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Abstract

Introduction—Mutations and single nucleotide polymorphisms (SNPs) in the genes encoding 

the network of proteins involved in thyroid hormone signaling (TH) may have implications for the 

effectiveness of the treatment of hypothyroidism with LT4. It is conceivable that loss-of-function 

mutations or SNPs impair the ability of LT4 to be activated to T3, reach its targets, and ultimately 

resolve symptoms of hypothyroidism. Some of these patients do benefit from therapy containing 

LT4 and LT3.

Methods—Here, we reviewed the PubMed and examined gene mutations and SNPs in the TH 

cellular transporters, deiodinases, and TH receptors, along with their impact on TH signaling, and 

potential clinical implications.

Results—In some mechanisms, such as the Thr92Ala-DIO2 SNP, there is a compelling rationale 

for reduced T4 to T3 activation that limits the effectiveness of LT4 to restore euthyroidism. 

In other mechanisms, a potential case can be made but more studies with a larger number of 

individuals are needed.

Discussion/Conclusion—Understanding the clinical impact of the genetic makeup of LT4-

treated patients may help in the preemptive identification of those individuals that would benefit 

from therapy containing LT3.
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Introduction

The rationale for the treatment of hypothyroidism with L-thyroxine (LT4) monotherapy is 

that thyroxine (T4) is converted to the biologically active 3,5,3’-triiodothyronine (T3) by the 

deiodinases (DIO), restoring thyroid hormone (TH) economy and TH signaling throughout 

the body [1]. Nonetheless, the findings (i) that LT4 exhibits variable effectiveness in 

restoring clinical and biochemical euthyroidism [2–4], (ii) that Thr92Ala-DIO2 is associated 

with increased Body Mass Index (BMI) and relative insulin resistance in obese Caucasians 

[5], and with reduced quality of life and positive response to therapy for hypothyroidism 

containing LT4 + LT3 [6], put that rationale in check. Is it possible that single nucleotide 

polymorphisms (SNPs) in genes involved in TH signaling play a role in the variable 

effectiveness of treatment with LT4?

Here we review the impact of SNPs on several genes involved in TH signaling and 

the treatment of hypothyroidism. We searched PubMed using the following keywords: 

“deiodinase gene polymorphism”, “thyroid hormone receptor gene polymorphism”, “gene 

polymorphism”, and “thyroid hormone signaling”.

Thyroid hormone signaling

T3 is the biologically active TH, the molecule that interacts with the highest affinity to the 

TH receptors (TRs). Most T3 originates from the conversion of T4 (prohormone) to T3 that 

takes place outside the thyroid gland. A smaller portion (~20% in humans) of T3 is secreted 

directly by the thyroid gland. Most T4 and T3 circulate in the blood linked to “transport” 

proteins, and only the free hormone enters cells and triggers biological effects. Both T4 and 

T3 enter target cells via specific membrane transporters. These transporters are abundant 

(and redundant) but may be limiting for TH action in tissues such as the brain. Their 

expression is cell-specific, as well as their transport specificity, e.g. MCT8 preferentially 

transports T4 while MCT10 prefers T3 [7].

Once inside the cells, TH can be metabolized by two activating deiodinase pathways, the 

types I (D1) and II (D2) deiodinases, which mediate the conversion of T4 to T3, and 

an inactivating pathway, the type III deiodinase (D3), which inactivates TH (producing 

reverse T3 (from T4) and T2 (from T3)). D1 is inserted in the plasma membrane, hence 

T3 produced via D1 equilibrates rapidly with plasma. In contrast, D2 is present in the 

endoplasmic reticulum (ER), closely associated with the cell nucleus. D2-generated T3 

remains within the cell for several hours, eventually binding to nuclear TRs and triggering 

biological effects; nonetheless, the D2 pathway is the main source of circulating T3 in 

normal individuals: ~65% of the extra-thyroidally produced T3 is contributed by D2 and the 

rest by D1 [7]. D3 is unique, in that it is located in the plasma membrane but undergoes 

constant internalization and recycling between the plasma membrane and early endosomes 

[8, 9]. In contrast to D2, the expression of D3 is thought to reduce TH signaling in a 

cell-specific fashion [10–12].

The regulation of T3-responsive genes occurs through mechanisms that involve histone 

modification [13]. TRs are bound to specific DNA sequences known as TH-responsive 
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elements (TREs). In the absence of T3, TRs attract transcriptional co-repressors, silencing 

gene transcription. Upon T3 binding, T3-TRs activate gene transcription by releasing co-

repressor and attracting transcriptional co-activators. Less is known about the suppression of 

gene expression by T3. There is also evidence that T4 can trigger some biological effects via 

non-genomic actions [14], and some of the mechanistic details have been worked out for the 

cardiovascular system [15].

In summary, TH signaling depends on the integrity and function of several proteins that 

cooperate to elicit TH actions. Understandably, gain- or loss-of-function modifications in 

the genes encoding any of these proteins may affect TH action with substantial clinical 

consequences for patients that are being treated for hypothyroidism.

Gene polymorphisms

A gene mutation is defined as any abnormal change in a DNA sequence, present in less 

than 1% of the population. A SNP is defined as a common variation in a DNA sequence, 

where the least common allele has a frequency of >1% [16]. Whereas many mutations 

have clear-cut clinical consequences, some of the findings obtained with SNPs might not be 

reproduced across different populations, raising the possibility that the phenotypic impact 

of SNPs may vary according to the genetic background of the population studied. Indeed, 

that mutations and SNPs can cause an array of phenotypic effects is well known, and these 

effects can be modulated by the environment and by other genes in the genome (the genetic 

background), and that interactions among mutations can also be heavily dependent on the 

genetic background in which they are studied [17–19].

Knowledge about mutations and SNPs is relevant to patients under treatment for 

hypothyroidism because they may potentially reduce the effectiveness of LT4 [20, 21]. 

This is particularly true if one considers that athyreotic patients appropriately treated with 

LT4 may have a deficiency of T3 [22], and that this deficiency becomes more prevalent 

when these patients carry a specific SNP in the DIO2 gene [23]. In this regard, many 

LT4-treated patients exhibit a relative deficiency of T3, i.e. upon normalization of serum 

TSH the T3/T4 ratio is lower than normal. What is more important is that ~15% of the 

LT4-treated patients exhibit an absolute deficiency of T3, with circulating values below the 

normal reference range despite normalization of serum TSH [21, 22]. This is explained by 

insufficient/absent thyroidal secretion of T3 and an imbalance between D2-generated T3 

in the hypothalamus-pituitary unit versus D2-generated T3 in the tissues that contribute 

to the T3 in the circulation [20, 24]. Thus, combined with the T3 deficiency, any further 

impairment in TH signaling (such as caused by a gene mutation or critical SNPs) may tilt 

the balance between clinical euthyroidism and residual symptoms [25].

Thyroid hormone transporters

Different proteins can carry THs through cell membranes. Some of these proteins include 

monocarboxylate transporters (MCT), organic anion transporter polypeptides (OATP), 

large neutral amino acid transporters (LAT), and the sodium/taurocholate co-transporting 

polypeptide (SLC10A1, also known as NTCP) [26]. These transporters have different 
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specificities for T3 and T4 (in the uM range), however, the total concentration of THs 

in tissues is much lower (nM) and, due to binding to high-capacity low-affinity cytoplasmic 

proteins, the concentration of free T3 and free T4 is even lower (pM) (reviewed extensively 

elsewhere [27]). In other words, TH transporters are not working at their full capacity. 

Moreover, TH transporters are generally expressed in abundance and exhibit a great deal of 

redundancy. For example, some cells may express up to 16 cell membrane TH transporters 

[28, 29], and in many cases, no single one plays a dominant role.

T4 needs to get into cells to be activated to T3 by the deiodinases. Circulating T3 also 

needs to get into cells before reaching the cell nucleus and triggering biological effects. 

Given that LT4-treated patients have a relative (in 15% it is absolute) deficiency of T3, 

any further impairments in the mechanisms that trigger T3 effects may compromise the 

effectiveness of treatment with LT4. Several studies have attempted to assess whether SNPs 

in TH transporters may affect plasma TH levels [28, 30–32] or to find an association with 

cognitive phenotypes or clinical outcomes [31, 33, 34]. However, results have not been 

universally reproduced, so it has been difficult to conclude the physiological significance 

of most of these genomic variations. Below is a summary of the main genomic alterations 

identified in the different TH transporters families.

MCT

MCTs transport monocarboxylates (e.g., pyruvate, lactate, ketone bodies) [35]. Two 

members of this family act as TH transporters: MCT8 and MCT10 (encoded by SLC16A2 
and SLC16A10, respectively).

