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Abstract

Levothyroxine (I'T4) is effective for most patients with hypothyroidism.
However, a minority of the patients remain symptomatic despite the nor-
malization of serum thyrotropin levels. Randomized clinical trials including
all types of patients with hypothyroidism revealed that combination levothy-
roxine and liothyronine (LT4+LT3) therapy is safe and is the preferred
choice of patients versus T4 alone. Many patients who do not fully ben-
efit from L'T4 experience improved quality of life and cognition after
switching to LT4+LT3. For these patients, new slow-release LT3 formu-
lations that provide stable serum T3 levels are being tested. In addition,
progress in regenerative technology has led to the development of human
thyroid organoids that restore euthyroidism after being transplanted into
hypothyroid mice. Finally, there is a new understanding that, under certain
conditions, T3 signaling may be compromised in a tissue-specific fashion
while systemic thyroid function is preserved. This is seen, for example, in pa-
tients with metabolic (dysfunction)-associated fatty liver disease, for whom
liver-selective T'3-like molecules have been utilized successfully in clinical
trials.
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INTRODUCTION

Hypothyroidism is a condition caused by insufficient secretion of thyroid hormones (TH). In
most cases, this can result from genetic defects in the thyroid gland, surgical thyroidectomy, thy-
roid gland ablation with T, or autoimmune destruction of the thyroid gland (1). It can also be the
result of accelerated clearance of TH, beyond what the thyroid gland can compensate for by in-
creasing thyroid secretion (2). In patients with hypothyroidism, the circulating levels of TH drop
and remain subnormal, causing insufficient TH signaling within tissues (the plasma and tissue
pools of TH are in equilibrium). The ensuing overall disruption in the expression of genes that
are normally responsive to TH is what underlies the clinical signs and symptoms that we recog-
nize in patients with hypothyroidism, affecting mood, cognition, and metabolism. If left untreated,
hypothyroidism may become a debilitating disease and eventually lead to death.

For the most part, the standard of care for the treatment of hypothyroidism is to restore TH
levels with the intent of normalizing the tissue content of TH and the expression of TH-responsive
genes in all tissues (3). The strategies to accomplish this evolved since the nineteenth century and
included heterologous and autologous thyroid transplant, subcutaneous injection of animal thy-
roid extract (or simply rubbing it on the skin), eating lightly cooked animal thyroid (purchased
weekly from a butcher), and finally taking tablets containing desiccated thyroid extracts (DTE). In
the decades that followed D'TE, tablets containing levothyroxine ('T'4) extracted from animal thy-
roid and tablets of synthetic TH, i.e., LT4 and/or liothyronine (L'T3), also became commercially
available (4). Up until the late 1960s, in each therapeutic modality, the doses were adjusted
clinically, with the primary goal of resolving symptoms. Physicians prescribed as much TH
replacement as possible, managing a balance between resolving symptoms and avoiding thyro-
toxicosis. Later, the development of the assay to measure serum thyrotropin (T'SH) levels greatly
simplified this task and reduced the average dose of TH replacement (4).

Daily tablets of DTE were effective in treating hypothyroidism in children, adults, and preg-
nant women, but there were complaints about inconsistent potency among brands. Also, synthetic
LT4 and/or LT3 were only used in a minority of the cases because both molecules exhibited sim-
ilar effects and their relationship was not fully understood; neither one normalized plasma levels
of protein-bound iodine, an earlier method to estimate TH levels in the circulation. The discov-
eries that humans can activate the prohormone T4 to biologically active T3 molecule outside the
thyroid gland, and that the plasma of I'T4-treated thyroidectomized patients contains substantial
amounts of T3, were interpreted to mean that the body is capable of producing the necessary
amounts of T3 as long as sufficient amounts of T4 are provided. This finding obviated the use
of LT3 in the treatment of hypothyroidism and elevated LT4 to become the standard of care
worldwide (4).

The change to therapy with I'T4 was introduced without formal randomized controlled tri-
als (RCT5) to test the effectiveness and safety of LT'4. Common sense, practical aspects (such as
color-coded tablets with multiple doses), and studies with limited patients supported the unani-
mous recommendation by professional societies of T4 as the standard of care for the treatment
of hypothyroidism. Indeed, by many measures, this has been a success story. Treatment with IT'4
proved to be safe and to resolve symptoms of overt hypothyroidism. Its utilization is straightfor-
ward, and patients can be managed long-term by internists and advanced practice providers with
minimal involvement of endocrinologists (4).

