T2 is an interesting candidate as hypolipidemic drug and for
cancer therapy. 3,5-T2 has a suitable action profile for targeting
steatosis because it acts independently of T3. Anti-steatotic
effects of T3 and 3,5-T2 are caused via different mechanisms.
3,5-T2 decreases lipogenesis and increases 3-oxidation, while T3
only increases B-oxidation. TSH suppression and cardiac effects
were observed. In summary, studies differed in dosage of 3,5 T2
(10-100 pg/kg), treatment regime (single versus chronic) and
application route (sc or ip). High fat-induced obesity with co-
administration or treatment with 3,5-T2 did not show anti-
steatotic effects in all studies (155). Accumulation of 3,5-T2 in
the liver was seen only upon application of this molecule, while
no accumulation of 3,5-T2 was observed when T3 was applied.
The effect was specific for hepatocytes and did not occur in
cardiomyocytes. 3,5-T2 increased glucose consumption but did
not increase inotropy and chronotropy. In skeletal muscle ATP
kinase activation and increased GLUT4 expression induced a
switch from fast-twitch (white fibres) to slow-twitch (red fibres)
typical for glycolytic phenotype. In animal studies no clear
evidence was obtained that the anti-steatotic effects occur at
concentrations that do not suppress the HPT-axis or cause
adverse effects on the heart. Similarly, in a 4-week trial with
the 3,5-T2-mimetic analogue TRC-150094 no increase in insulin
sensitivity, decrease of fatty acids in serum or in intrahepatic
triglycerides was observed (156). Based on this data the use of
3,5-T2 for treatment of metabolic syndrome and for reduction
of body weight is discouraged. This applies also for use outside of
the medical setting, where individuals who wish to lose weight or
boost their energy use 3,5-T2 as a dietary supplement. These
over-the-counter products contain variable (50-300 pg/pill) and
often not stated amounts of 3,5-T2 (157).

Other molecules having the same profile as 3,5-T2 have been
designed to act preferentially on TR receptors, expressed in liver
and brain, and to avoid cardiac adverse effects induced by
binding to TRo.. Some of these molecules were designed based
on the finding that the binding pocket of TRf is more flexible
than that of TRo (32). GC-1 (sobetirome) and KB-2115
(eprotirome) had a 10- and 20-fold higher TRB/TRa ratio than
T3, respectively. KB07811 (VK2809) is a prodrug converted to
the active compound in the liver, and MGL-3196 (resmetirom)
has a 30-fold higher TRB/TRo ratio than T3. Studies for the
indication of hypercholesterolemia were successful but stopped
because unexpected cartilage defects in canine bones were seen in
preclinical testing (158). For application in non-alcoholic fatty
liver disease, however, MGL-3196 has been tested in clinical
trials (159), and results are encouraging. Similarly, also VK2809
reduced liver fat content in clinical trials. Another indication for
sobetirome is treatment of X-linked adrenoleukodystrophy
(ALD), where the protocol of the planned clinical trial is
currently being revised (32). The disease is caused by mutation
of very long fatty acid transporters located in the peroxisomal
membrane encoded by the ABCDI gene.

Use of Thyroamines

3-T1AM has several biological effects in animals, where it
increases plasma glucose, induces carbohydrate oxidation,
gluconeogenesis, ketogenesis and decreases body weight in
obese mice (160). In addition to the endocrine effects, 3-T1AM
favors learning in animals by action on TAAR1 (161). The
molecule, however, has a very short half-life because
sulfatation and glucuronidation are so fast that very frequent
doses are needed to obtain the desired effect. By its negatively
inotropic and chronotropic action it can prevent myocardial
lesions caused by ischemia. It binds to transient receptor
potential cation channel subfamily melastatin member (TRMP)
8 that blunts function of the Ca-channel Transient Receptor
Potential Vanilloid (TRPV4) expressed by tumor cells and
activated by heat, capsaicin, binding of growth factors and
cytokine secretion. Hypothermic effects, modulation of glucose
and insulin secretion, and cardiac effects suggest potential
application in myocardial infarction and brain ischemia (85).
Effects of 3-T1AM on feeding behaviour, learning, anti-amnestic
response, protection against B-amyloid toxicity, and
anticonvulsant effects, observed in rodents, present interesting
applications but have not been studied in humans so far (32).

Use of Thyroacetic Acids

The two thyroacetic acids differ markedly in their action, Triac as
a thyromimetic and Tetrac as a TH antagonist. The advantage of
Triac from the pharmaceutical perspective is the fact that it
accesses the brain by bypassing MCT8 (85). On the other hand,
Triac is very rapidly conjugated to glucuronic acid (~1500
and ~200 times faster than T3 and T4, respectively) and needs
frequent application.

The main off-label application of Triac is treatment of patients
with TRB mutations (115). AHDS may be another indication for
Triac to prevent the local hypothyroidism in the brain due to MCT8
mutation. Following promising results in animal models, a clinical
trial in children harboring mutations in MCT8 has been initiated.
Triac can be purchased over the counter in several European
countries as a dietary supplement (trade name: Tiratricol) to
reduce weight. Anti-angiogenetic effects may occur but were
never reported by users. The FDA issued an official warning not
to use Triac-containing supplements because Triac markedly
reduced bone density and may induce thyrotoxic hypokalemic
periodic paralysis (162).

Tetrac, when taken up into cells acts as a weak thyromimetic.
In order to cause effects mainly be ovf3 integrin signaling to
improve anti-tumor action, increase of the extracellular action of
Tetrac is important. For pharmaceutical application in cancer,
Tetrac was bound to 200 nm poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (Nanotetrac) and the binding resulted in
increased antiangiogenic efficacy in vitro (71). After the uptake,
nanoparticles were located in the cytoplasm and Tetrac in the
nucleus of cancer cells. Action was caused by regulation of
cytokines in combination with maturation of endothelial cells,
stabilization of vessels, and inhibition of neo-angiogenesis.
In vivo, Tetrac antagonized T3 and T4 effects regarding
differentiation of mesenchymal stem cells (MSCs) into cancer-
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rosettes for Tetrac).

associated fibroblasts, angiogenesis and recruitment of MSCs to
tumor cells. In animal models Nanotetrac was 10-times more
efficient in inhibiting tumor growth than the original molecule
(163). Tetrac was granted Orphan Drug status by the US FDA to
be used in thyroid cancer treatment (164).

CONCLUSIONS

The action of TH is more complex than that of other endocrine
amine hormones. Endocrine action of catecholamines for example
has many targets to increase blood pressure, heart rate,
glucogenolysis, glucagon secretion, and decrease insulin secretion
and lipolysis but acts only by the two hormones epinephrine and
norepinephrine (165). In contrast, five metabolites have agonistic
and antagonistic effects to the classical TH T4 and T3.

A comparison of biologically active TH metabolites shows that i)
the more potent acting T3 and Triac appear to have shorter half-
lives than less potent antagonists 3T1AM and Tetrac. Ii) rT3 and
3,5-T2 may serve as indicators for metabolic dysregulation and
disease, and iii) Nanotetrac may be a promising candidate for
treatment of cancer and MGL-3196 for steatohepatitis, obesity, and
metabolic syndrome (Figure 5). Use of L-T3 or combinations of L-
T3 and L-T4 appear not to act better than L-T4 in common
indications (e.g. hypothyroidism or thyroidectomy).