MCT8 is highly specific for T4 and T3 transport but also transports rT3 and T2. Given 

the importance of MCT8 in the brain, loss-of-function mutations in SLC16A2 result in 

severe psychomotor impairment and elevated serum T3 levels, a condition known as the 

Allan-Herndon-Dudley syndrome (AHDS) [36, 37]. SLC16A2 mutations are distributed 

throughout the coding region, mainly in the transmembrane domains [38]. As mutations 

are less common in the extracellular and intracellular loops, missense mutations in these 

domains likely result in a milder phenotype, escaping detection [38, 39]. SLC16A2 gene 

mutations range from single nucleotide substitutions to large deletions involving one or 

more exons, disrupting MCT8 synthesis and its function. For example, the single nucleotide 

deletion c.1212delT leads to a premature stop codon in position 416 that results in a 

non-functional protein [36]. In other cases, the mutation results in impaired trafficking into 

the membrane and/or decreases its affinity for TH [40, 41]. Since mutations in the SLC16A2 
gene have such profound effects, the question arises whether small changes in the SLC16A2 
gene may affect transport activity as well. Only three studies exist on the relationship 

between SLC16A2 polymorphic variants and serum TH levels [28, 31, 32]. The variant 

rs6647476 is not associated with serum TH levels, MCT8 mRNA levels, or TH-responsive 

genes in white blood cells. Conversely, the variant rs5937843 is associated with lower free 

T4 in heterozygous males but not in the homozygous female [28] in the same population.

MCT10 is a transporter of aromatic amino acids (e.g., tyrosine and tryptophan) and 

also transports T3 and T4. Compared with MCT8, MCT10 is slightly more efficient 
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at transporting T3 and less efficient at T4 transport [42]. Considering its broad tissue 

distribution (intestine, kidney, liver, heart, skeletal muscle, and placenta) [43], it is 

conceivable that mutations or SNPs in SLC16A10 may influence circulating TH levels and 

TH signaling [44]. However, a compilation of studies that analyzed the association of plasma 

TH levels and SLC16A10 SNPs showed inconsistent results. In healthy individuals, the 

variant rs14399 (in the 3’-UTR region of the SLC16A10 gene) and the variant rs14399 

[31] are not associated with serum TH levels, and the variant rs17606253 exhibit a 

weak association with abnormal FT4 serum levels [45]. In athyreotic patients receiving 

levothyroxine (LT4) treatment, the variant rs17606253 does not affect the plasma fT3 levels.

The clinical relevance of these polymorphisms is unclear. There is only one study 

associating some of these polymorphisms with possible cognitive phenotypes and suggests 

an influence on cognitive domains such as attention, alertness, and planning (SLC16A2 
rs5937843 and rs6647476) and nonverbal reasoning abilities (SLC16A10 rs14399) [33], 

unfortunately, in this study, the TH levels were not studied.

OATP

OATPs transport amphipathic organic compounds (e.g., steroids, bile salts). Among the 

~40 OATPs identified, 8 human and 14 mouse proteins are active in TH transport in vitro 

[46], but in humans, their expression is generally very low. Virtually all OATPs transport 

numerous substrates except for OATP1C1. OATP1C1 in humans is mainly expressed in 

the blood-brain-barrier and transports T3, rT3, T4, and T4 sulfate with high specificity 

[47, 48]. Its clinical relevance is well illustrated in a case of a 15-year-old patient 

harboring a missense mutation (D252N) who exhibited progressive neurodegeneration and 

hypometabolism [49].

Several studies have examined human polymorphisms in OATP1C1. In patients with 

primary autoimmune hypothyroidism on LT4 treatment [50], the variants rs10770704 and 

rs10444412 are associated with fatigue and depression but not the variant rs36010656. 

However, no association with neurocognitive functioning or preference for combined LT4–

LT3 therapy was found. In another study of patients with acute myocardial infarction [51], 

four OATP1C1 variants were studied: rs10444412, rs10770704, rs1515777, and rs974453. 

Only the homozygous rs1515777 was associated with a decrease in circulating FT3 and the 

ratio FT3/FT4. The wild-type OATP1C1 rs974453 has been associated with a higher odds 

ratio of symptoms of depression [52] and worst outcomes after ischemic stroke [53].

From the OATP1 family, the transporters OATP1A2, OATP1B1, and OATP1B3 also exhibit 

high affinity for T3 and T4 (similar to MCT8). However, its low specificity questions its 

physiological role in TH transport. Several studies have explored polymorphisms in these 

genes and their effect on plasma TH levels. OATP1A2 is expressed in the liver, brain, and 

kidney [54, 55]. The OATP1A2-Ile13Thr polymorphism is associated with higher plasma 

T3 levels in two different studies on healthy individuals [56, 57], but not the OATP1A2-

Glu172Asp. However, both polymorphisms exhibited decreased TH transport in vitro [56, 

58, 59].
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OATP1B1 and OATP1B3 are expressed in the liver [60, 61], and albeit with very low 

specificity [46], they preferentially transport iodothyronine sulfates T4S, T3S, and rT3S 

exhibiting limited transport of nonsulfated T4, T3, and rT3 [62]. While polymorphisms in 

these genes have been extensively studied in the context of drug response [58, 63], only 

two studies associated the OATP1B1-Val174Ala (rs4149056) with higher T4S levels in 

healthy individuals [32] as a consequence of a ~40% decreased function of the transporter. 

The OATP1B3-Ser112Ala and -Met233Ile polymorphisms show no association with serum 

thyroid parameters [32].

SLC17

The SLC17 family are organic anion transporters. Currently, the SLC17A4 is the only 

member shown to transport TH and play a role in plasma TH level. One study that used 

genome-wide association analysis (GWAS) [30] identified SNPs in this gene and found that 

the SLC17A4 variants rs9356988 and rs137964359 are associated with changes in plasma 

FT4 levels. Further in vitro studies confirmed that the SLC17A4 encodes a new high-affinity 

T3 and T4 transporter.

No studies to date have been conducted to link SNPs in the family of the liver 

Na/taurocholate cotransporter, commonly known as NTCP, nor the L-type amino acid 

transporters (LAT1 and LAT2), to alterations in plasma TH levels or in their capacity 

to transport TH. Nonetheless, there are TH transporters in these families that are 

clinically relevant. For instance, there is suggestive evidence of individual vulnerability to 

schizophrenia related to the LAT1 SNP rs9936204 [64]. Another example is the mutations 

in the SLC10A1 gene, which encodes the Na +/taurocholate co-transporting polypeptide 

(NTCP), and in the SLC7A5 gene, which encodes the light chain of LAT1 [44]. Two distinct 

SLC7A5 mutations have been identified, resulting in decreased LAT1-mediated leucine 

transport. These mutations have been observed in patients with autism spectrum disorder, as 

well as delays in motor coordination and cognitive skills development. However, the impact 

of these mutations on TH transport remains to be elucidated [44].

TH deiodination

Studies in mice with targeted inactivation of the activating deiodinase genes revealed that 

deiodinase defects can be compensated for by changes in thyroidal secretion of T3. As a 

result, serum T3 levels remain unaffected, even if all three deiodinases have been inactivated 

[65, 66]. Therefore, it is likely that a substantial number of individuals with defects in 

deiodinases exist which remain well compensated for by adjustments in the thyroid secretion 

of T3. Nonetheless, these defects may become clinically relevant once these individuals 

develop hypothyroidism (and the ability of the thyroid gland to compensate is diminished 

or eliminated) and are treated with LT4. In the absence of a healthy thyroid gland, T3 

homeostasis depends solely on the functionality of the deiodinases. Thus, any impairment 

in deiodinase function (e.g. loss-of-function SNPs or mutations) can compromise the 

effectiveness of treatment with LT4.
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Deiodinases are selenoproteins, and as such they require a specialized pathway that 

directs the incorporation of selenocysteine into the nascent selenoprotein [67]. A key 

protein involved in this pathway is the selenocysteine insertion sequence-binding protein 

2 (SECISBP2), the mutation of which can compromise the synthesis of all selenoproteins, 

including the three deiodinases [68]. Several pathogenic variants of SECISBP2 have been 

identified, including the homozygous variant p.Arg128Ter, which leads to early termination 

of protein synthesis [69], variants p.Arg120Ter and p.Arg770Ter [70], respectively a frame-

shift variant causing a premature stop codon at amino acid 255, and a splicing defect 

resulting in the incorporation of additional intronic sequences between exon 6 and 7 in 

the other allele; and heterozygosity for the missense variant p.Cys691Arg [71]. Many 

other SECISBP2 mutations have been identified [72–74], all impacting TH metabolism to 

different degrees.

In addition to the pathway involved in selenoprotein synthesis, mutations and SNPs with 

potential impact on therapy with LT4 have been described for the three deiodinases.