For some patients, however, the success story was limited by the persistence of residual cog-
nitive symptoms and decrements in the quality of life (5-7). Many patients also complained of
difficulties managing body weight (8) and exhibited elevated serum cholesterol levels (9) despite
higher statin utilization (10, 11); some of these patients resisted the switch from DTE to LT4.
These findings were interpreted by some as evidence that the T3 content in the DTE tablets
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could play an important role in the treatment of hypothyroidism. Indeed, physicians in the United
Kingdom and the United States concluded back in the 1960s that only treatment with IT'4+LT3
was able to resolve symptoms and restore TH levels (as assessed through protein-bound iodine
levels) (12-14). These anecdotal observations (and the limited clinical studies) led to scores of
RCTs in the 1980s and 1990s that compared therapy with LT4+LT3 versus L'T4 for 6-12 months.
By and large, both were proven to be effective and safe in the treatment of hypothyroidism. The
fact that patients preferred LT'4+LT3, as evidenced in two recent meta-analyses (15, 16), was not
sufficient to challenge the standing of I'T'4 as the standard of care. The persistence of residual
symptoms, along with three key scientific discoveries in the 2010s, reawakened interest in therapy
containing L'T'3 for hypothyroidism.

The first discovery was that maintaining normal plasma T3 levels is the main directive of the
hypothalamus-pituitary-thyroid (HPT) axis (17). The creation of genetically modified mice with
inactivation of the deiodinase genes (mice that are not capable of extrathyroidal conversion of
T4 to T3) led to the unexpected observation that in these mice the serum T3 levels remained
normal, even in the absence of all deiodinases. Thyroid production of T3 is increased and the
HPT axis tolerates elevated serum T4 and TSH levels to preserve serum T3 levels. This was first
observed in 2007 (18) and later confirmed by other laboratories (19). A similar scenario is observed
in individuals with mild or moderate iodine deficiency. Serum T4 levels are low, and TSH levels
are high, but serum T3 levels remain within the normal reference range (20).

The second discovery was that patients with hypothyroidism kept on I'T4, with a normal serum
TSH, exhibit a relative (and sometimes absolute) deficiency of T3. This was first observed in
1974 (21) and was confirmed by other groups in studies involving thousands of patients (22), but
unfortunately was dismissed by clinical guidelines (23). Adding to the controversy, a minority of
the studies were not able to detect a difference between controls and LT4-treated patients (24), but
given the intrinsic variability of the T3 assay, these studies might not have been properly powered
to detect the ~15% reduction in the I'T4-treated group. The mechanistic basis for the relative T3
deficiency in LT4-treated patients was subsequently elucidated. Due to tissue-specific mechanisms
that regulate the local conversion of T4 to T'3 (ubiquitination of the type 2 deiodinase, D2), T4 is
very effective in triggering the pituitary feedback mechanism and normalizing serum TSH levels.
In contrast, T4 is not nearly as good at normalizing serum T3 levels (D2 is inactivated by T4),
hence the T3 deficiency in the setting of normal serum TSH levels (25, 26).

The third discovery was that patients with the Thr92Ala polymorphism in DIO2, the gene
encoding D2, exhibited better clinical outcomes when treated with IT4+LI3 as opposed to
LT4 alone (27). Later, this polymorphism was found to be associated with an approximately 40%
reduction in the catalytic activity of D2 (28, 29), and a mouse carrying the DIO2 polymorphism ex-
hibited signs of reduced T'3 signaling in the brain that responded to therapy containing LT4+1'T'3
(28). The proposed role played by the Thr92Ala DIO2 polymorphism was not reproduced in all
populations (30). However, more recent studies with a larger number of subjects confirmed the
association between the DIO2 polymorphism and the reduced effectiveness of LT'4. These obser-
vations led to the idea that compounding factors such as genetic background and comorbidities
might impair even further the effectiveness of therapy with T4, leading to residual symptoms
despite the normalization of serum TSH levels (31).

Currently, the American, British, and European Thyroid Associations, as well as the Society
for Endocrinology, agree that therapy with I'T'4 might leave a substantial number of patients with
residual symptoms of hypothyroidism (32, 33). They also agree that serum T3 levels might not
be restored in all patients, even when serum TSH and free T4 levels have been normalized (32).
Both points are critically important because they have not been sufficiently emphasized among
physicians.
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There is no road map for what to do next, given the paucity of clinical trials with these patients.
It seems common sense to confirm the diagnosis of hypothyroidism and proceed with a clinical
and laboratory workup to exclude comorbidities that can lead to hypothyroid-like symptoms (34,
35). Once this is done, the four professional societies recommend a trial with LT4+LT3 (32). As a
result of these changes in the clinical guidelines, the number of patients on combination therapy
has doubled in the last 10 years (36). Currently, it is estimated that in the United States, about 1.4
million patients are on D'TE and 400,000 patients are on a combination of synthetic T4 and L'T3.