Treatment Pathology
L-T4 v Thyroid disease
L-T4/L-T3 (e.g. autoimmune Thyroiditis)
Critically-ill patients
L-T3 v (e.g. COVID-19)
Resmetirom Metabolic disease
’ D (e.g. metabolic syndrome,
VK2809 obesity, NASH)
Ischemia
3-T1AM O (e.g. stroke
myocardial infarction)
Tetrac % Cancer
(NanoTetrac)

Targets of action Stimulated process

Fatty acid mobilization

@BV
Y4V,

Protein catabolism
Glucose utilization
Fat oxidation

Cholesterol synthesis
Cholesterol reabsorption
Conversion to bile acids
Fat oxidation/synthesis
Gluconeogenesis

Heart rate
Hypertrophy

Cell proliferation,
Migration, Invasion,
Angiogenesis

FIGURE 5 | Overview of treatments, pathologies and targets of action with stimulated processes by TH. Tissues relevant for the review are shown and other target
tissues like bone, brain, kidney, gastrointestinal tract not represented. Established treatments are written in red, compounds/applications in clinical trials in turquoise.
Pathologies and affected tissues are marked by symbols for the compounds (triangles for T3 and T4, squares for Resmetirom and VK2809, circles for 3-T1AM, and

The observed alterations of TH levels in COVID-19 may
result from a combination of thyrotoxic effects and NTIS.
Outcome of local and systemic administration of L-T3 in
critically ill patients potentially may provide further insight
into the still unclear relationship between SARS-CoV-2 and
thyroid metabolism.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

We acknowledge support by Open Access Publishing Fund of
University of Tiibingen.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2021.587518/
full#supplementary-material

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 587518


https://www.frontiersin.org/articles/10.3389/fendo.2021.587518/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.587518/full#supplementary-material
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Frohlich and Wahl

Thyroid Hormone Metabolites in COVID-19

REFERENCES

1.

5]

w

w

(=2}

~

o

el

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wilkinson M, Brown R. Hormone Synthesis, Storage, Release, Transport,
Ans Deactivation. In: M Wilkinson and R Brown, editors. An Introduction
to Neuroendocrinology. Cambridge: Cambridge University Press (2015).
p. 157-69. doi: 10.1017/CBO9781139045803.008

. Lucke C, Hehrmann R, von Mayersbach K, von zur Muhlen A. Studies on

Circadian Variations of Plasma TSH, Thyroxine and Triiodothyronine in
Man. Acta Endocrinol (1977) 86:81-8. doi: 10.1530/acta.0.0860081

. Sviridonova MA, Fadeyev VV, Sych YP, Melnichenko GA. Clinical

Significance of TSH Circadian Variability in Patients With Hypothyroidism.
Endocr Res (2013) 38:24-31. doi: 10.3109/07435800.2012.710696

. Bianco AC, Casula S. Thyroid Hormone Replacement Therapy: Three

‘Simple” Questions, Complex Answers. Eur Thyroid ] (2012) 1:88-98.
doi: 10.1159/000339447

. Ortiga-Carvalho T, Chiamolera M, Pazos-Moura C, Wondisford F.

Hypothalamus-Pituitary-Thyroid Axis. Compr Physiol (2016) 6:1387-428.
doi: 10.1002/cphy.c150027

. Frohlich E, Wahl R. The Forgotten Effects of Thyrotropin-Releasing

Hormone: Metabolic Functions and Medical Applications. Front
Neuroendocrinol (2019) 52:29-43. doi: 10.1016/j.yfrne.2018.06.006

. Suzuki S, Nishio S, Takeda T, Komatsu M. Gender-Specific Regulation of

Response to Thyroid Hormone in Aging. Thyroid Res (2012) 5:1.
doi: 10.1186/1756-6614-5-1

. de Lange P, Cioffi F, Silvestri E, Moreno M, Goglia F, Lanni A. (Healthy)

Ageing: Focus on Iodothyronines. Int ] Mol Sci (2013) 14:13873-92.
doi: 10.3390/ijms140713873

. Medici M, Korevaar TI, Visser WE, Visser TJ, Peeters RP. Thyroid Function

in Pregnancy: What is Normal? Clin Chem (2015) 61:704-13. doi: 10.1373/
clinchem.2014.236646

de Escobar GM, Obregon M]J, del Rey FE. Maternal Thyroid Hormones
Early in Pregnancy and Fetal Brain Development. Best Pract Res Clin
Endocrinol Metab (2004) 18:225-48. doi: 10.1016/j.beem.2004.03.012
Glinoer D. What Happens to the Normal Thyroid During Pregnancy?
Thyroid (1999) 9:631-5. doi: 10.1089/thy.1999.9.631

Kragh-Hansen U, Galliano M, Minchiotti L. Clinical, Genetic, and Protein
Structural Aspects of Familial Dysalbuminemic Hyperthyroxinemia and
Hypertriiodothyroninemia. Front Endocrinol (2017) 8:297. doi: 10.3389/
fendo.2017.00297

Refetoff S. Thyroid Physiology and Disease: Abnormal Thyroid Hormone
Transport. South Dartmouth: MDText.vom, Inc. (2015).

McKinnon B, Li H, Richard K, Mortimer R. Synthesis of Thyroid Hormone
Binding Proteins Transthyretin and Albumin by Human Trophoblast. ] Clin
Endocrinol Metab (2005) 90:6714-20. doi: 10.1210/jc.2005-0696

Rabah SA, Gowan IL, Pagnin M, Osman N, Richardson SJ. Thyroid
Hormone Distributor Proteins During Development in Vertebrates. Front
Endocrinol (2019) 10:506. doi: 10.3389/fend0.2019.00506

Sharma M, Khan S, Rahman S, Singh LR. The Extracellular Protein,
Transthyretin is an Oxidative Stress Biomarker. Front Physiol (2019) 10:5.
doi: 10.3389/fphys.2019.00005

Webb P, Phillips K, Baxter J. Mechanisms of Thyroid Hormone Action. In:
Jameson ] and L De Groot, editors. Endocrinology Adult and Pediatric.
Philadelphia: Saunders Elsevier (2010). p. 1423-43.

Visser TJ. Cellular Uptake of Thyroid Hormones. In: KR Feingold, B
Anawalt, A Boyce, G Chrousos, K Dungan, A Grossman, et al, editors.
Endotext. South Dartmouth (MA: MDText.com, Inc (2000).

Vancamp P, Demeneix B, Remaud S. Monocarboxylate Transporter 8
Deficiency: Delayed or Permanent Hypomyelination? Front Endocrinol
(2020) 11:283. doi: 10.3389/fendo.2020.00283

Zhang J, Roggero VR, Allison LA. Nuclear Import and Export of the Thyroid
Hormone Receptor. Vitamins Hormones (2018) 106:45-66. doi: 10.1016/
bs.vh.2017.04.002

Bianco AC, da Conceicao RR. The Deiodinase Trio and Thyroid Hormone
Signaling. Methods Mol Biol (2018) 1801:67-83. doi: 10.1007/978-1-4939-
7902-8_8

Meuwese CL, Dekkers OM, Stenvinkel P, Dekker FW, Carrero J]J.
Nonthyroidal Illness and the Cardiorenal Syndrome. Nat Rev Nephrol
(2013) 9:599-609. doi: 10.1038/nrneph.2013.170

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Herwig A, Ross AW, Nilaweera KN, Morgan PJ, Barrett P. Hypothalamic
Thyroid Hormone in Energy Balance Regulation. Obes Facts (2008) 1:71-9.
doi: 10.1159/000123428

Peeters R, Visser T. Metabolism of Thyroid Hormone. In: K Feingold, editor.
Endotext. South Dartmouth: Endotext MDText.com.Inc (2017).

Kelly GS. Peripheral Metabolism of Thyroid Hormones: A Review. Altern
Med Rev (2000) 5:306-33.