DIO1

A common theme in mouse models of natural Dio1 deficiency or targeted Dio1 inactivation 

is the elevation in serum rT3 levels [65, 66]. This knowledge led to the recent identification 

of individuals that carry (loss-of-function) pathogenic missense variants (p.Asn94Lys 

and p.Met201Ile) in DIO1 [75]. Whereas loss-of-function mutations in DIO1 can be 

compensated for by increased thyroid secretion of T3, this mechanism is absent in patients 

with hypothyroidism. While DIO1 mutations seem to be rare, DIO1 SNPs have been 

identified and also found to be associated with alterations in the free T3 to free T4 ratio 

[76]. The C-allele in this SNP correlated with increased D1 function, resulting in elevated 

free T3/T4 ratio and free T3 levels, as well as decreased free T4 and rT3 levels. Notably, 

another rs12095080 SNP in the DIO1 gene was linked to a higher risk of cardiac mortality 

following acute myocardial infarction (OR=3.97; 95% CI.=1.45–10.89; P=0.005), although 

it is not clear that this is connected with TH homeostasis [77]. Notably, in a prospective 

observational study, 196 LT4-treated hypothyroid subjects were assessed at baseline for 

well-being and common deiodinase SNPs. The minor genotypes of a few DIO1 SNPs 

(rs11206244, rs2294512, and rs4926616) were associated with reduced psychological well-

being, but not those for DIO2 or DIO3 [78].

These findings are reminiscent of the observations that the DIO1 rs11206244 genotype was 

associated with lifetime major depression in white female subjects, in particular those from 

high-risk cohorts [79]. Along the same lines, after 168 patients were genotyped for ten 

DIO1–3 and OATP1C1 SNPs, the major allelic (wild-type) DIO1-rs12095080 genotype 

(AA) was found to be associated with a higher odds ratio of anxiety symptoms (OR 

= 5.16; 95% CI: 1.04–25.58; p = 0.045), but the DIO1-rs11206244 wild-type genotype 

(CC) and wild-type OATP1C1-rs1515777 allele containing the genotypes (AA + AG) were 

associated with a lower odds ratio of symptoms of anxiety (OR = 0.37; 95% CI: 0.14–0.96; 

p = 0.041 and OR = 0.30; 95% CI: 0.12–0.76; p = 0.011, respectively). The wild-type 

OATP1C1-rs974453 genotype (GG) was associated with a higher odds ratio of symptoms of 

depression (OR = 2.73; 95% CI: 1.04–7.12; p = 0.041). These findings support the idea that 
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SNPs in TH transporters and deiodinases may play a role in the effectiveness of treatment 

for hypothyroidism. Conversely, one other study failed to identify a correlation between 

variants of the DIO1 gene, which affect TH levels and DIO3 SNPs, with recurrent depressive 

disorders [80].

It is straightforward to appreciate how loss-of-function mutations and SNPs in DIO1 

can compromise T3 production in LT4-treated patients, and contribute to a relative or 

absolute deficiency of T3. In addition, such genetic modifications in DIO1 may also explain 

anecdotal reports that the T3/rT3 ratio could be used to assess the effectiveness of therapy 

with LT4. Given that rT3 is cleared from the circulation via D1, any impairment in D1 

activity can result in an accumulation of circulating rT3, decreasing further the T3/rT3 ratio.

Notably, the genetically-based variability in deiodinase genes may also play a role in the 

clinical effectiveness of LT3 when given as an adjuvant to antidepressant drugs. The use of 

antidepressants over 8 weeks in 64 patients treated with sertraline plus T3 or plus placebo 

was followed by a questionnaire. Among SNPs in DIO1 (DIO1-C785T, DIO1-A1814G) 

and DIO2 (DIO2-Thr92Ala and DIO2-ORFa-Gly3Asp), only the DIO1-785T genotype 

was associated with the efficacy of LT3 supplementation (DIO1 DIO1-785T has reduced 

activity) [81].

DIO2

D2 is a key enzyme to be considered in the treatment of hypothyroidism given that in 

LT4-treated patients, ~80% of the serum T3 is derived from the D2 pathway [82]. The 

Thr92Ala-DIO2 SNP (rs225014) is relatively common, with at least one allele present in 

~45% of the population [16]. This SNP has been associated with various clinical syndromes, 

including increased BMI and relative insulin resistance [83], hypertension, type 2 diabetes, 

mental disorders, lung injury, bone remodeling, and autoimmune thyroid disease. However, 

its prominence in the management of hypothyroidism came from a possible link with the 

effectiveness of therapy with LT4 and responsiveness to LT4+LT3 [6] (As mentioned earlier, 

these associations have not been consistently replicated in all population studies [16]).

D2 is an ER-resident protein with a relatively short half-life due to ubiquitination 

and subsequent proteasomal degradation. D2 is normally a cargo protein in ER Golgi 

intermediary compartment (ERGIC) vesicles, recycling between ER and Golgi. This 

characteristic is attributed to a unique 18-residue loop that facilitates binding to two 

ubiquitin ligases [7]. In contrast, Ala-D2 exhibits a reduction in its catalytic activity, 

has a longer half-life, and is ectopically present in the Golgi apparatus [84, 85]. Ala-D2 

expression caused ER stress and activates the unfolded protein response (UPR). Ala92-D2 

accumulated in the trans-Golgi. The latter could explain why African American carriers of 

the Thr92AlaD2 polymorphism have been found at higher risk of developing Alzheimer’s 

disease [86].

An important finding that helped in the understanding of the Thr92Ala-DIO2 SNP was 

that Ala-D2 is 20–40% less catalytically active [23, 85]. The immediate consequence of 

these findings is that TH signaling may be compromised in LT4-treated patients carriers of 
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the SNP. This defect in TH signaling could be systemic (given that serum T3 levels were 

reported to be lower in carriers of the Thr92Ala-DIO2 SNP) [23] or localized, in tissues that 

depend on locally generated T3 via D2 (such as the brain).

An Ala-Dio2 SNP-carrying mouse was created to assess the impact of this SNP on therapy 

with LT4 [85]. The mouse refrained from physical activity, slept more, and required 

additional time to memorize objects. Indeed, the Ala-Dio2 SNP-carrying mouse exhibited 

UPR and hypothyroidism in distinct brain areas [85]. Enhancing T3 signaling in the brain 

with LT3 improved cognition, whereas restoring proteostasis with the chemical chaperone 

4-PBA eliminated the Ala-Dio2 phenotype. In contrast, primary hypothyroidism intensified 

the Ala92-Dio2 phenotype, with only partial response to LT4 therapy. Disruption of cellular 

proteostasis and reduced Ala92-D2 activity may help explain the failure of LT4 therapy in 

patients with hypothyroidism that carry the Thr92Ala-DIO2 allele [85].

Subsequent studies with the Ala-Dio2 SNP-carrying mouse revealed that a more severe 

impairment in cognition was found in female mice, and in older male mice (7–8-month-old), 

which extended to different aspects of declarative and working memories. There were no 

structural alterations in the prefrontal cortex (PFC) and hippocampus of the Thr92Ala-Dio2 

mouse. Nonetheless, in both male and female PFC, there was an enrichment in genes 

associated with TH-dependent processes, ER stress, and Golgi apparatus, while in the 

hippocampus there was additional enrichment in genes associated with inflammation and 

apoptosis. Reduced TH signaling remains a key mechanism of disease given that short-term 

treatment with L-T3 rescued the cognitive phenotype observed in males and females. Thus, 

female sex and age seem to be additional risk factors for cognitive impairment associated 

with the Thr92Ala-DIO2 polymorphism. In addition to reduced TH signaling, ER stress, 

and involvement of the Golgi apparatus, hippocampal inflammation, and apoptosis were 

identified as potentially important mechanisms of disease [87].

Although not universally reproduced [88], it is intriguing that carriers of the Thr92Ala-DIO2 

SNP exhibit clinical improvement when LT3 is added to LT4 therapy [6]. This seems 

to be particularly true for patients that exhibit residual symptoms while on therapy with 

LT4 [89], or when an association with the MCT10 SNP rs17606253 was also considered 

[90]. Residual clinical manifestations of hypothyroidism include higher BMI, increased use 

of beta-blockers, statins, or antidepressant medications, and lower energy expenditure, in 

addition to reports of difficulty controlling weight, fatigue or low energy levels, and mood 

problems and memory [91]. These manifestations could be explained at least in part by 

an incomplete normalization of T3 signaling in LT4-treated patients, but more studies are 

needed.