The goal of this article is to review the most recent studies involving therapies in the treatment
of hypothyroidism. We searched PubMed and Google Scholar for studies using the keywords
“liothyronine,” “desiccated thyroid extract,” “thyroid organoids,” or “slow release T3,” published
between January 2020 and February 2023. We also reviewed the topic “treatment of hypothy-
roidism” in textbooks published between 1850 and 1980. Readers are referred to other excellent
reviews on this topic for completeness and alternative views (37-41).

THERAPY WITH LT4

For over 50 years now, T4 has been the standard of care for the treatment of hypothyroidism
(39). Although regulatory agencies such as the US Food and Drug Administration did not require
an RCT for the full approval of LT4, there is overwhelming evidence that I'T'4 restores clini-
cal and biochemical euthyroidism in the vast majority of patients with hypothyroidism. Thus, it
stands to reason that T4 should remain the standard of care for the treatment of hypothyroidism
(3). A caveat is that LT4 is not 100% effective in restoring clinical euthyroidism in all patients
with hypothyroidism, despite the normalization of serum TSH levels (32). Given that hypothy-
roidism affects millions of patients, even if therapy with L'T'4 is minimally ineffective, the deficit
ends up impacting a substantial number of patients. With that in mind, new approaches are being
developed for these patients and are considered in this article.

THERAPY WITH LT4+LT3

The candidate patient for combination therapy has been treated with T4 and maintains a normal
serum T'SH level but still exhibits residual symptoms of hypothyroidism (32). Other inclusion and
exclusion criteria, as well as practical approaches to start patients on combination therapy, have
been discussed extensively elsewhere (34). The basic principle to transitioning patients who have
been on a stable dose of T4 (with normal serum TSH levels) to LT4+LT3 is to reduce the dose
of I'T4 and introduce an equivalent dose of LT3. Multiple T4:T3 ratios have been tested, and
formulas have been developed to calculate an initial T4:T3 ratio (35, 42). A reasonable starting
point is an LT4:L'T'3 dose ratio similar to what is found in the human thyroid gland, which ranges
between 13:1 and 20:1. For example, if a patient maintains a normal serum TSH on 100 pg of
LT4/day, then the dose of LT3 is calculated by dividing 100/20 = 5 pg. This dose is split into two
daily doses, the second ~8 h after the first or 1-2 h before dinner. The new dose of LT4 will be
100 pg minus the dose of LT3 x3 [100—(5x3) = 85 pg] (round off 88 pug). Thus, a patient on L'T'4
100 pg daily can be switched to L'T4 88 g daily plus LT3 2.5 pg twice daily.

In our experience, such formulas have value as an initial approach that invariably is followed
by minor adjustments in the doses of UT4 and LT3 based on symptoms and serum TSH and TH
levels (which should be kept within the normal range).

Effectiveness

An undisputed result of combination therapy with synthetic LT4 and L'I'3 or with DTE is the
normalization of the serum free T4 levels (which are relatively higher in I'T'4-treated patients)
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and serum T3 levels (which are relatively lower in I'T'4-treated patients). Replacement doses
of synthetic or natural hormones can be titrated to promote these changes without suppressing
serum TSH levels (43-47). Notwithstanding, the question of whether this is effective in decreasing
residual symptoms of hypothyroidism remains controversial.

During the last 50 years, scores of clinical trials have compared the effectiveness and safety
of T4 monotherapy versus LT'4+LT3 combination therapy in the treatment of hypothyroidism
(48). By and large, these trials have concluded that both therapies are equally effective in resolving
symptoms of overt hypothyroidism and normalization of serum TSH levels. This is yet another
critical point that has not been sufficiently emphasized among physicians. A recent meta-analysis
of 18 RCTs comparing LT4+LT3 versus LT4 for adult patients with hypothyroidism examined
clinical outcomes and patient preferences (16). The authors obtained low- to moderate-certainty
evidence that no differences exist in treatment effect between therapies regarding clinical status,
quality of life, psychological distress, depressive symptoms, and fatigue. A second meta-analysis of
these 18 studies (883 patients) also concluded that compared with T4 monotherapy, LT4+L173
combination therapy was equally effective in improving psychological health (15). Last, both
analyses concluded that patients significantly preferred LT4+LT3 (16).