Barreto-Chaves ML, Senger N, Fevereiro M, Parletta AC, Takano A. Impact
of Hyperthyroidism on Cardiac Hypertrophy. Endocr Connect (2020) 9:
R59-69. doi: 10.1530/ec-19-0543

Richard S, Flamant F. Regulation of T3 Availability in the Developing Brain:
The Mouse Genetics Contribution. Front Endocrinol (2018) 9:265.
doi: 10.3389/fendo.2018.00265

Liu YC, Yeh CT, Lin KH. Molecular Functions of Thyroid Hormone
Signaling in Regulation of Cancer Progression and Anti-Apoptosis. Int J
Mol Sci (2019) 20:4986. doi: 10.3390/ijms20204986

Davis PJ, Goglia F, Leonard JL. Nongenomic Actions of Thyroid Hormone.
Nat Rev Endocrinol (2016) 12:111-21. doi: 10.1038/nrendo.2015.205
Hammes SR, Davis PJ. Overlapping Nongenomic and Genomic Actions of
Thyroid Hormone and Steroids. Best Pract Res Clin Endocrinol Metab (2015)
29:581-93. doi: 10.1016/j.beem.2015.04.001

Kim HY, Mohan S. Role and Mechanisms of Actions of Thyroid Hormone on
the Skeletal Development. Borne Res (2013) 1:146-61. doi: 10.4248/br201302004
Zucchi R. Thyroid Hormone Analogues: An Update. Thyroid (2020)
30:1099-105. doi: 10.1089/thy.2020.0071

Walsh CA, Qin L, Tien JC, Young LS, Xu J. The Function of Steroid Receptor
Coactivator-1 in Normal Tissues and Cancer. Int J Biol Sci (2012) 8:470-85.
doi: 10.7150/ijbs.4125

Cheng SY, Leonard JL, Davis PJ. Molecular Aspects of Thyroid Hormone
Actions. Endocr Rev (2010) 31:139-70. doi: 10.1210/er.2009-0007

Gionfra F, De Vito P, Pallottini V, Lin HY, Davis PJ, Pedersen JZ, et al. The
Role of Thyroid Hormones in Hepatocyte Proliferation and Liver Cancer.
Front Endocrinol (2019) 10:532. doi: 10.3389/fend0.2019.00532

Hercbergs AH, Ashur-Fabian O, Garfield D. Thyroid Hormones and Cancer:
Clinical Studies of Hypothyroidism in Oncology. Curr Opin Endocrinol Diabetes
Obes (2010) 17:432-6. doi: 10.1097/MED.0b013e32833d9710

Goemann IM, Romitti M, Meyer ELS, Wajner SM, Maia AL. Role of Thyroid
Hormones in the Neoplastic Process: An Overview. Endocr Relat Cancer
(2017) 24:R367-85. doi: 10.1530/erc-17-0192

Yang J, Nie ], Ma X, Wei Y, Peng Y, Wei X. Targeting PI3K in Cancer:
Mechanisms and Advances in Clinical Trials. Mol Cancer (2019) 18:26.
doi: 10.1186/512943-019-0954-x

Flamant F, Cheng SY, Hollenberg AN, Moeller LC, Samarut ], Wondisford FE,
et al. Thyroid Hormone Signaling Pathways: Time for a More Precise
Nomenclature. Endocrinology (2017) 158:2052-7. doi: 10.1210/en.2017-00250
Team CC-R. Preliminary Estimates of the Prevalence of Selected Underlying
Health Conditions Among Patients With Coronavirus Disease 2019 —
United States, February 12-March 28, 2020. Morb Mortal Wkly Rep
(2020) 69:382-6. doi: 10.15585/mmwr.mm6913e2externalicon

Daraei M, Hasibi M, Abdollahi H, Mirabdolhagh Hazaveh M, Zebaradst J,
Hajinoori M, et al. Possible Role of Hypothyroidism in the Prognosis of
COVID-19. Intern Med ] (2020) 50:1410-2. doi: 10.1111/im;j.15000

van Gerwen M, Alsen M, Little C, Barlow J, Genden E, Naymagon L, et al.
Risk Factors and Outcomes of COVID-19 in New York City; a Retrospective
Cohort Study. ] Med Virol (2021) 93:907-15. doi: 10.1002/jmv.26337
Zhang JJ, Dong X, Cao YY, Yuan YD, Yang YB, Yan YQ, et al. Clinical
Characteristics of 140 Patients Infected With SARS-CoV-2 in Wuhan,
China. Allergy (2020) 75:1730-41. doi: 10.1111/all.14238

Lui DTW, Lee CH, Chow WS, Lee ACH, Tam AR, Fong CHY, et al. Thyroid
Dysfunction in Relation to Immune Profile, Disease Status, and Outcome in
191 Patients With COVID-19. J Clin Endocrinol Metab (2021) 106:€926-35.
doi: 10.1210/clinem/dgaa813

Khoo B, Tan T, Clarke SA, Mills EG, Patel B, Modi M, et al. Thyroid
Function Before, During, and After COVID-19. ] Clin Endocrinol Metab
(2021) 106:€803-11. doi: 10.1210/clinem/dgaa830

Muller I, Cannavaro D, Dazzi D, Covelli D, Mantovani G, Muscatello A,
et al. SARS-CoV-2-related Atypical Thyroiditis. Lancet Diabetes Endocrinol
(2020) 8:739-41. doi: 10.1016/s2213-8587(20)30266-7

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 587518


https://doi.org/10.1017/CBO9781139045803.008
https://doi.org/10.1530/acta.0.0860081
https://doi.org/10.3109/07435800.2012.710696
https://doi.org/10.1159/000339447
https://doi.org/10.1002/cphy.c150027
https://doi.org/10.1016/j.yfrne.2018.06.006
https://doi.org/10.1186/1756-6614-5-1
https://doi.org/10.3390/ijms140713873
https://doi.org/10.1373/clinchem.2014.236646
https://doi.org/10.1373/clinchem.2014.236646
https://doi.org/10.1016/j.beem.2004.03.012
https://doi.org/10.1089/thy.1999.9.631
https://doi.org/10.3389/fendo.2017.00297
https://doi.org/10.3389/fendo.2017.00297
https://doi.org/10.1210/jc.2005-0696
https://doi.org/10.3389/fendo.2019.00506
https://doi.org/10.3389/fphys.2019.00005
https://doi.org/10.3389/fendo.2020.00283
https://doi.org/10.1016/bs.vh.2017.04.002
https://doi.org/10.1016/bs.vh.2017.04.002
https://doi.org/10.1007/978-1-4939-7902-8_8
https://doi.org/10.1007/978-1-4939-7902-8_8
https://doi.org/10.1038/nrneph.2013.170
https://doi.org/10.1159/000123428
https://doi.org/10.1530/ec-19-0543
https://doi.org/10.3389/fendo.2018.00265
https://doi.org/10.3390/ijms20204986
https://doi.org/10.1038/nrendo.2015.205
https://doi.org/10.1016/j.beem.2015.04.001
https://doi.org/10.4248/br201302004
https://doi.org/10.1089/thy.2020.0071
https://doi.org/10.7150/ijbs.4125
https://doi.org/10.1210/er.2009-0007
https://doi.org/10.3389/fendo.2019.00532
https://doi.org/10.1097/MED.0b013e32833d9710
https://doi.org/10.1530/erc-17-0192
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1210/en.2017-00250
https://doi.org/10.15585/mmwr.mm6913e2externalicon
https://doi.org/10.1111/imj.15000
https://doi.org/10.1002/jmv.26337
https://doi.org/10.1111/all.14238
https://doi.org/10.1210/clinem/dgaa813
https://doi.org/10.1210/clinem/dgaa830
https://doi.org/10.1016/s2213-8587(20)30266-7
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Frohlich and Wahl

Thyroid Hormone Metabolites in COVID-19

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Sen K, Chakraborty S, Sinha A, Sen S, Alam M. Thyroid Function Test in
COVID-19 Patients: A Cross-Sectional Study in a Tertiary Care Hospital.
Indian ] Endocrinol Metab (2020) 24:532-6. doi: 10.4103/ijem.IJEM_779_20
Chen M, Zhou W, Xu W. Thyroid Function Analysis in 50 Patients With
COVID-19: A Retrospective Study. Thyroid (2021) 1:8-11. doi: 10.1089/
thy.2020.0363

Wang W, Su X, Ding Y, Fan W, Zhou W, Su J, et al. Thyroid Function
Abnormalities in COVID-19 Patients. Front Endocrinol (2020) 11:623792.
doi: 10.3389/fend0.2020.623792

Malik J, Malik A, Javaid M, Zahid T, Ishaq U, Shoaib M. Thyroid Function
Analysis in COVID-19: A Retrospective Study From a Single Center.
medRxiv (2021). doi: 10.1101/2021.02.09.21251435. preprint.