New exciting evidence suggests that previous inconsistent results on the effect of Thr92Ala-

DIO2 SNP could have been due to low statistical power. When anxiety and depression 

scores were assessed in 52,609 individuals (6, 906 with the Thr92Ala substitution), of 

whom 1569 had a history of LT4 use (194 with the Thr92Ala substitution), the Thr92Ala 

substitution was present in 13% of the population and was not associated with increased 

scores in individuals not on LT4. After all the necessary adjustments, individuals on LT4 

who were non-homozygous for Thr92Ala were 22% more likely than those not on LT4 to 
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reach the threshold for anxiety caseness, while homozygous individuals were 208% more 

likely. The authors concluded that individuals homozygous for DIO2 Thr92Ala on LT4 have 

significantly reduced quality of life compared to those non-homozygous, but there is no 

effect in the absence of LT4. Since individuals are not aware of their genotype, this provides 

strong objective evidence for a biological basis for the persistence of symptoms in some 

individuals on LT4 [92].

DIO3

DIO3 is an imprinted gene in humans and could be involved in the pathogenesis of the 

syndrome linked to the uniparental disomy of chromosome 14 (Temple and Kagami-Ogata 

syndromes). Notably, DIO3 imprinting may be variable as it was found to be paternally 

imprinted in neonatal skin, whereas in adult skin, the allele preferentially expressed is 

inherited from the mother [93]. DIO3 is relevant for the treatment of hypothyroidism, 

given that mood and cognitive functions are affected by TH signaling, and that DIO3 is 

highly expressed in neurons and limits the TH actions in the brain [94, 95]. Thus, it is 

straightforward to conceive a scenario in which SNPs that affect D3 activity could modulate 

the effectiveness of the treatment of hypothyroidism. Unfortunately, to our knowledge 

studies to assess the impact of DIO3 SNPs on the therapy for hypothyroidism have not 

been reported.

Nonetheless, therapy with LT3 can increase plasma T3 levels and trigger TH signaling in the 

brain, despite the presence of D3 in neurons. Using a compartmentalized microfluid device 

allowed for the identification of a novel neuronal pathway of T3 transport and action that 

involves axonal T3 uptake into clathrin-dependent, endosomal/non-degradative lysosomes 

(NDLs). NDLs-containing T3 are retrogradely transported via microtubules, delivering T3 

to the cell nucleus, and triggering T3 actions. The NDLs also contain Mct8 and D3, but 

most T3 gets away from degradation because D3’s active center is oriented toward the 

cytosol, sparing T3 from deiodination. This mechanism is so effective that T3 implanted in 

specific mouse brain areas can trigger selective signaling in distant locations, as far as the 

contralateral hemisphere [96].

Conjugation of TH

In addition to deiodination, glucuronidation, and sulfation are other important pathways 

of iodothyronine metabolism. During glucuronidation, the phenolic hydroxyl group 

(4′–OH) is conjugated with glucuronic acid, and the reaction is mediated by the 

UDP-glucuronosyltransferases (UGTs). Glucuronidation of T4 (T4 to T4G) contributes 

significantly to T4 homeostasis in humans. The use of antiepileptic drugs that increase 

hepatic T4 glucuronidation is associated with decreased serum T4 levels [97], and when 

these drugs were administered to patients on replacement therapy, they required a higher 

LT4 dosage [98]. No significant T3 glucuronidation has been observed in humans [99].

Several studies have studied the effects of SNPs in the UGTs on their ability to 

glucuronidate T4. The variant UGT1A1*28 affects the in vitro glucuronidation of T4 in 

human livers. A series of studies in patients with differentiated thyroid cancer associated 
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UGT SNPs with changes in the LT4 dose required to normalize their TSH, with the carriers 

of the UGT1A1–53 requiring less LT4 [100]. The UGT1A1 rs8175347 and the UGTA3 

variants rs3806596 and rs1983023 were associated with changes in the LT4 + LT3 dose 

required to suppress TSH secretion [101]. In the same study, the carriers of rs11563250G 

required ~5–12% more LT4, which agrees with in vitro studies showing that this variant 

increases the UGT1A1 activity [102]. Other studies in patients with total thyroidectomy and 

ablation by 131I show that carriers of the UGT1A1 variant rs8175347 require lower LT4 

doses but not with the UGT1A3 rs3806596 and rs1983023 [103].

Sulphation is the conjugation of the phenolic hydroxyl group (4′–OH) with sulfate, and 

the reaction is catalyzed by phenol sulfotransferase. In humans, the sulfotransferases that 

have an affinity for TH are SULT1A1, - SULT1A2, SULT1A3, SULTB1, SULT1C1, and 

SULT1E1 [104]. Sulphation of T4 and T3 aids deiodination by D1. D1 can generally 

perform inner and outer ring deiodination equally well, but if T4 is sulfated (T4S), it 

blocks outer ring deiodination by D1, resulting in the irreversible inactivation of TH and the 

production of rT3S [105]. Sulphation also increases the water solubility of TH, which helps 

to eliminate sulfated TH through the bile and urine. However, the levels of sulfated TH in 

serum, bile, and urine are typically low in normal physiological conditions, indicating that 

D1 preferentially metabolizes sulfated TH. In humans, the sulfotransferase shows a strong 

preference for T2, but the biological significance of this reaction is not fully understood. 

Only one study shows that a splice variant in the SULT1C3 results in a higher specificity 

for TH [106]. At the moment, studies to assess the impact of SNPs in the sulphatases on the 

variable effectiveness of therapy with LT4 have not been reported.

Thyroid hormone receptors

The clinical implications of inactivating mutations in the genes encoding the THRα or 

THRβ are well known, with the development of the syndromes of resistance to TH 

(RTH) [38, 107]. In general, affected patients exhibit a tissue-specific reduction in TH 

signaling depending on the predominant form of the receptor expressed in each tissue. The 

clinical implications of having RTHβ may also include pregnancy outcomes (in pregnant 

women with RTHβ) [108, 109] and tissue TH responsiveness in healthy off-spring of these 

pregnancies [110].

However, little is known about the potential for SNPs in THR to affect the effectiveness 

of therapy for hypothyroidism. An analysis of the THR loci in 52 randomly identified 

individuals led to the identification of 15 SNPs that were subsequently studied in healthy 

Danish twins, and related to thyroid parameters [111]. One SNP in THRβ was also studied 

in the elderly population of the Rotterdam Scan Study. No associations between SNPs and 

TH levels were found. THRβ-in9-G/A was significantly associated with higher serum TSH 

(p(lnTSH) = 0.01) in the Danish twins, but not in elderly subjects of the Rotterdam Study 

(although it showed a similar trend) [111].

The analysis of 5 SNPs in THRα in the Lille Alzheimer’s Disease (AD) case-control study 

(710 cases/597 controls), revealed that subjects bearing the rs939348 TT genotype tended to 

have a higher risk of developing AD (adjusted OR [95%CI] = 1.71 [0.99–2.95] p = 0.06). 
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Similar trends were observed in three other independent AD case-control studies. When 

combining the 4 studies (1749 cases/1339 controls), there was an overall higher risk of AD 

in TT subjects (adjusted OR [95%CI] = 1.42 [1.03–1.96], p = 0.03) compared to the carriers 

of the C allele. However, when these data were combined with 2 American GWAS studies 

on AD, there was only a weak (not significant) association (OR = 1.19 [0.97–1.45], p = 

0.10) [112].

THRα gene sequencing of an obese woman (index case) revealed an SNP (rs12939700) 

in a critical region involved in THRα alternative processing. This led to the evaluation of 

THRα gene variants in 3 independent Europid populations (i) in two population cohorts at 

baseline (n=3417 and n=2265), 6 years later (n=2139) and (ii) in 4734 high cardiovascular 

risk subjects. Remarkably, the minor allele of the index case SNP (rs12939700), despite 

having a very low frequency (4%), was significantly associated with higher BMI (P=0.042) 

in subjects with high cardiovascular risk. A more frequent THRα SNP (rs1568400) was 

associated with higher BMI in subjects from the population (P=0.00008 and P=0.05) after 

adjusting for several confounders. Rs1568400 was also strongly associated with fasting 

triglycerides (P dominant = 3.99 × 10(−5)). In the same sample, 6 years later, age and 

sex-adjusted risk of developing obesity were increased in GG homozygotes (odds ratio 2.93 

(95% confidence interval, 1.05–6.95)). In contrast, no association between rs1568400 and 

BMI was observed in subjects with high cardiovascular risk, in whom obesity was highly 

prevalent [113]. In a subsequent study, the THRα rs939348 SNP was associated with L-T4 

dose and central obesity among patients with hypothyroidism [114].

Conclusion

In conclusion, our examination of mutations and SNPs in genes encoding the various 

components of the TH signaling revealed in some cases (i.e. Thr92Ala-DIO2) a mechanistic 

explanation for the reduced effectiveness of therapy with LT4 for hypothyroidism; in 

other cases, there is a potential for such a role but more studies are needed. Notably, 

such genetic modifications may remain silent while the patient has a healthy thyroid (due 

to thyroid-based compensatory mechanisms) and only later assume clinical significance 

after individuals develop hypothyroidism and undergo treatment with LT4. Along with 

other important factors, such as comorbidities and menopausal status, knowledge about the 

genetic makeup of patients may allow the future development of a diagnostic tool to identify 

patients who are likely to remain symptomatic while on LT4 and possibly benefit from 

therapy containing LT3 [89]. Further research is warranted in this area, paving the way for 

universally effective management of hypothyroidism, ultimately improving outcomes and 

patient well-being.