A caveat associated with these RCTs is that they might not have enrolled large enough numbers
of patients who remained symptomatic while on L'T4 (32). The American, British, and European
Thyroid Associations recommend that future trials be focused on symptomatic IT4-treated pa-
tients (32). Considering that symptomatic patients represent only 10-20% of the total population
of patients with hypothyroidism, it is unlikely that any of these trials was sufficiently powered to
detect differences between therapy with LT4 versus LT4+LT?3 for those symptomatic patients. In
other words, asymptomatic LT'4-treated patients (the vast majority) are unlikely to benefit from
combination therapy, and their results would certainly dilute any beneficial effect experienced by
the symptomatic patients.

A hint that this is indeed the case was obtained in a recent crossover RCT comparing therapy
with I'T4, LT4+LT3, and DTE (43). When the whole group of 75 patients was analyzed, no
differences were observed among the three different therapies. However, when the analysis was
broken down according to the intensity of symptoms while on LT4, it became clear that only
those patients with the highest level of symptoms while on I'T4 benefited from either LT4+1T3
or DTE. An open-label study of consecutive symptomatic IT'4-treated patients supported the
benefits of combination therapy (49).

Safety

Synthetic T3 or the T3 contained in DTE is rapidly absorbed through the gastrointestinal (GI)
tract after oral administration. Two to three hours after administering a T3-containing tablet,
serum T3 will reach a peak level that depends on the baseline (fasting) values and the dose of T3
administered. T3 is also rapidly metabolized through inner ring deiodination to 3,3'-12, with a
half-life of 1224 h. As a result, serum T3 will drop rapidly after the peak level has been reached
and return to baseline values (immediately before a new tablet is administered) (48). It is estimated
that in a patient taking 87.5 pg L'T'4 daily, the delta between the lowest and highest T3 levels is
~25 ng/dL after each of two daily doses of 3.25 pg I'T3, ~40 pg/dL if the doses are 5.0 pg LT3,
and ~75 pg/dL if the doses are 10 g LT3 (50). Nonetheless, in none of these scenarios did T3
levels in the circulation cross the upper limit of normal.

Given the well-known effects of T3 on the cardiovascular and musculoskeletal systems, these
potentially life-long swings in serum T3 levels have concerned physicians preparing clinical
guidelines when considering therapy containing I'T'3 or T3 (3). This is understandable. However,
to our knowledge, not a single study has been published in which T3-containing treatment for
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hypothyroidism, in patients who keep normal serum TSH levels, has been associated with
negative skeletal or cardiovascular outcomes. On the contrary, analysis of 18 RCTs found that
similar proportions of adverse events or reactions were observed between L'T4 and LT4+LT3
treatment groups (16).

To identify adverse outcomes for LT3-treated patients, cardiovascular and bone health out-
comes were the focus of an observational study (1997-2014) in the Scottish region of Tayside
(51). The total follow-up was 280,334 person-years with a mean follow-up of 9.3 years (standard
deviation 5.6) and a maximum follow-up of 17.3 years. No increased mortality or morbidity risk
due to cardiovascular disease, atrial fibrillation, or fractures after adjusting for age was observed in
those patients using LT4+LT3 (z = 327) or LT3 alone (z = 73) when compared with the nearly
34,000 patients taking only L'T4; the number of prescriptions for bisphosphonates or statins was
similar among groups. Similar findings were obtained in Sweden after all-cause mortality was
compared between 500,000 patients taking T4 and 11,000 patients on therapy containing LT3
(52). Notwithstanding, a Korean study of 1,500 patients did find an association between the use
of LT3 and heart failure and stroke, but the study did not provide LT3 doses, nor serum TH or
TSH levels (53).

The frequency of adverse events and reactions among patients taking 'T4, LT4+L13,or DTE
was similar in two single-center crossover RCTs involving ~150 patients (43, 44). In a recent
multicenter prospective RCT that compared 141 LT'4-treated patients with 143 DTE-treated
patients with a mean age of 54 years for almost 1 year, the frequency of adverse events was similar
in both (parallel) arms (45, 46).