Gao W, Guo W, Guo Y, Shi M, Dong G, Wang G, et al. Thyroid Hormone
Concentrations in Severely or Critically Ill Patients With COVID-19.
J Endocrinol Invest (2020), 1-10. doi: 10.1007/s40618-020-01460-w

Chen T, Wu D, Chen H, Yan W, Yang D, Chen G, et al. Clinical
Characteristics of 113 Deceased Patients With Coronavirus Disease 2019:
Retrospective Study. BMJ (2020) 368:m1091. doi: 10.1136/bmj.m1091
Katneni UK, Alexaki A, Hunt RC, Schiller T, DiCuccio M, Buehler PW, et al.
Coagulopathy and Thrombosis as a Result of Severe COVID-19 Infection: A
Microvascular Focus. Thromb Haemost (2020) 120. doi: 10.1055/s-0040-
1715841

Quispe EA, Li XM, Yi H. Comparison and Relationship of Thyroid Hormones,
IL-6, IL-10 and Albumin as Mortality Predictors in Case-Mix Critically Ill
Patients. Cytokine (2016) 81:94-100. doi: 10.1016/j.cyt0.2016.03.004

LiuF, LiL, Xu M, WuJ, Luo D, Zhu Y, et al. Prognostic Value of interleukin-
6, C-Reactive Protein, and Procalcitonin in Patients With COVID-19. J Clin
Virol (2020) 127:104370. doi: 10.1016/j.jcv.2020.104370

Li MY, Li L, Zhang Y, Wang XS. Expression of the SARS-CoV-2 Cell
Receptor Gene ACE2 in a Wide Variety of Human Tissues. Infect Dis Poverty
(2020) 9:45. doi: 10.1186/540249-020-00662-x

Wei L, Sun S, Xu CH, Zhang J, Xu Y, Zhu H, et al. Pathology of the Thyroid
in Severe Acute Respiratory Syndrome. Hum Pathol (2007) 38:95-102.
doi: 10.1016/j.humpath.2006.06.011

Scappaticcio L, Pitoia F, Esposito K, Piccardo A, Trimboli P. Impact of
COVID-19 on the Thyroid Gland: An Update. Rev Endocr Metab Disord
(2020), 1-13. doi: 10.1007/s11154-020-09615-z

Lania A, Sandri MT, Cellini M, Mirani M, Lavezzi E, Mazziotti G.
Thyrotoxicosis in Patients With COVID-19: The THYRCOV Study. Eur |
Endocrinol (2020) 183:381-7. doi: 10.1530/eje-20-0335

Croce L, Gangemi D, Ancona G, Liboa F, Bendotti G, Minelli L, et al. The
Cytokine Storm and Thyroid Hormone Changes in COVID-19. ] Endocrinol
Invest (2021), 1-14. doi: 10.1007/s40618-021-01506-7

Nadolnik L. Role of Glucocorticoids in Regulation of Iodine Metabolism in
Thyroid Gland. In: L Nadolnik, editor. Effects of Hyper- and Hypocorticism.
Rijeka: InTech (2012). p. 265-302.

Leow MK, Kwek DS, Ng AW, Ong KC, Kaw GJ, Lee LS. Hypocortisolism in
Survivors of Severe Acute Respiratory Syndrome (SARS). Clin Endocrinol
(2005) 63:197-202. doi: 10.1111/j.1365-2265.2005.02325.x

Hennessey JV. Subacute Thyroiditis. In: KR Feingold, B Anawalt, A Boyce, G
Chrousos, WW de Herder, K Dungan, A Grossman, JM Hershman, ]
Hofland, G Kaltsas, C Koch, P Kopp, M Korbonits, R McLachlan, JE
Morley, M New, ] Purnell, F Singer, CA Stratakis, DL Trence and DP
Wilson, editors. Endotext. South Dartmouth (MA: MDText.com, Inc (2000).
Magro G. Cytokine Storm: Is It the Only Major Death Factor in COVID-19
Patients? Coagulation Role. Med Hypotheses (2020) 142:109829.
doi: 10.1016/j.mehy.2020.109829

Iba T, Connors JM, Levy JH. The Coagulopathy, Endotheliopathy, and
Vasculitis of COVID-19. Inflammation Res (2020) 1-9. doi: 10.1007/s00011-
020-01401-6

Chiu HW, Lin JH, Chen YA, Ho SY, Wang YJ. Combination Treatment
With Arsenic Trioxide and Irradiation Enhances Cell-Killing Effects in
Human Fibrosarcoma Cells in Vitro and in Vivo Through Induction of
Both Autophagy and Apoptosis. Autophagy (2010) 6:353-65. doi: 10.4161/
auto.6.3.11229

Elbers LPB, Fliers E, Cannegieter SC. The Influence of Thyroid Function on
the Coagulation System and Its Clinical Consequences. ] Thromb Haemost
(2018) 16:634-45. doi: 10.1111/jth.13970

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Zhong WB, Wang CY, Chang TC, Lee WS. Lovastatin Induces Apoptosis of
Anaplastic Thyroid Cancer Cells Via Inhibition of Protein
Geranylgeranylation and De Novo Protein Synthesis. Endocrinology (2003)
144:3852-9. doi: 10.1210/en.2003-0098

Thoyyib M, Garg S, Gupta N, Aggarwal S, Pandit S. Study on Coagulation Factor
VIII and Fibrinogen Levels in Patients With Thyroid Disorders. Indian ]
Endocrinol Metab (2018) 22:479-84. doi: 10.4103/ijem.]JEM_583_17

Hooper JM, Stuijver DJ, Orme SM, van Zaane B, Hess K, Gerdes VE, et al.
Thyroid Dysfunction and Fibrin Network Structure: A Mechanism for
Increased Thrombotic Risk in Hyperthyroid Individuals. J Clin Endocrinol
Metab (2012) 97:1463-73. doi: 10.1210/jc.2011-2894

Davis PJ, Tang HY, Hercbergs A, Lin HY, Keating KA, Mousa SA.
Bioactivity of Thyroid Hormone Analogs At Cancer Cells. Front
Endocrinol (2018) 9:739. doi: 10.3389/fendo.2018.00739

Abe E, Marians RC, Yu W, Wu XB, Ando T, Li Y, et al. TSH is a Negative
Regulator of Skeletal Remodeling. Cell (2003) 115:151-62. doi: 10.1016/
$0092-8674(03)00771-2

Ajjan RA, Weetman AP. The Pathogenesis of Hashimoto’s Thyroiditis:
Further Developments in Our Understanding. Horm Metab Res (2015)
47:702-10. doi: 10.1055/5-0035-1548832

Cabral MD, Teixeira P, Soares D, Leite S, Salles E, Waisman M. Eftects of
Thyroxine Replacement on Endothelial Function and Carotid Artery Intima-
Media Thickness in Female Patients With Mild Subclinical Hypothyroidism.
Clinics (2011) 66:1321-8. doi: 10.1590/s1807-59322011000800003

Wang LY, Smith AW, Palmer FL, Tuttle RM, Mahrous A, Nixon IJ, et al.
Thyrotropin Suppression Increases the Risk of Osteoporosis Without
Decreasing Recurrence in ATA Low- and Intermediate-Risk Patients With
Differentiated Thyroid Carcinoma. Thyroid (2015) 25:300-7. doi: 10.1089/
thy.2014.0287

Carrillo-Sepulveda MA, Panackal A, Maracheril R, Maddie N, Patel MN,
Ojamaa K, et al. Triiodothyronine Reduces Vascular Dysfunction Associated
With Hypertension by Attenuating Protein Kinase G/Vasodilator-
Stimulated Phosphoprotein Signaling. J Pharmacol Exp Ther (2019)
371:88-94. doi: 10.1124/jpet.119.260471

Carrillo-Septlveda MA, Ceravolo GS, Fortes ZB, Carvalho MH, Tostes RC,
Laurindo FR, et al. Thyroid Hormone Stimulates NO Production Via
Activation of the PI3K/Akt Pathway in Vascular Myocytes. Cardiovasc Res
(2010) 85:560-70. doi: 10.1093/cvr/cvp304