Funding

This work was supported by the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP proc. N° 
2021/12746–3) (MOR); the Pró-Reitoria de Extensão (PROEX,6411133/2019-M.O. Ribeiro) (MOR); and the 
National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK – DK15070, DK58538, DK65066, 
DK77148) (ACB).

Penna et al. Page 12

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Jonklaas J, Bianco AC, Bauer AJ, Burman KD, Cappola AR, Celi FS et al. Guidelines for the 
treatment of hypothyroidism: prepared by the american thyroid association task force on thyroid 
hormone replacement. Thyroid 24(12), 1670–751 (2014) [PubMed: 25266247] 

2. Saravanan P, Chau WF, Roberts N, Vedhara K, Greenwood R, Dayan CM, Psychological well-being 
in patients on ‘adequate’ doses of l-thyroxine: results of a large, controlled community-based 
questionnaire study. Clin. Endocrinol 57(5), 577–85 (2002)

3. Wekking EM, Appelhof BC, Fliers E, Schene AH, Huyser J, Tijssen JG et al. Cognitive functioning 
and well-being in euthyroid patients on thyroxine replacement therapy for primary hypothyroidism. 
Eur. J. Endocrinol 153(6), 747–53 (2005) [PubMed: 16322379] 

4. Samuels MH, Schuff KG, Carlson NE, Carello P, Janowsky JS, Health status, psychological 
symptoms, mood, and cognition in L-thyroxine-treated hypothyroid subjects. Thyroid 17(3), 249–58 
(2007) [PubMed: 17381359] 

5. Mentuccia D, Thomas MJ, Coppotelli G, Reinhart L, Mitchell BD, Shuldiner AR et al. The 
Endocrine Society’s 86th Annual Meeting New Orleans, LA, USA; 2004:P3–382.

6. Panicker V, Saravanan P, Vaidya B, Evans J, Hattersley AT,Frayling TM et al. Common variation 
in the DIO2 gene predicts baseline psychological well-being and response to combination thyroxine 
plus triiodothyronine therapy in hypothyroid patients. J. Clin. Endocrinol. Metab 94(5), 1623–9 
(2009) [PubMed: 19190113] 

7. Bianco AC, Dumitrescu A, Gereben B, Ribeiro MO, Fonseca TL, Fernandes GW et al. Paradigms 
of dynamic control of thyroid hormone signaling. Endocr. Rev 40(4), 1000–1047 (2019). [PubMed: 
31033998] 

8. Baqui M, Botero D, Gereben B, Curcio C, Harney JW, Salvatore D et al. Human type 
3 iodothyronine selenodeiodinase is located in the plasma membrane and undergoes rapid 
internalization to endosomes. J. Biol. Chem 278(2), 1206–11 (2003) [PubMed: 12419801] 

9. Baqui MM, Gereben B, Harney JW, Larsen PR, Bianco AC, Distinct subcellular localization 
of transiently expressed types 1 and 2 iodothyronine deiodinases as determined by 
immunofluorescence confocal microscopy. Endocrinology 141(11), 4309–12 (2000) [PubMed: 
11089566] 

10. Medina MC, Fonesca TL, Molina J, Fachado A, Castillo M,Dong L et al. Maternal inheritance of 
an inactive type III deiodinase gene allele affects mouse pancreatic beta-cells and disrupts glucose 
homeostasis. Endocrinology 155(8), 3160–71 (2014) [PubMed: 24885572] 

11. Medina MC, Molina J, Gadea Y, Fachado A, Murillo M, Simovic G et al. The thyroid 
hormone-inactivating type III deiodinase is expressed in mouse and human beta-cells and its 
targeted inactivation impairs insulin secretion. Endocrinology 152(10), 3717–27 (2011) [PubMed: 
21828183] 

12. Simonides WS, Mulcahey MA, Redout EM, Muller A, Zuidwijk MJ, Visser TJ et al. Hypoxia-
inducible factor induces local thyroid hormone inactivation during hypoxic-ischemic disease in 
rats. J. Clin. Investig 118(3), 975–83 (2008) [PubMed: 18259611] 

13. Abe K, Li J, Liu YY, Brent GA, Thyroid hormone-mediatedhistone modification protects cortical 
neurons from the toxic effects of hypoxic injury. J. Endocr. Soc 6(11), bvac139 (2022) [PubMed: 
36817622] 

14. Gil-Ibáñez P, Belinchón MM, Morte B, Obregón MJ, Bernal J, Is the intrinsic genomic 
activity of thyroxine relevant in vivo? effects on gene expression in primary cerebrocortical and 
neuroblastoma cells. Thyroid 27(8), 1092–8 (2017) [PubMed: 28605984] 

15. Hones GS, Rakov H, Logan J, Liao XH, Werbenko E, Pollard AS et al. Noncanonical thyroid 
hormone signaling mediates cardiometabolic effects in vivo. Proc. Natl Acad. Sci. USA 114(52), 
E11323–E32 (2017) [PubMed: 29229863] 

16. Bianco AC, Kim BS, Pathophysiological relevance of deiodinase polymorphism. Curr. Opin. 
Endocrinol. Diabetes Obes 25(5), 341–346 (2018). [PubMed: 30063552] 

17. Mullis MN, Matsui T, Schell R, Foree R, Ehrenreich IM,The complex underpinnings of genetic 
background effects. Nat. Commun 9(1), 3548 (2018) [PubMed: 30224702] 

Penna et al. Page 13

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Chandler CH, Chari S, Kowalski A, Choi L, Tack D, DeNieu M et al. How well do you know your 
mutation? Complex effects of genetic background on expressivity, complementation, and ordering 
of allelic effects. PLoS Genet 13(11), e1007075 (2017) [PubMed: 29166655] 

19. Lachance J, Tishkoff SA, SNP ascertainment bias in population genetic analyses: why it is 
important, and how to correct it. Bioessays 35(9), 780–6 (2013) [PubMed: 23836388] 

20. McAninch EA, Bianco AC, New insights into the variableeffectiveness of levothyroxine 
monotherapy for hypothyroidism. Lancet Diabetes Endocrinol 3(10), 756–8 (2015) [PubMed: 
26362364] 

21. Gereben B, McAninch EA, Ribeiro MO, Bianco AC, Scopeand limitations of iodothyronine 
deiodinases in hypothyroidism. Nat. Rev. Endocrinol 11(11), 642–52 (2015) [PubMed: 26416219] 

22. Gullo D, Latina A, Frasca F, Le Moli R, Pellegriti G, Vigneri R, Levothyroxine monotherapy 
cannot guarantee euthyroidism in all athyreotic patients. PloS one 6(8), e22552 (2011) [PubMed: 
21829633] 

23. Castagna MG, Dentice M, Cantara S, Ambrosio R, Maino F, Porcelli T et al. DIO2 Thr92Ala 
Reduces Deiodinase-2 Activity and Serum-T3 Levels in Thyroid-Deficient Patients. J. Clin. 
Endocrinol. Metab 102(5), 1623–30 (2017) [PubMed: 28324063] 

24. Ettleson MD, Prieto WH, Russo PST, de Sa J, Wan W, Laiteerapong N et al. Serum thyrotropin 
and triiodothyronine levels in levothyroxine-treated patients. J. Clin. Endocrinol. Metab 108(6), 
e258–e266 (2022).