DEVELOPMENT OF SLOW-RELEASE T3

While the multiple RCTs and large retrospective studies show that therapy containing T'3 is as safe
as therapy with I'T4, the 2014 American Thyroid Association clinical guidelines for the treatment
of hypothyroidism called for the development of new T3 formulations that would avoid the swings
in serum T3 levels observed with the current T3-containing formulations, i.e., T3 or DTE.
Examples of potential formulations that could be developed include slow release, slow absorption,
or slow production of T3 molecules.

One of the earliest approaches to develop slow-release T3 formulations was the utilization of
tablets containing modified matrix systems made with hydroxypropylmethylcellulose, sodium car-
boxymethylcellulose, calcium phosphate, and magnesium stearate. Other combinations of salt and
matrices have also been tested, including mannitol, magnesium stearate, calcium phosphate, and
microporous polypropylene (US Patent #5,324,522). When tested in vitro, the rate of T3 release
from such capsules could be modulated according to their content and grade of methyl cellulose
and other excipients (54). In clinical trials, slow-release LT3 tablets were given to 17 hypothyroid
individuals, and the results confirmed a slightly slower release of I'T'3 in the intestine and a less
prominent peak T3 in the serum (by ~9%) at a later time (from ~3.2 to 5 h) (55). However, sus-
tained serum T3 levels were not observed with other formulations prepared with microcrystalline
cellulose and magnesium stearate (BCT303) (56). These results are important because they illus-
trate the difficulties in preparing slow-release I'I'3 formulations while utilizing matrix systems.
It is important to note the commercial availability of the so-called slow-release LT3 formula-
tions prepared by compounding pharmacies. To our knowledge, these claims are based on in vitro
studies and have not been documented in clinical trials.

In a totally different approach, investigators clinically tested two modified T3 molecules,
T3-sulfate and poly-zinc-LT3. The first molecule takes advantage of the fact that the phenolic
hydroxyl within the T3 molecule can be sulfated (T3-S), a reaction that inactivates T3 but
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dramatically enhances its solubility in water and loss to the environment (57). At first, it was
thought that T3-S taken orally could not be absorbed through the GI tract, but subsequent studies
demonstrated that it is readily absorbed into the portal system and the systemic circulation (58).
Its great advantage lies in the fact that the liver contains sulfatases that can slowly reactivate T3-S
via desulfation, “secreting” T3 back into the circulation (59). Some bacteria in the GI tract can
also reactivate T3-S to T3, adding to the overall production of T3 from T3-S.

Preclinical studies done in hypothyroid rats revealed that T3-S administered through gav-
age could be converted back to T3 and was capable of triggering systemic thyromimetic effects
(60). Next, clinical studies were conducted in thyroidectomized individuals given T3-S orally.
Circulating T3-S reached a peak level between 3 and 4 h. At the same time, T3 levels (gener-
ated through T3-S desulfation) increased rapidly in the circulation, with a peak between 2 and
4 h that was followed by a variable plateau that lasted for up to 48 h and depended on the dose
of T3-S administered. These findings indicated that patients could convert sufficient amounts
of orally administered T3-S into T3; hence, T3-S could potentially be used in the treatment of
hypothyroidism to restore T3 levels without major swings in T3 levels (61).

The next phase in the development of T3-S was to study thyroidectomized patients receiving
100-150 pg L'T4 of which 25 ug T4 was replaced with 40 g T3-S (62). As expected, a significant
reduction in mean T4 values was observed with no variations in serum T3 levels. No adverse events
related to experimental treatment were observed, and no patients discontinued the treatment.
These results are promising, and they indicate that LT4+T3-S in patients with hypothyroidism
may allow the maintenance of normal and steady levels of serum T3, with the restoration of a
physiological free T4:T3 ratio (62). The use of T3-S remains an ingenious strategy that should
be pursued further.

The other viable slow-release T'3 candidate molecule utilizes metal coordination, which results
in T3 polymers with zinc, i.e., poly-zinc-L’T'3. This copolymer of zinc and T3 forms a supramolec-
ular complex that has mucoadhesive properties, which, when coupled with its hydrolysis behavior,
make it a slow-release formulation of T3 (63). If we consider poly-zinc-L'T3 as a prodrug, then
the process of modified drug release and absorption should involve three distinct steps: (#) mu-
coadhesion to an area of the GI tract, then (b) controlled ligand exchange (e.g., hydrolysis) of T3
from poly-zinc-LT3, followed by (c) LT3 absorption. Of note, zinc is an essential mineral involved
in multiple physiological functions, and the amount contained in a 30-ug dose of poly-zinc-L'T’3
is <1/1,000 of the daily recommended allowance.