Hodkinson CF, Simpson EE, Beattie JH, O’Connor JM, Campbell DJ, Strain
JJ, et al. Preliminary Evidence of Immune Function Modulation by Thyroid
Hormones in Healthy Men and Women Aged 55-70 Years. ] Endocrinol
(2009) 202:55-63. doi: 10.1677/joe-08-0488

Montesinos MDM, Pellizas CG. Thyroid Hormone Action on Innate
Immunity. Front Endocrinol (2019) 10:350. doi: 10.3389/fendo.2019.00350
Milani AT, Khadem-Ansari MH, Rasmi Y. Effects of Thyroxine on Adhesion
Molecules and Proinflammatory Cytokines Secretion on Human Umbilical
Vein Endothelial Cells. Res Pharm Sci (2019) 14:237-46. doi: 10.4103/1735-
5362.258490

Contreras-Jurado C, Alonso-Merino E, Saiz-Ladera C, Valifio AJ, Regadera
J, Alemany S, et al. The Thyroid Hormone Receptors Inhibit Hepatic
Interleukin-6 Signaling During Endotoxemia. Sci Rep (2016) 6:30990.
doi: 10.1038/srep30990

van der Spek AH, Surovtseva OV, Jim KK, van Oudenaren A, Brouwer MC,
Vandenbroucke-Grauls C, et al. Regulation of Intracellular Triiodothyronine
is Essential for Optimal Macrophage Function. Endocrinology (2018)
159:2241-52. doi: 10.1210/en.2018-00053

Ishaq M, Natarajan V. Integrated Stress Response Signaling Pathways Induced
by Supraphysiological Concentrations of Thyroid Hormone Inhibit Viral
Replication. Sign Transduct Insights (2016) 5:539844. doi: 10.4137/STL.539844
Perrotta C, Buldorini M, Assi E, Cazzato D, De Palma C, Clementi E, et al.
The Thyroid Hormone Triiodothyronine Controls Macrophage Maturation
and Functions: Protective Role During Inflammation. Am ] Pathol (2014)
184:230-47. doi: 10.1016/j.ajpath.2013.10.006

Kohrle J. The Colorful Diversity of Thyroid Hormone Metabolites. Eur
Thyroid J (2019) 8:115-29. doi: 10.1159/000497141

Welsh KJ, Soldin SJ. DIAGNOSIS of ENDOCRINE DISEASE: How Reliable
are Free Thyroid and Total T3 Hormone Assays? Eur ] Endocrinol (2016)
175:R255-63. doi: 10.1530/eje-16-0193

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 587518


https://doi.org/10.4103/ijem.IJEM_779_20
https://doi.org/10.1089/thy.2020.0363
https://doi.org/10.1089/thy.2020.0363
https://doi.org/10.3389/fendo.2020.623792
https://doi.org/10.1101/2021.02.09.21251435
https://doi.org/10.1007/s40618-020-01460-w
https://doi.org/10.1136/bmj.m1091
https://doi.org/10.1055/s-0040-1715841
https://doi.org/10.1055/s-0040-1715841
https://doi.org/10.1016/j.cyto.2016.03.004
https://doi.org/10.1016/j.jcv.2020.104370
https://doi.org/10.1186/s40249-020-00662-x
https://doi.org/10.1016/j.humpath.2006.06.011
https://doi.org/10.1007/s11154-020-09615-z
https://doi.org/10.1530/eje-20-0335
https://doi.org/10.1007/s40618-021-01506-7
https://doi.org/10.1111/j.1365-2265.2005.02325.x
https://doi.org/10.1016/j.mehy.2020.109829
https://doi.org/10.1007/s00011-020-01401-6
https://doi.org/10.1007/s00011-020-01401-6
https://doi.org/10.4161/auto.6.3.11229
https://doi.org/10.4161/auto.6.3.11229
https://doi.org/10.1111/jth.13970
https://doi.org/10.1210/en.2003-0098
https://doi.org/10.4103/ijem.IJEM_583_17
https://doi.org/10.1210/jc.2011-2894
https://doi.org/10.3389/fendo.2018.00739
https://doi.org/10.1016/S0092-8674(03)00771-2
https://doi.org/10.1016/S0092-8674(03)00771-2
https://doi.org/10.1055/s-0035-1548832
https://doi.org/10.1590/s1807-59322011000800003
https://doi.org/10.1089/thy.2014.0287
https://doi.org/10.1089/thy.2014.0287
https://doi.org/10.1124/jpet.119.260471
https://doi.org/10.1093/cvr/cvp304
https://doi.org/10.1677/joe-08-0488
https://doi.org/10.3389/fendo.2019.00350
https://doi.org/10.4103/1735-5362.258490
https://doi.org/10.4103/1735-5362.258490
https://doi.org/10.1038/srep30990
https://doi.org/10.1210/en.2018-00053
https://doi.org/10.4137/STI.S39844
https://doi.org/10.1016/j.ajpath.2013.10.006
https://doi.org/10.1159/000497141
https://doi.org/10.1530/eje-16-0193
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Frohlich and Wahl

Thyroid Hormone Metabolites in COVID-19

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Gomes-Lima C, Wartofsky L, Burman K. Can Reverse T3 Assay be
Employed to Guide T4 Vs. T4/T3 Therapy in Hypothyroidism? Front
Endocrinol (2019) 10:856. doi: 10.3389/fend0.2019.00856

Kabadi UM. Serum T3 and Reverse T3 Concentrations: Indices of Metabolic
Control in Diabetes Mellitus. Diabetes Res (1986) 3:417-21.

Moura Neto A, Zantut-Wittmann DE. Abnormalities of Thyroid Hormone
Metabolism During Systemic Illness: The Low T3 Syndrome in Different
Clinical Settings. Int ] Endocrinol (2016) 2016:2157583. doi: 10.1155/2016/
2157583

Ruhla S, Arafat AM, Weickert MO, Osterhoff M, Isken F, Spranger J, et al.
T3/rT3-ratio is Associated With Insulin Resistance Independent of TSH.
Horm Metab Res (2011) 43:130-4. doi: 10.1055/s-0030-1267997

Martinez B, Ortiz RM. Thyroid Hormone Regulation and Insulin Resistance:
Insights From Animals Naturally Adapted to Fasting. Physiology (2017)
32:141-51. doi: 10.1152/physiol.00018.2016

Behringer V, Deimel C, Hohmann G, Negrey J, Schaebs FS, Deschner T.
Applications for Non-Invasive Thyroid Hormone Measurements in
Mammalian Ecology, Growth, and Maintenance. Horm Behav (2018)
105:66-85. doi: 10.1016/j.yhbeh.2018.07.011

Azizi F. Islamic Fasting and Thyroid Hormones. Int ] Endocrinol Metab
(2015) 13:29248. doi: 10.5812/ijem.13(2)2015.29248

Joffe R, Levitt A. Nutrition, Energy Metabolism, and Thyroid Hormones. In:
R Joffe and A Levitt, editors. The Thyroid Axis and Psychiatric Illness.
Washington: American Psychiatric Press Inc (1993).

Peeters RP, Wouters PJ, van Toor H, Kaptein E, Visser T], Van den Berghe
G. Serum 3,3’,5-Triiodothyronine (rT3) and 3,5,3-Triiodothyronine/rT3
are Prognostic Markers in Critically Ill Patients and are Associated With
Postmortem Tissue Deiodinase Activities. | Clin Endocrinol Metab (2005)
90:4559-65. doi: 10.1210/jc.2005-0535

Davis PJ, Lin HY, Hercbergs AA, Keating KA, Mousa SA. How Thyroid
Hormone Works Depends Upon Cell Type, Receptor Type, and Hormone
Analogue: Implications in Cancer Growth. Discovery Med (2019) 27:111-7.
Bartalena L, Brogioni S, Grasso L, Velluzzi F, Martino E. Relationship of the
Increased Serum Interleukin-6 Concentration to Changes of Thyroid
Function in Nonthyroidal Illness. J Endocrinol Invest (1994) 17:269-74.
doi: 10.1007/bf03348974

Wajner SM, Maia AL. New Insights Toward the Acute Non-Thyroidal
Illness Syndrome. Front Endocrinol (2012) 3:8. doi: 10.3389/fendo.2012.
00008

Ruppe MD, Huang SA, Jan de Beur SM. Consumptive Hypothyroidism
Caused by Paraneoplastic Production of Type 3 Iodothyronine Deiodinase.
Thyroid (2005) 15:1369-72. doi: 10.1089/thy.2005.15.1369

Gavin LA, Hammond ME, Castle JN, Cavalieri RR. 3,3’-Diiodothyronine
Production, a Major Pathway of Peripheral Iodothyronine Metabolism in
Man. J Clin Invest (1978) 61:1276-85. doi: 10.1172/jci109044

Weiss R, Refetoft S. Thyroid Function Testing. In: ] Jameson and L De Groot,
editors. Endocrinology: Adult and Pediatric. Philadelphia: Saunders (2010). p.
1444-92.