25. Ettleson MD, Bianco AC, Individualized therapy for hypothyroidism: is T4 enough for everyone? 
J. Clin. Endocrinol. Metab 105, 9 (2020)

26. Bernal J, Guadaño-Ferraz A, Morte B, Thyroid hormonetransporters–functions and clinical 
implications. Nat. Rev. Endocrinol 11(7), 406–17 (2015) [PubMed: 25942657] 

27. Salas-Lucia F, Bianco AC, T3 levels and thyroid hormonesignaling. Front. Endocrinol 13, 1044691 
(2022).

28. van der Deure WM, Peeters RP, Visser TJ, Genetic variationin thyroid hormone transporters. Best. 
Pr. Res Clin. Endocrinol. Metab 21(2), 339–50 (2007)

29. Hennemann G, Docter R, Friesema EC, de Jong M, Krenning EP, Visser TJ, Plasma membrane 
transport of thyroid hormones and its role in thyroid hormone metabolism and bioavailability. 
Endocr. Rev 22(4), 451–76 (2001) [PubMed: 11493579] 

30. Teumer A, Chaker L, Groeneweg S, Li Y, Di Munno C, Barbieri C et al. Genome-wide analyses 
identify a role for SLC17A4 and AADAT in thyroid hormone regulation. Nat. Commun 9(1), 4455 
(2018) [PubMed: 30367059] 

31. Roef GL, Rietzschel ER, De Meyer T, Bekaert S, DeBuyzere ML, Van daele C et al. Associations 
between single nucleotide polymorphisms in thyroid hormone transporter genes (MCT8, MCT10 
and OATP1C1) and circulating thyroid hormones. Clin. Chim. Acta 425, 227–32 (2013) [PubMed: 
23978482] 

32. van der Deure WM, Peeters RP, Visser TJ, Molecular aspectsof thyroid hormone transporters, 
including MCT8, MCT10, and OATPs, and the effects of genetic variation in these transporters. J. 
Mol. Endocrinol 44(1), 1–11 (2010) [PubMed: 19541799] 

33. Uter JC, Krämer UM, Schöls L, Rodriguez-Fornells A, Göbel A, Heldmann M et al. Correction: 
Single nucleotide polymorphisms in thyroid hormone transporter genes MCT8, MCT10 and 
deiodinase DIO2 contribute to inter-individual variance of executive functions and personality 
traits. Exp. Clin. Endocrinol. Diabetes 128(9), e2 (2020). [PubMed: 31978935] 

34. Fei F, Guo X, Chen Y, Liu X, Tu J, Xing J et al. Polymorphisms of monocarboxylate transporter 
genes are associated with clinical outcomes in patients with colorectal cancer. J. Cancer Res Clin. 
Oncol 141(6), 1095–102 (2015) [PubMed: 25492048] 

35. Halestrap AP, The monocarboxylate transporter family–Structure and functional characterization. 
IUBMB Life 64(1), 1–9 (2012) [PubMed: 22131303] 

36. Dumitrescu AM, Liao XH, Best TB, Brockmann K, Refetoff S, A novel syndrome combining 
thyroid and neurological abnormalities is associated with mutations in a monocarboxylate 
transporter gene. Am. J. Hum. Genet 74(1), 168–75 (2004) [PubMed: 14661163] 

Penna et al. Page 14

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Friesema EC, Grueters A, Biebermann H, Krude H, vonMoers A, Reeser M et al. Association 
between mutations in a thyroid hormone transporter and severe X-linked psychomotor retardation. 
Lancet 364(9443), 1435–7 (2004) [PubMed: 15488219] 

38. Dumitrescu AM, Refetoff S, The syndromes of reduced sensitivity to thyroid hormone. Biochimica 
et. biophysica acta 1830(7), 3987–4003 (2013) [PubMed: 22986150] 

39. Kleinau G, Schweizer U, Kinne A, Köhrle J, Grüters A, Krude H et al. Insights into molecular 
properties of the human monocarboxylate transporter 8 by combining functional with structural 
information. Thyroid Res 4(Suppl 1), S4 (2011) [PubMed: 21835051] 

40. Schwartz CE, May MM, Carpenter NJ, Rogers RC, Martin J, Bialer MG et al. Allan-Herndon-
Dudley syndrome and the monocarboxylate transporter 8 (MCT8) gene. Am. J. Hum. Genet 77(1), 
41–53 (2005) [PubMed: 15889350] 

41. Jansen J, Friesema EC, Kester MH, Schwartz CE, Visser TJ, Genotype-phenotype relationship in 
patients with mutations in thyroid hormone transporter MCT8. Endocrinology 149(5), 2184–90 
(2008) [PubMed: 18187543] 

42. Friesema EC, Jansen J, Jachtenberg JW, Visser WE, Kester MH, Visser TJ, Effective cellular 
uptake and efflux of thyroid hormone by human monocarboxylate transporter 10. Mol. Endocrinol 
22(6), 1357–69 (2008) [PubMed: 18337592] 

43. Nishimura M, Naito S, Tissue-specific mRNA expression profiles of human solute carrier 
transporter superfamilies. Drug Metab. Pharmacokinet 23(1), 22–44 (2008) [PubMed: 18305372] 

44. Groeneweg S, van Geest FS, Peeters RP, Heuer H, Visser WE, Thyroid hormone transporters. 
Endocr. Rev 41, 2 (2020)

45. Medici M, van der Deure WM, Verbiest M, Vermeulen SH,Hansen PS, Kiemeney LA et al. A 
large-scale association analysis of 68 thyroid hormone pathway genes with serum TSH and FT4 
levels. Eur. J. Endocrinol 164(5), 781–8 (2011) [PubMed: 21367965] 

46. Hagenbuch B, Meier PJ, The superfamily of organic anion-transporting polypeptides. Biochimica 
et. biophysica acta 1609(1), 1–18 (2003) [PubMed: 12507753] 

47. Visser WE, Friesema EC, Visser TJ, Minireview: thyroidhormone transporters: the knowns and the 
unknowns. Mol. Endocrinol 25(1), 1–14 (2011) [PubMed: 20660303] 

48. Roberts LM, Woodford K, Zhou M, Black DS, Haggerty JE, Tate EH et al. Expression of 
the thyroid hormone transporters monocarboxylate transporter-8 (SLC16A2) and organic ion 
transporter-14 (SLCO1C1) at the blood-brain barrier. Endocrinology 149(12), 6251–61 (2008) 
[PubMed: 18687783] 

49. Strømme P, Groeneweg S, Lima de Souza EC, Zevenbergen C, Torgersbråten A, Holmgren A et al. 
Mutated thyroid hormone transporter OATP1C1 associates with severe brain hypometabolism and 
juvenile neurodegeneration. Thyroid 28(11), 1406–15 (2018) [PubMed: 30296914] 

50. van der Deure WM, Appelhof BC, Peeters RP, Wiersinga WM, Wekking EM, Huyser J et al. 
Polymorphisms in the brain-specific thyroid hormone transporter OATP1C1 are associated with 
fatigue and depression in hypothyroid patients. Clin. Endocrinol 69(5), 804–11 (2008)

51. Brozaitiene J, Skiriute D, Burkauskas J, Podlipskyte A, Jankauskiene E, Serretti A et al. 
Deiodinases, organic anion transporter polypeptide polymorphisms, and thyroid hormones in 
patients with myocardial infarction. Genet Test. Mol. Biomark 22(4), 270–8 (2018)

52. Taroza S, Rastenytė D, Burkauskas J, Podlipskytė A, Kažukauskienė N, Patamsytė V et al. 
Deiodinases, organic anion transporter polypeptide polymorphisms and symptoms of anxiety and 
depression after ischemic stroke. J. Stroke Cerebrovasc. Dis 29(9), 105040 (2020) [PubMed: 
32807452] 

53. Taroza S, Rastenytė D, Podlipskytė A, Patamsytė V, Mickuvienė N, Deiodinases, organic anion 
transporter polypeptide polymorphisms and ischemic stroke outcomes. J. Neurol. Sci 407, 116457 
(2019) [PubMed: 31677555] 

54. Kullak-Ublick GA, Hagenbuch B, Stieger B, Schteingart CD,Hofmann AF, Wolkoff AW et al. 
Molecular and functional characterization of an organic anion transporting polypeptide cloned 
from human liver. Gastroenterology 109(4), 1274–82 (1995) [PubMed: 7557095] 

55. Gao B, Hagenbuch B, Kullak-Ublick GA, Benke D, Aguzzi A, Meier PJ, Organic anion-
transporting polypeptides mediate transport of opioid peptides across blood-brain barrier. J. Pharm. 
Exp. Ther 294(1), 73–9 (2000)

Penna et al. Page 15

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



56. Peeters RP, van Toor H, Klootwijk W, de Rijke YB, Kuiper GG, Uitterlinden AG et al. 
Polymorphisms in thyroid hormone pathway genes are associated with plasma TSH and 
iodothyronine levels in healthy subjects. J. Clin. Endocrinol. Metab 88(6), 2880–8 (2003) 
[PubMed: 12788902] 

57. Breteler MM, Vascular involvement in cognitive decline and dementia. Epidemiologic evidence 
from the Rotterdam Study and the Rotterdam Scan Study. Ann. N. Y. Acad. Sci 903, 457–65 
(2000) [PubMed: 10818538] 

58. Badagnani I, Castro RA, Taylor TR, Brett CM, Huang CC,Stryke D et al. Interaction of 
methotrexate with organic-anion transporting polypeptide 1A2 and its genetic variants. J. Pharm. 
Exp. Ther 318(2), 521–9 (2006)

59. Lee W, Glaeser H, Smith LH, Roberts RL, Moeckel GW,Gervasini G et al. Polymorphisms in 
human organic anion-transporting polypeptide 1A2 (OATP1A2): implications for altered drug 
disposition and central nervous system drug entry. J. Biol. Chem 280(10), 9610–7 (2005) 
[PubMed: 15632119] 