Capsules of poly-zinc-LT'3 were first given to hypothyroid rats via oral gavage, and blood sam-
ples were obtained during the next 24 h. Remarkably, the serum T3 levels exhibited favorable
pharmacokinetics (PK) (63), i.e., an approximately 30% lower peak (lower Cmax) that was de-
layed (longer Tmax) by ~6 h as compared to serum T3 levels in rats given equimolar amounts of
LT3. The T3 clearance rate did not show differences between poly-zinc-LT3- and LT3-treated
rats. TSH levels, which were elevated, declined rapidly after T3 administration, but the decline
was delayed by ~4 h in poly-zinc-LT3-treated rats. Daily administration of poly-zinc-L'T'3 for
8 days showed pharmacodynamics similar to LT3 treatment in rats, such as reduction of serum
cholesterol, restoration of growth rate, and induction of T3-dependent genes in the heart, liver,
and brain (63).

In a first-in-human trial, a crossover RCT tested poly-zinc-LT'3 in healthy volunteers to define
the PK of poly-zinc-LT'3-derived T3 after a single dose, describe the pharmacodynamics of poly-
zinc-L'T'3-derived T3, and compare the occurrence of adverse events versus placebo or equimolar
doses of L'T'3 (64). Blood samples were collected for the next 48 h. While LT3-derived serum T3
levels exhibited the expected profile, with a Tmax at ~2 h and return to basal levels by 24-36 h,
poly-zinc-LT3-derived serum T3 levels exhibited an approximately 30% lower Cmax that was
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delayed by 1 h and extended into a plateau that lasted up to 6 h. This was followed by a lower
but much longer plateau; by 24 h, serum T3 levels still exceeded half of Cmax. Remarkably, the
areas under the curves were similar, indicating that similar amounts of T'3 were absorbed but with
substantially different PK. TSH levels were similarly reduced in both groups (64). These data
indicate that poly-zinc-L'T'3 possesses the necessary properties to achieve an improved T3 PK,
with stable levels of serum T3.

REGENERATIVE APPROACHES

A heterologous (and subsequently autologous) thyroid transplant was the first approach to treat
patients with hypothyroidism (4). Transplantation never worked, but a temporary improvement
of the condition was observed due to the large amounts of TH contained in the transplanted or-
gan. With the development of organoid culture technology, the field of regenerative medicine has
studied many types of organs, including the liver, intestine, pancreas, kidney, skin, and thyroid
gland (65). Using mouse embryonic stem cells (ESCs), primordial lung and thyroid progenitors
were obtained by manipulating the transforming growth factor B, bone morphogenic protein,
and fibroblast growth factor signaling pathways (66). The subsequent overexpression of the tran-
scription factors NKX2.1 and PAX8 (67) led to fully differentiated follicular cells that express
thyroid-specific genes such as TSH receptor, sodium/iodide symporter, and thyroglobulin. Expo-
sure to human TSH causes these cells to organize in a 3D follicular architecture that was grafted
under the kidney capsules of hypothyroid mice. Four weeks later, T4 levels became detectable and
serum TSH levels were reduced when compared to levels before grafting (67).

In subsequent studies (68), thyroid progenitors derived from mouse ESCs were matured into
thyroid follicular organoids that provided functional secretion of TH in vivo and rescued hy-
pothyroid mice after transplantation. More recently, transplantable thyroid organoids derived
from human ESCs restored plasma TH levels in athyreotic mice (69). These studies suggest that
thyroid organoids have a strong regenerative capacity in vivo and provide the proof of concept
for future therapeutic development (69).

An additional ingenious approach was recently developed (70) in which porcine thyroid cells
were microencapsulated in alginate-poly-L-ornithine-alginate semipermeable microcapsules that
exchanged TH and TSH with the surrounding tissues but prevented the passage of immunoglob-
ulins and host cells that mediate the immune response. Upon stimulation with TSH, these cells
formed 3D follicular spheres that released TH (70). Given the initial success, it is conceivable that
the microencapsulation technology could be combined with organoids for in vivo transplantation
of human thyroid organoids. Of note, similar approaches with pancreatic islet xenotransplan-
tation are not yet durable, in part because of eventual increases in the levels of circulating
proinflammatory cytokines associated with reduced graft viability (71, 72).