Goglia F. Biological Effects of 3,5-Diiodothyronine (T(2)). Biochem Biokhim
(2005) 70:164-72. doi: 10.1007/s10541-005-0097-0

Senese R, de Lange P, Petito G, Moreno M, Goglia F, Lanni A. 3,5-
Diiodothyronine: A Novel Thyroid Hormone Metabolite and Potent
Modulator of Energy Metabolism. Front Endocrinol (2018) 9:427.
doi: 10.3389/fendo.2018.00427

Pinna G, Meinhold H, Hiedra L, Thoma R, Hoell T, Grif KJ, et al. Elevated
3,5-Diiodothyronine Concentrations in the Sera of Patients With
Nonthyroidal Illnesses and Brain Tumors. J Clin Endocrinol Metab (1997)
82:1535-42. doi: 10.1210/jcem.82.5.3939

Damiano F, Rochira A, Gnoni A, Siculella L. Action of Thyroid Hormones, T3
and T2, on Hepatic Fatty Acids: Differences in Metabolic Effects and Molecular
Mechanisms. Int ] Mol Sci (2017) 18:744. doi: 10.3390/ijms18040744

Piehl S, Hoefig CS, Scanlan TS, Kohrle J. Thyronamines-Past, Present, and
Future. Endocr Rev (2011) 32:64-80. doi: 10.1210/er.2009-0040

Louzada RA, Carvalho DP. Similarities and Differences in the Peripheral
Actions of Thyroid Hormones and Their Metabolites. Front Endocrinol
(2018) 9:394. doi: 10.3389/fendo.2018.00394

Fernando R, Placzek E, Reese EA, Placzek AT, Schwartz S, Trierweiler A,
et al. Elevated Serum Tetrac in Graves Disease: Potential Pathogenic Role in

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Thyroid-Associated Ophthalmopathy. J Clin Endocrinol Metab (2017)
102:776-85. doi: 10.1210/jc.2016-2762

St. Germain D, Hernandez A. ] Jameson and L de Groot, editors.
Endocrinology: Adult and Pediatric, vol. 11 . Philadelphia: Elsevier Thyroid.
(2016). p. 1322-35.

Hercbergs A, Davis FB, Lin H-Y, Luidens MK, Meng R, Ashur-Fabian O,
et al. Integrin-Mediated Actions of Thyroid Hormone Analogues on Tumor
Cell Chemosensitivity, Integrin-Growth Factor Receptor Crosstalk and
Inflammatory Gene Expression. Cancer Clin Oncol (2012) 1:32-40.
doi: 10.5539/cco.vinlp32

Schmohl KA, Nelson PJ, Spitzweg C. Tetrac as an Anti-Angiogenic Agent in
Cancer. Endocr Relat Cancer (2019) 26:R287-304. doi: 10.1530/erc-19-0058
Chen YK, Lin CL, Chang Y], Cheng FT, Peng CL, Sung FC, et al. Cancer Risk
in Patients With Graves’ Disease: A Nationwide Cohort Study. Thyroid
(2013) 23:879-84. doi: 10.1089/thy.2012.0568

Moeller LC, Fuhrer D. Thyroid Hormone, Thyroid Hormone Receptors, and
Cancer: A Clinical Perspective. Endocr Relat Cancer (2013) 20:R19-29.
doi: 10.1530/erc-12-0219

Moore E, Moore L. Engine and Fuel: The Thyroid and Its Hormones. In: E
Moore and L Moore, editors. Graves Disease: A Practical Guide. Jefferson:
McFarland & Company Inc (2001).

Groeneweg S, Peeters RP, Visser TJ, Visser WE. Triiodothyroacetic Acid in
Health and Disease. ] Endocrinol (2017) 234:R99-R121. doi: 10.1530/joe-17-0113
Mahadevan S, Sadacharan D, Kannan S, Suryanarayanan A. Does Time of
Sampling or Food Intake Alter Thyroid Function Test? Indian ] Endocrinol
Metab (2017) 21:369-72. doi: 10.4103/ijem.JJEM_15_17

Hennessey JV, Espaillat R. Current Evidence for the Treatment of
Hypothyroidism With Levothyroxine/Levotriiodothyronine Combination
Therapy Versus Levothyroxine Monotherapy. Int J Clin Pract (2018) 72:
€13062. doi: 10.1111/ijcp.13062

Hoermann R, Midgley JEM, Larisch R, Dietrich JW. Functional and
Symptomatic Individuality in the Response to Levothyroxine Treatment.
Front Endocrinol (2019) 10:664. doi: 10.3389/fend0.2019.00664

Duntas LH, Jonklaas J. Levothyroxine Dose Adjustment to Optimise
Therapy Throughout a Patient’s Lifetime. Adv Ther (2019) 36:30-46.
doi: 10.1007/s12325-019-01078-2

Kansagra SM, McCudden CR, Willis MS. The Challenges and Complexities
of Thyroid Hormone Replacement. Lab Med (2010) 41:338-48. doi: 10.1309/
LMB39TH2FZGNDGIM

Ward LS. The Difficult Patient: Drug Interaction and the Influence of
Concomitant Diseases on the Treatment of Hypothyroidism. Arg Bras
Endocrinol Metabol (2010) 54:435-42. doi: 10.1590/s0004-27302010000500002
Biondi B, Wartofsky L. Treatment With Thyroid Hormone. Endocr Rev
(2014) 35:433-512. doi: 10.1210/er.2013-1083

Ichiki T. Thyroid Hormone and Vascular Remodeling. ] Atheroscler Thromb
(2016) 23:266-75. doi: 10.5551/jat.32755

Wiersinga WM, Duntas L, Fadeyev V, Nygaard B, Vanderpump MP. ETA
Guidelines: The Use of L-T4 + L-T3 in the Treatment of Hypothyroidism.
Eur Thyroid J (2012) 2012) 1:55-71. doi: 10.1159/000339444

Biondi B, Wartofsky L. Combination Treatment With T4 and T3: Toward
Personalized Replacement Therapy in Hypothyroidism? ] Clin Endocrinol
Metab (2012) 97:2256-71. doi: 10.1210/jc.2011-3399

Abdalla SM, Bianco AC. Defending Plasma T3 is a Biological Priority. Clin
Endocrinol (2014) 81:633-41. doi: 10.1111/cen.12538

Peterson SJ, Cappola AR, Castro MR, Dayan CM, Farwell AP, Hennessey JV,
et al. An Online Survey of Hypothyroid Patients Demonstrates Prominent
Dissatisfaction. Thyroid (2018) 28:707-21. doi: 10.1089/thy.2017.0681
Carle A, Faber ], Steffensen R, Laurberg P, Nygaard B. Hypothyroid Patients
Encoding Combined MCT10 and DIO2 Gene Polymorphisms May Prefer L-
T3 + L-T4 Combination Treatment - Data Using a Blind, Randomized,
Clinical Study. Eur Thyroid J (2017) 6:143-51. doi: 10.1159/000469709
Singh BK. Yen PM. A Clinician’s Guide to Understanding Resistance to Thyroid
Hormone Due to Receptor Mutations in the TRalpha and TRbeta Isoforms. Clin
Diabetes Endocrinol (2017) 3:8. doi: 10.1186/s40842-017-0046-z