60. Abe T, Kakyo M, Tokui T, Nakagomi R, Nishio T, Nakaiet al D. Identification of a novel gene 
family encoding human liver-specific organic anion transporter LST-1. J. Biol. Chem 274(24), 
17159–63 (1999) [PubMed: 10358072] 

61. Abe T, Unno M, Onogawa T, Tokui T, Kondo TN, Nakagomi R et al. LST-2, a human liver-
specific organic anion transporter, determines methotrexate sensitivity in gastrointestinal cancers. 
Gastroenterology 120(7), 1689–99 (2001) [PubMed: 11375950] 

62. van der Deure WM, Friesema EC, de Jong FJ, de Rijke YB,de Jong FH, Uitterlinden AG et 
al. Organic anion transporter 1B1: an important factor in hepatic thyroid hormone and estrogen 
transport and metabolism. Endocrinology 149(9), 4695–701 (2008) [PubMed: 18499754] 

63. Zhou F, Zheng J, Zhu L, Jodal A, Cui PH, Wong M et al. Functional analysis of novel 
polymorphisms in the human SLCO1A2 gene that encodes the transporter OATP1A2. Aaps J 
15(4), 1099–108 (2013) [PubMed: 23918469] 

64. Comasco E, Vumma R, Toffoletto S, Johansson J, Flyckt L,Lewander T et al. Genetic and 
functional study of l-type amino acid transporter 1 in Schizophrenia. Neuropsychobiology 74(2), 
96–103 (2016) [PubMed: 28190014] 

65. Christoffolete MA, Arrojo e Drigo R, Gazoni F, Tente SM,Goncalves V, Amorim BS et al. Mice 
with impaired extra-thyroidal thyroxine to 3,5,3’-triiodothyronine conversion maintain normal 
serum 3,5,3’-triiodothyronine concentrations. Endocrinology 148(3), 954–60 (2007) [PubMed: 
17138654] 

66. Galton VA, Schneider M, Clark AS, Germain DL, Lifewithout T4 to T3 conversion: studies in mice 
devoid of the 5’-deiodinases. Endocrinology 150(6), 2957–63 (2009). [PubMed: 19196796] 

67. Galton VA, Larsen PR, Berry MJ, The deiodinases: Theiridentification and cloning of their genes. 
Endocrinology 162, 3 (2021)

68. Dumitrescu AM, Liao XH, Abdullah MS, Lado-Abeal J,Majed FA, Moeller LC et al. Mutations in 
SECISBP2 result in abnormal thyroid hormone metabolism. Nat. Genet 37(11), 1247–52 (2005) 
[PubMed: 16228000] 

69. Di Cosmo C, McLellan N, Liao XH, Khanna KK, Weiss RE, Papp L et al. Clinical and molecular 
characterization of a novel selenocysteine insertion sequence-binding protein 2 (SBP2) gene 
mutation (R128X). J. Clin. Endocrinol. Metab 94(10), 4003–9 (2009) [PubMed: 19602558] 

70. Azevedo MF, Barra GB, Naves LA, Ribeiro Velasco LF, Godoy Garcia Castro P, de Castro LC et 
al. Selenoprotein-related disease in a young girl caused by nonsense mutations in the SBP2 gene. 
J. Clin. Endocrinol. Metab 95(8), 4066–71 (2010) [PubMed: 20501692] 

71. Schoenmakers E, Agostini M, Mitchell C, Schoenmakers N,Papp L, Rajanayagam O et al. 
Mutations in the selenocysteine insertion sequence-binding protein 2 gene lead to a multisystem 
selenoprotein deficiency disorder in humans. J. Clin. Investig 120(12), 4220–35 (2010) [PubMed: 
21084748] 

72. Hamajima T, Mushimoto Y, Kobayashi H, Saito Y, Onigata K, Novel compound heterozygous 
mutations in the SBP2 gene: characteristic clinical manifestations and the implications of GH and 
triiodothyronine in longitudinal bone growth and maturation. Eur. J. Endocrinol 166(4), 757–64 
(2012) [PubMed: 22247018] 

Penna et al. Page 16

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



73. Çatli G, Fujisawa H, Kirbiyik Ö, Mimoto MS, Gençpinar P,Özdemir TR et al. A novel 
homozygous selenocysteine insertion sequence binding protein 2 (SECISBP2, SBP2) Gene 
Mutation in a Turkish Boy. Thyroid 28(9), 1221–3 (2018) [PubMed: 29882503] 

74. Paragliola RM, Corsello A, Concolino P, Ianni F, Papi G, Pontecorvi A et al. Iodothyronine 
deiodinases and reduced sensitivity to thyroid hormones. Front Biosci. (Landmark Ed.) 25(2), 
201–28 (2020) [PubMed: 31585886] 

75. Franca MM, German A, Fernandes GW, Liao XH, Bianco AC, Refetoff S et al. Human type 1 
iodothyronine deiodinase (DIO1) mutations cause abnormal thyroid hormone metabolism. Thyroid 
31(2), 202–7 (2021) [PubMed: 32718224] 

76. Panicker V, Cluett C, Shields B, Murray A, Parnell KS, Perry JR et al. A common variation in 
deiodinase 1 gene DIO1 is associated with the relative levels of free thyroxine and triodothyronine. 
J. Clin. Endocrinol. Metab 93(8), 3075–81 (2008) [PubMed: 18492748] 

77. Kazukauskiene N, Skiriute D, Gustiene O, Burkauskas J, Zaliunaite V, Mickuviene N et al. 
Importance of thyroid hormone level and genetic variations in deiodinases for patients after acute 
myocardial infarction: a longitudinal observational study. Sci. Rep 10(1), 9169 (2020) [PubMed: 
32514186] 

78. Young Cho Y, Jeong Kim H, Won Jang H, Hyuk Kim T, Ki CS, Wook Kim S et al. The relationship 
of 19 functional polymorphisms in iodothyronine deiodinase and psychological well-being in 
hypothyroid patients. Endocrine 57(1), 115–24 (2017) [PubMed: 28466400] 

79. Philibert RA, Beach SR, Gunter TD, Todorov AA, Brody GH, Vijayendran M et al. The 
relationship of deiodinase 1 genotype and thyroid function to lifetime history of major depression 
in three independent populations. Am. J. Med. Genet. Part B, Neuropsychiatr. Genet 156b(5), 
593–9 (2011)

80. Gałecka E, Talarowska M, Maes M, Su KP, Górski P, Szemraj J, Polymorphisms of iodothyronine 
deiodinases (DIO1, DIO3) genes are not associated with recurrent depressive disorder. Pharm. Rep 
68(5), 913–7 (2016)

81. Cooper-Kazaz R, van der Deure WM, Medici M, Visser TJ,Alkelai A, Glaser B et al. Preliminary 
evidence that a functional polymorphism in type 1 deiodinase is associated with enhanced 
potentiation of the antidepressant effect of sertraline by triodothyronine. J. Affect Disord 116(1–2), 
113–6 (2009) [PubMed: 19064291] 

82. Geffner DL, Azukizawa M, Hershman JM, Propylthiouracilblocks extrathyroidal conversion of 
thyroxine to triiodothyronine and augments thyrotropin secretion in man. J. Clin. Investig 55, 
224–9 (1975) [PubMed: 805160] 

83. Mentuccia D, Thomas MJ, Coppotelli G, Reinhart LJ, Mitchell BD, Shuldiner AR et al. The 
Thr92Ala deiodinase type 2 (DIO2) variant is not associated with type 2 diabetes or indices of 
insulin resistance in the old order of Amish. Thyroid 15(11), 1223–7 (2005) [PubMed: 16356084] 

84. McAninch EA, Jo S, Preite NZ, Farkas E, Mohacsik P, Fekete C et al. Prevalent polymorphism in 
thyroid hormone-activating enzyme leaves a genetic fingerprint that underlies associated clinical 
syndromes. J. Clin. Endocrinol. Metab 100(3), 920–33 (2015) [PubMed: 25569702] 

85. Jo S, Fonseca TL, Bocco B, Fernandes GW, McAninch EA,Bolin AP et al. Type 2 deiodinase 
polymorphism causes ER stress and hypothyroidism in the brain. J. Clin. Investig 129(1), 230–45 
(2019) [PubMed: 30352046] 

86. McAninch EA, Rajan KB, Evans DA, Jo S, Chaker L, Peeters RP et al. A common DIO2 
Polymorphism and Alzheimer Disease Dementia in African and European Americans. J. Clin. 
Endocrinol. Metab 103(5), 1818–26 (2018) [PubMed: 29481662] 