TISSUE-SPECIFIC RESTORATION OF T3 SIGNALING

While hypothyroidism is a systemic disease, there are circumstances in which a reduction in
TH signaling can be localized, restricted to a specific organ. For example, there is considerable
evidence that a high-fat diet can reduce the expression of transcriptional regulators that are
necessary for T3 signaling in the liver (73-75). Furthermore, the study of surgical liver biopsies of
obese individuals identified sets of downregulated genes previously demonstrated to be positively
regulated by T3 (74). This could be critically important given that TH activates autophagy in
the liver and stimulates fatty acid p-oxidation and oxidative phosphorylation (76). These data
suggest that impaired TH action may play a role in the altered patterns of gene expression in fatty
liver and contribute to the establishment of steatosis and fibrosis. Indeed, low-dose L'T4 reduces
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intrahepatic lipid content in patients with type 2 diabetes mellitus and metabolic (dysfunction)-
associated fatty liver disease (77), whereas the opposite is observed in patients with resistance to
TH (78).

There are two TH receptor genes expressed throughout the body, and the liver expresses pre-
dominantly the gene encoding THRP. This observation inspired the development of T3-like
molecules with selective binding to each receptor isoform (79). Thyromimetics that target the
liver and/or THRp have been developed and used to prevent and/or treat hepatosteatosis and
nonalcoholic steatohepatitis (NASH). These molecules have reduced effects on the brain and the
cardiovascular and musculoskeletal systems, given their selectivity for the THRS isoform versus
THRo. VK2809, a liver-specific THRP agonist, decreased hepatic triglyceride levels in mice by
simultaneous restoration of autophagy, mitochondrial biogenesis, and B-oxidation of fatty acids
(80). Resmetirom (MGL-3196), another liver-specific THRp agonist, was used in humans for the
treatment of NASH in a multicenter RCT; it was found to decrease hepatic fat content after 12 and
36 weeks and could potentially reduce hepatosteatosis and NASH (81). Restoring TH signaling in
the liver with liver-specific thyromimetic drugs represents a potential therapy for hepatosteatosis
in nonalcoholic fatty liver disease.

A unique strategy for directing T3 to the liver included engineered chemical conjugates of
glucagon and T3, resulting in the delivery of T3 to the liver (the liver selectively expresses high
levels of glucagon receptors) (82). This property directed the hybrid molecule to the liver while
sparing the cardiovascular system from adverse T3 effects. Treatment with this conjugate cor-
rected hyperlipidemia, steatohepatitis, atherosclerosis, glucose intolerance, and obesity in mouse
models of obesity. These findings support the strategy of fusing T3 to a second hormone in a
single molecular entity in order to obtain tissue-specific effects of T3 (82).

CONCLUSION

LT4 treatment of patients with hypothyroidism does not restore normal TH homeostasis. While
this does not seem to be a problem for most patients, about 10-20% of the patients do not fully
benefit from treatment with I'T'4 and may improve with the combination of UT4 and L'T3. LT3 is
commercially available as a sodium salt, which results in rapid duodenal availability and absorption.
More than 20 prospective RCTs comparing IT4+LT3 versus T4 proved the combination to be
safe and effective. Safety was also confirmed in retrospective population-level analyses. Prompted
by professional guidelines, pharmaceutical companies are working on the development of slow-
release formulations of LT3 and on new strategies to enhance T3 signaling in a tissue-specific
fashion. Thyroid organoids that can be easily transplanted and are capable of restoring TH lev-
els in thyroidectomized mice have also been developed. While this wave of new approaches and
technologies is exciting and promising for the near future, we should bear in mind that rapidly
absorbed LT3 is commercially available now and, as recommended by clinical guidelines, can be
used safely to improve the lives of millions of patients with hypothyroidism who exhibit residual
symptoms while on L'T'4 therapy.

DISCLOSURE STATEMENT

A.C.B. is a consultant for Abbvie, Allergan, Synthonics, Sention, and Thyron.

ACKNOWLEDGMENTS

This work was supported by the National Institute of Diabetes and Digestive and Kidney Diseases
(DK15070, DK58538, DK65066, DK77148).

www.annualreviews.org o Emerging Therapies in Hypothyroidism 315



LITERATURE CITED
1. Chaker L, Bianco AC, Jonklaas J, Peeters RP. 2017. Hypothyroidism. Lancet 390:1550-62

. Huang SA, Bianco AC. 2008. Reawakened interest in type III iodothyronine deiodinase in critical illness

and injury. Nat. Clin. Pract. Endocrinol. Metab. 4:148-55

. Jonklaas J, Bianco AC, Bauer AJ, et al. 2014. Guidelines for the treatment of hypothyroidism: prepared by

the American Thyroid Association Task Force on Thyroid Hormone Replacement. Thyroid 24:1670-751