Jonklaas J, Bianco AC, Cappola AR, Celi FS, Fliers E, Heuer H, et al.
Evidence-Based Use of Levothyroxine/Liothyronine Combinations in
Treating Hypothyroidism: A Consensus Document. Thyroid (2021)
31:156-82. doi: 10.1089/thy.2020.0720

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 587518


https://doi.org/10.3389/fendo.2019.00856
https://doi.org/10.1155/2016/2157583
https://doi.org/10.1155/2016/2157583
https://doi.org/10.1055/s-0030-1267997
https://doi.org/10.1152/physiol.00018.2016
https://doi.org/10.1016/j.yhbeh.2018.07.011
https://doi.org/10.5812/ijem.13(2)2015.29248
https://doi.org/10.1210/jc.2005-0535
https://doi.org/10.1007/bf03348974
https://doi.org/10.3389/fendo.2012.00008
https://doi.org/10.3389/fendo.2012.00008
https://doi.org/10.1089/thy.2005.15.1369
https://doi.org/10.1172/jci109044
https://doi.org/10.1007/s10541-005-0097-0
https://doi.org/10.3389/fendo.2018.00427
https://doi.org/10.1210/jcem.82.5.3939
https://doi.org/10.3390/ijms18040744
https://doi.org/10.1210/er.2009-0040
https://doi.org/10.3389/fendo.2018.00394
https://doi.org/10.1210/jc.2016-2762
https://doi.org/10.5539/cco.v1n1p32
https://doi.org/10.1530/erc-19-0058
https://doi.org/10.1089/thy.2012.0568
https://doi.org/10.1530/erc-12-0219
https://doi.org/10.1530/joe-17-0113
https://doi.org/10.4103/ijem.IJEM_15_17
https://doi.org/10.1111/ijcp.13062
https://doi.org/10.3389/fendo.2019.00664
https://doi.org/10.1007/s12325-019-01078-2
https://doi.org/10.1309/LMB39TH2FZGNDGIM
https://doi.org/10.1309/LMB39TH2FZGNDGIM
https://doi.org/10.1590/s0004-27302010000500002
https://doi.org/10.1210/er.2013-1083
https://doi.org/10.5551/jat.32755
https://doi.org/10.1159/000339444
https://doi.org/10.1210/jc.2011-3399
https://doi.org/10.1111/cen.12538
https://doi.org/10.1089/thy.2017.0681
https://doi.org/10.1159/000469709
https://doi.org/10.1186/s40842-017-0046-z
https://doi.org/10.1089/thy.2020.0720
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Frohlich and Wahl

Thyroid Hormone Metabolites in COVID-19

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Martin Gerdes A. Is There a Safe, Therapeutic Window for Thyroid
Hormone Therapy in Heart Failure? | Thyroid Disord Ther (2016) 6:1.
doi: 10.4172/2167-7948.1000e127

Razvi S. Novel Uses of Thyroid Hormones in Cardiovascular Conditions.
Endocrine (2019) 66:115-23. doi: 10.1007/s12020-019-02050-4

Madsen M, Smeds S, Lennquist S. Relationships Between Thyroid Hormone and
Catecholamines in Experimental Trauma. Acta Chir Scand (1986) 152:413-9.
Novitzky D, Mi Z, Sun Q, Collins JF, Cooper DK. Thyroid Hormone
Therapy in the Management of 63,593 Brain-Dead Organ Donors: A
Retrospective Analysis. Transplantation (2014) 98:1119-27. doi: 10.1097/
tp.0000000000000187

Chacon MM, Markin NW. Thyroid Hormone Replacement in Brain-Dead
Organ Donor: Should It be Standard of Care or is It Still Too Soon to Tell?
J Cardiothorac Vasc Anesth (2019) 33:1636-8. doi: 10.1053/j.jvca.2018.12.017
Holndonner-Kirst E, Nagy A, Czobor NR, Fazekas L, Dohan O, Kertai MD,
et al. The Impact of 1-Thyroxine Treatment of Donors and Recipients on
Postoperative Outcomes After Heart Transplantation. J Cardiothorac Vasc
Anesth (2019) 33:1629-35. doi: 10.1053/j.jvca.2018.10.024

Joseph B, Aziz H, Pandit V, Kulvatunyou N, Sadoun M, Tang A, et al.
Levothyroxine Therapy Before Brain Death Declaration Increases the
Number of Solid Organ Donations. J Trauma Acute Care Surg (2014)
76:1301-5. doi: 10.1097/ta.0000000000000184

Hercbergs A. Clinical Implications and Impact of Discovery of the Thyroid
Hormone Receptor on Integrin awvP3-a Review. Front Endocrinol (2019)
10:565. doi: 10.3389/fendo.2019.00565

Davis PJ, Hercbergs A, Luidens MK, Lin HY. Recurrence of Differentiated
Thyroid Carcinoma During Full TSH Suppression: Is the Tumor Now
Thyroid Hormone Dependent? Horm Cancer (2015) 6:7-12. doi: 10.1007/
§12672-014-0204-z

Chapital AD, Hendrick SR, Lloyd L, Pieper D. The Effects of
Triiodothyronine Augmentation on Antithrombin III Levels in Sepsis. Am
Surg (2001) 67:253-5. discussion 255-256.

Pantos C, Kostopanagiotou G, Armaganidis A, Trikas A, Tseti I, Mourouzis
1. Triiodothyronine for the Treatment of Critically Il Patients With COVID-
19 Infection: A Structured Summary of a Study Protocol for a Randomised
Controlled Trial. Trials (2020) 21:573. doi: 10.1186/s13063-020-04474-0
DeGroot LJ. The Non-Thyroidal Illness Syndrome. In: KR Feingold, B Anawalt,
A Boyce, G Chrousos, WW de Herder, K Dungan, A Grossman, J]M Hershman, ]
Hofland, G Kaltsas, C Koch, P Kopp, M Korbonits, R McLachlan, JE Morley, M
New, J Purnell, F Singer, CA Stratakis, DL Trence and DP Wilson, editors.
Endotext. South Dartmouth (MA: MDText.com, Inc (2000).

Davis PJ, Lin HY, Hercbergs A, Keating KA, Mousa SA. Coronaviruses and
Integrin awvP3: Does Thyroid Hormone Modify the Relationship? Endocr Res
(2020) 45:210-5. doi: 10.1080/07435800.2020.1767127

Pirahanchi Y, Toro F, Jialal I. Physiology, Thyroid Stimulating Hormone
(Tsh). In: Statpearls. Treasure Island (FL: StatPearls Publishing LLC (2020).
Raisi-Estabragh Z, McCracken C, Cooper J, Fung K, Paiva JM, Khanji MY,
et al. Adverse Cardiovascular Magnetic Resonance Phenotypes are
Associated With Greater Likelihood of Incident Coronavirus Disease 2019:
Findings From the UK Biobank. Aging Clin Exp Res (2021), 1-12.
doi: 10.1007/540520-021-01808-z

Bielecka-Dabrowa A, Mikhailidis DP, Rysz J, Banach M. The Mechanisms of
Atrial Fibrillation in Hyperthyroidism. Thyroid Res (2009) 2:4. doi: 10.1186/
1756-6614-2-4

Flory CM, Norris BJ, Larson NA, Coicou LG, Koniar BL, Mysz MA, et al. A
Preclinical Safety Study of Thyroid Hormone Instilled Into the Lungs of
Healthy Rats-an Investigational Therapy for ARDS. ] Pharmacol Exp Ther
(2021) 376:74-83. doi: 10.1124/jpet.120.000060

Bhargava M, Runyon MR, Smirnov D, Lei J, Groppoli TJ, Mariash CN, et al.
Triiodo-L-thyronine Rapidly Stimulates Alveolar Fluid Clearance in Normal
and Hyperoxia-Injured Lungs. Am ] Respir Crit Care Med (2008) 178:506—
12. doi: 10.1164/rccm.200709-14290C