87. Lorena FB, Sato JM, Coviello BM, Arnold AJT, Batistuzzo A, Yamanouchi LM et al. Age worsens 
the cognitive phenotype in mice carrying the Thr92Ala-DIO2 polymorphism. Metabolites 12, 7 
(2022)

88. Wouters HJ, van Loon HC, van der Klauw MM, Elderson MF, Slagter SN, Kobold AM et 
al. No effect of the Thr92Ala polymorphism of deiodinase-2 on thyroid hormone parameters, 
health-related quality of life, and cognitive functioning in a large population-based cohort study. 
Thyroid 27(2), 147–55 (2017) [PubMed: 27786042] 

Penna et al. Page 17

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



89. Shakir MKM, Brooks DI, McAninch EA, Fonseca TL, Mai VQ, Bianco AC et al. Comparative 
effectiveness of levothyroxine, desiccated thyroid extract, and levothyroxine+Liothyronine in 
hypothyroidism. J. Clin. Endocrinol. Metab 106(11), e4400–e4413 (2021). [PubMed: 34185829] 

90. Carle A, Faber J, 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 6(3), 143–51 (2017) [PubMed: 28785541] 

91. Salvatore D, Porcelli T, Ettleson MD, Bianco AC, Therelevance of T(3) in the management of 
hypothyroidism. Lancet Diabetes Endocrinol 10(5), 366–72 (2022) [PubMed: 35240052] 

92. Taylor P, Haug E, Heald A, Premawardhana L, Okosieme O,Stedman M et al. Society for 
Endocrinology BES 2022 Harrogate, UK; 2022.

93. Martinez ME, Cox DF, Youth BP, Hernandez A, Genomicimprinting of DIO3, a candidate gene for 
the syndrome associated with human uniparental disomy of chromosome 14. Eur. J. Hum. Genet 
24(11), 1617–21 (2016) [PubMed: 27329732] 

94. Wu Z, Martinez ME, St Germain DL, Hernandez A, Type 3 deiodinase role on central thyroid 
hormone action affects the leptin-melanocortin system and circadian activity. Endocrinology 
158(2), 419–30 (2017) [PubMed: 27911598] 

95. Peeters RP, Hernandez A, Ng L, Ma M, Sharlin DS, Pandey M et al. Cerebellar abnormalities in 
mice lacking type 3 deiodinase and partial reversal of phenotype by deletion of thyroid hormone 
receptor alpha1. Endocrinology 154(1), 550–61 (2013) [PubMed: 23161871] 

96. Salas-Lucia F, Fekete C, Sinkó R, Egri P, Rada K, Ruskaet al Y. AXONAL T3 UPTAKE AND 
TRANSPORT CAN TRIGGER THYROID HORMONE SIGNALING IN THE BRAIN. eLife 12, 
e82683 (2023). [PubMed: 37204837] 

97. Benedetti MS, Whomsley R, Baltes E, Tonner F, Alteration ofthyroid hormone homeostasis by 
antiepileptic drugs in humans: involvement of glucuronosyltransferase induction. Eur. J. Clin. 
Pharm 61(12), 863–72 (2005)

98. Eirís-Puñal J, Del Río-Garma M, Del Río-Garma MC, Lojo-Rocamonde S, Novo-Rodríguez I, 
Castro-Gago M, Long-term treatment of children with epilepsy with valproate or carbamazepine 
may cause subclinical hypothyroidism. Epilepsia 40(12), 1761–6 (1999) [PubMed: 10612341] 

99. Findlay KA, Kaptein E, Visser TJ, Burchell B, Characterization of the uridine diphosphate-
glucuronosyltransferase-catalyzing thyroid hormone glucuronidation in man. J. Clin. Endocrinol. 
Metab 85(8), 2879–83 (2000) [PubMed: 10946897] 

100. Vargens DD, Neves RR, Bulzico DA, Ojopi EB, Meirelles RM, Pessoa CN et al. Association 
of the UGT1A1–53(TA) n polymorphism with L-thyroxine doses required for thyrotropin 
suppression in patients with differentiated thyroid cancer. Pharmacogenet Genomics 21(6), 341–3 
(2011) [PubMed: 21317830] 

101. Santoro AB, Struchiner CJ, Suarez-Kurtz G, L-thyroxinedoses required for TSH suppression in 
patients with differentiated thyroid cancer: Effect of a novel UGT1 marker, rs11563250A > G. 
Br. J. Clin. Pharm 82(5), 1402–3 (2016)

102. Chen S, Laverdiere I, Tourancheau A, Jonker D, Couture F,Cecchin E et al. A novel 
UGT1 marker associated with better tolerance against irinotecan-induced severe neutropenia 
in metastatic colorectal cancer patients. Pharmacogenomics J 15(6), 513–20 (2015) [PubMed: 
25778466] 

103. Santoro AB, Vargens DD, Barros Filho Mde C, Bulzico DA, Kowalski LP, Meirelles RM et al. 
Effect of UGT1A1, UGT1A3, DIO1 and DIO2 polymorphisms on L-thyroxine doses required for 
TSH suppression in patients with differentiated thyroid cancer. Br. J. Clin. Pharm 78(5), 1067–75 
(2014)

104. Kester MH, Kaptein E, Roest TJ, van Dijk CH, Tibboel D, Meinl W et al. Characterization 
of human iodothyronine sulfotransferases. J. Clin. Endocrinol. Metab 84(4), 1357–64 (1999) 
[PubMed: 10199779] 

105. Moreno M, Berry MJ, Horst C, Thoma R, Goglia F, Harney JW et al. Activation and inactivation 
of thyroid hormone by type I iodothyronine deiodinase. FEBS Lett 344(2–3), 143–6 (1994) 
[PubMed: 8187873] 

Penna et al. Page 18

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



106. Kurogi K, Shimohira T, Kouriki-Nagatomo H, Zhang G, Miller ER, Sakakibara Y et al. Human 
cytosolic sulphotransferase SULT1C3: genomic analysis and functional characterization of splice 
variant SULT1C3a and SULT1C3d. J. Biochem 162(6), 403–14 (2017) [PubMed: 28992322] 

107. Ortiga-Carvalho TM, Sidhaye AR, Wondisford FE, Thyroidhormone receptors and resistance to 
thyroid hormone disorders. Nat. Rev. Endocrinol 10(10), 582–91 (2014) [PubMed: 25135573] 

108. Anselmo J, Cao D, Karrison T, Weiss RE, Refetoff S, Fetalloss associated with excess thyroid 
hormone exposure. Jama 292(6), 691–5 (2004) [PubMed: 15304465] 

109. Salas-Lucia F, Stan MN, James H, Rajwani A, Liao XH,Dumitrescu AM et al. Effect of the 
fetal THRB genotype on the placenta. J. Clin. Endocrinol. Metab 108(10), e944–e948 (2023). 
[PubMed: 37149816] 

110. Srichomkwun P, Anselmo J, Liao XH, Hones GS, Moeller LC, Alonso-Sampedro M et al. Fetal 
exposure to high maternal thyroid hormone levels causes central resistance to thyroid hormone in 
adult humans and mice. J. Clin. Endocrinol. Metab 102(9), 3234–40 (2017) [PubMed: 28586435] 

111. Sørensen HG, van der Deure WM, Hansen PS, Peeters RP,Breteler MM, Kyvik KO et al. 
Identification and consequences of polymorphisms in the thyroid hormone receptor alpha and 
beta genes. Thyroid 18(10), 1087–94 (2008) [PubMed: 18844476] 

112. Goumidi L, Flamant F, Lendon C, Galimberti D, Pasquier F,Scarpini E et al. Study of thyroid 
hormone receptor alpha gene polymorphisms on Alzheimer’s disease. Neurobiol. Aging 32(4), 
624–30 (2011) [PubMed: 19427062] 

113. Fernández-Real JM, Corella D, Goumidi L, Mercader JM, Valdés S, Rojo Martínez G et al. 
Thyroid hormone receptor alpha gene variants increase the risk of developing obesity and show 
gene-diet interactions. Int J. Obes. (Lond.) 37(11), 1499–505 (2013) [PubMed: 23399772] 

114. Al-Azzam SI, Alzoubi KH, Khabour O, Al-Azzeh O, Theassociations of polymorphisms of TSH 
receptor and thyroid hormone receptor genes with L-thyroxine treatment in hypothyroid patients. 
Hormones (Athens) 13(3), 389–97 (2014) [PubMed: 25079464] 

Penna et al. Page 19

Endocrine. Author manuscript; available in PMC 2024 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Thyroid hormone signaling
	Gene polymorphisms
	Thyroid hormone transporters
	MCT
	OATP
	SLC17
	TH deiodination
	DIO1
	DIO2
	DIO3
	Conjugation of TH
	Thyroid hormone receptors
	Conclusion
	References