Da Conceicao RR, Fernandes GW, Fonseca TL, Bocco B, Bianco AC. Metal
Coordinated Poly-Zinc-Liothyronine Provides Stable Circulating
Triiodothyronine Levels in Hypothyroid Rats. Thyroid (2018) 28:1425-33.
doi: 10.1089/thy.2018.0205

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Santini F, Giannetti M, Ricco I, Querci G, Saponati G, Bokor D, et al. Steady-
State Serum T3 Concentrations for 48 Hours Following the Oral
Administration of a Single Dose of 3,5,3’-Triiodothyronine Sulfate (T3s).
Endocr Pract (2014) 20:680-9. doi: 10.4158/ep13331.0r

Fitzgerald SP, Bean NG, Falhammar H, Tuke J. Clinical Parameters are More
Likely to be Associated With Thyroid Hormone Levels Than With
Thyrotropin Levels: A Systematic Review and Meta-Analysis. Thyroid
(2020) 30:695-1709. doi: 10.1089/thy.2019.0535

Huang SA, Tu HM, Harney JW, Venihaki M, Butte AJ, Kozakewich HP, et al.
Severe Hypothyroidism Caused by Type 3 Iodothyronine Deiodinase in
Infantile Hemangiomas. N Engl ] Med (2000) 343:185-9. doi: 10.1056/
nejm200007203430305

Cetinkaya S, Kendirci HN, Agladioglu SY, Bas VN, Ozdemir S, Bozkurt C,
et al. Hypothyroidism Due to Hepatic Hemangioendothelioma: A Case
Report. J Clin Res Pediatr Endocrinol (2010) 2:126-30. doi: 10.4274/
jerpe.v2i3.126

Mo JQ, Dimashkieh HH, Bove KE. GLUT1 Endothelial Reactivity
Distinguishes Hepatic Infantile Hemangioma From Congenital Hepatic
Vascular Malformation With Associated Capillary Proliferation. Hum
Pathol (2004) 35:200-9. doi: 10.1016/j.humpath.2003.09.017

Kowalik MA, Columbano A, Perra A. Thyroid Hormones, Thyromimetics
and Their Metabolites in the Treatment of Liver Disease. Front Endocrinol
(2018) 9:382. doi: 10.3389/fend0.2018.00382

Kohrle J, Lehmphul I, Pietzner M, Renko K, Rijntjes E, Richards K, et al. 3,5-
T2-A Janus-Faced Thyroid Hormone Metabolite Exerts Both Canonical T3-
Mimetic Endocrine and Intracrine Hepatic Action. Front Endocrinol (2019)
10:787. doi: 10.3389/fendo.2019.00787

Hernandez A. 3,5-diiodo-L-thyronine (t2) in Dietary Supplements: What are
the Physiological Effects? Endocrinology (2015) 156:5-7. doi: 10.1210/
en.2014-1933

Mondal S, Mugesh G. Novel Thyroid Hormone Analogues, Enzyme
Inhibitors and Mimetics, and Their Action. Mol Cell Endocrinol (2017)
458:91-104. doi: 10.1016/j.mce.2017.04.006

Elbers LP, Kastelein JJ, Sjouke B. Thyroid Hormone Mimetics: The Past,
Current Status and Future Challenges. Curr Atheroscler Rep (2016) 18:14.
doi: 10.1007/s11883-016-0564-7

Zucchi R, Accorroni A, Chiellini G. Update on 3-Iodothyronamine and Its
Neurological and Metabolic Actions. Front Physiol (2014) 5:402.
doi: 10.3389/fphys.2014.00402

Moreno M, Lanni A, Lombardi A, Goglia F. How the Thyroid Controls
Metabolism in the Rat: Different Roles for Triiodothyronine and
Diiodothyronines. ] Physiol (1997) 505(Pt 2):529-38. doi: 10.1111/j.1469-
7793.1997.529bb.x

Cohen-Lehman J, Charitou MM, Klein I. Tiratricol-Induced Periodic
Paralysis: A Review of Nutraceuticals Affecting Thyroid Function. Endocr
Pract (2011) 17:610-5. doi: 10.4158/ep10137.Ra

Davis P, Mousa S. Anti-Cancer and Anti-Angiogenic Properties of nano-
Diamino-Tetrac, a Thyroid Hormone Derivative. In: S Mousa, R Bawa and G
Audette, editors. The Road From Nanomedicine to Precision Medicine. New
York: Jenny Stanford Publishing (2020).

Raparti G, Jain S, Ramteke K, Murthy M, Ghanghas R, Ramanand S, et al.
Selective Thyroid Hormone Receptor Modulators. Indian ] Endocrinol
Metab (2013) 17:211-8. doi: 10.4103/2230-8210.109663

Paravati S, Warrington S. Physiology, Catecholamines. In: [Internet] s.
Treasure Island: StatPearls Publishing (2020).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Frohlich and Wahl. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

20

April 2021 | Volume 12 | Article 587518


https://doi.org/10.4172/2167-7948.1000e127
https://doi.org/10.1007/s12020-019-02050-4
https://doi.org/10.1097/tp.0000000000000187
https://doi.org/10.1097/tp.0000000000000187
https://doi.org/10.1053/j.jvca.2018.12.017
https://doi.org/10.1053/j.jvca.2018.10.024
https://doi.org/10.1097/ta.0000000000000184
https://doi.org/10.3389/fendo.2019.00565
https://doi.org/10.1007/s12672-014-0204-z
https://doi.org/10.1007/s12672-014-0204-z
https://doi.org/10.1186/s13063-020-04474-0
https://doi.org/10.1080/07435800.2020.1767127
https://doi.org/10.1007/s40520-021-01808-z
https://doi.org/10.1186/1756-6614-2-4
https://doi.org/10.1186/1756-6614-2-4
https://doi.org/10.1124/jpet.120.000060
https://doi.org/10.1164/rccm.200709-1429OC
https://doi.org/10.1089/thy.2018.0205
https://doi.org/10.4158/ep13331.Or
https://doi.org/10.1089/thy.2019.0535
https://doi.org/10.1056/nejm200007203430305
https://doi.org/10.1056/nejm200007203430305
https://doi.org/10.4274/jcrpe.v2i3.126
https://doi.org/10.4274/jcrpe.v2i3.126
https://doi.org/10.1016/j.humpath.2003.09.017
https://doi.org/10.3389/fendo.2018.00382
https://doi.org/10.3389/fendo.2019.00787
https://doi.org/10.1210/en.2014-1933
https://doi.org/10.1210/en.2014-1933
https://doi.org/10.1016/j.mce.2017.04.006
https://doi.org/10.1007/s11883-016-0564-7
https://doi.org/10.3389/fphys.2014.00402
https://doi.org/10.1111/j.1469-7793.1997.529bb.x
https://doi.org/10.1111/j.1469-7793.1997.529bb.x
https://doi.org/10.4158/ep10137.Ra
https://doi.org/10.4103/2230-8210.109663
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Physiological Role and Use of Thyroid Hormone Metabolites - Potential Utility in COVID-19 Patients
	Introduction
	Blood Transport, Metabolisation, Cellular Uptake, and Cellular Effects of TH
	Production and Blood Levels
	Transport in Blood by TH Distributor Proteins
	Membrane Transporters
	Deiodinases
	Mechanisms of Cellular Action by TH

	Relationship of SARS-CoV-2 and Thyroid
	Influence of COVID-19 on TH Levels
	Common Targets of SARS-CoV-2 and TH
	Effects of SARS-CoV-2
	Effects of TH


	Biological Effects of Metabolisation Products of TH
	Detection of Metabolisation Products
	Reverse T3
	3,5 Diiodothyronine (3,5-T2)
	Thyronamines
	Thyroacetic Acids (Tetraiodoacetic and Triiodoacetic Acid)

	Medical Uses of Iodothyronines, Thyroamines, and Iodoacetates
	Use of L-T4 and L-T3
	Use of 3,5 T2
	Use of Thyroamines
	Use of Thyroacetic Acids

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