4. Bianco AC. 2022. Rethinking Hypothyroidism. Chicago: Univ. Chicago Press. 311 pp.

. Saravanan P, Chau WF, Roberts N, etal. 2002. Psychological well-being in patients on ‘adequate’ doses of

L-thyroxine: results of a large, controlled community-based questionnaire study. Clin. Endocrinol. 57:577—
85

. Wekking EM, Appelhof BC, Fliers E, et al. 2005. Cognitive functioning and well-being in euthyroid

patients on thyroxine replacement therapy for primary hypothyroidism. Eur. 7. Endocrinol. 153:747-53

. Samuels MH, Schuff KG, Carlson NE, et al. 2007. Health status, psychological symptoms, mood, and

cognition in L-thyroxine-treated hypothyroid subjects. Thyroid 17:249-58

. Peterson SJ, Cappola AR, Castro MR, et al. 2018. An online survey of hypothyroid patients demonstrates

prominent dissatisfaction. Thyroid 28:707-21

. McAninch EA, Rajan KB, Miller CH, Bianco AC. 2018. Systemic thyroid hormone status during levothy-

roxine therapy in hypothyroidism: a systematic review and meta-analysis. 7 Clin. Endocrinol. Metab.
103:4533-42

10. Peterson SJ, McAninch EA, Bianco AC. 2016. Is a normal TSH synonymous with “euthyroidism” in
levothyroxine monotherapy? 7. Clin. Endocrinol. Metab. 101:4964-73

11. Idrees T, Prietco WH, Casula S, et al. 2021. Use of statins among patients taking levothyroxine: an
observational drug utilization study across sites. 7. Endocr: Soc. 5:bvab038

12. Taylor S, Kapur M, Adie R. 1970. Combined thyroxine and triiodothyronine for thyroid replacement
therapy. BM7 2:270-71

13. Taylor S. 1961. A new thyroid preparation. Lancet 277:341

14. Wool MS, Selenkow HA. 1965. Physiologic combinations of synthetic thyroid hormones in myxedema.
Clin. Pharmacol. Ther. 6:710-15

15. Lan H, Wen J, Mao Y, et al. 2022. Combined T4+ T3 therapy versus T4 monotherapy effect on
psychological health in hypothyroidism: a systematic review and meta-analysis. Clin. Endocrinol. 97:13-25

16. Millan-Alanis JM, Gonzalez-Gonzalez JG, Flores-Rodriguez A, et al. 2021. Benefits and harms of
levothyroxine/L-triiothyronine versus levothyroxine monotherapy for adult patients with hypothy-
roidism: systematic review and meta-analysis. Thyroid 31:1613-25

17. Gereben B, McAninch EA, Ribeiro MO, Bianco AC. 2015. Scope and limitations of iodothyronine
deiodinases in hypothyroidism. Nat. Rev. Endocrinol. 11:642-52

18. Christoffolete MA, Arrojo e Drigo R, Gazoni F, et al. 2007. Mice with impaired extrathyroidal thyrox-
ine to 3,5,3’-triiodothyronine conversion maintain normal serum 3,5,3’-triiodothyronine concentrations.
Endocrinology 148:954-60

19. Galton VA, Schneider M, Clark AS, Germain DL. 2009. Life without T4 to T3 conversion: studies in
mice devoid of the 5'-deiodinases. Endocrinology 150:2957-63

20. Chopra IJ, Hershman JM, Hornabrook RW. 1975. Serum thyroid hormone and thyrotropin levels in
subjects from endemic goiter regions of New Guinea. 7. Clin. Endocrinol. Metab. 40:326-33

21. Stock JM, Surks MI, Oppenheimer JH. 1974. Replacement dosage of L-thyroxine in hypothyroidism. A
re-evaluation. N. Engl. 7. Med. 290:529-33

22. Gullo D, Latina A, Frasca F, et al. 2011. Levothyroxine monotherapy cannot guarantee euthyroidism in
all athyreotic patients. PLOS ONE 6:¢22552

23. Garber JR, Cobin RH, Gharib H, et al. 2012. Clinical practice guidelines for hypothyroidism in adults:
cosponsored by the American Association of Clinical Endocrinologists and the American Thyroid
Association. Thyroid 22:1200-35

24. Jonklaas J, Davidson B, Bhagat S, Soldin SJ. 2008. Triiodothyronine levels in athyreotic individuals during
levothyroxine therapy. 7AMA 299:769-77

Bianco



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Werneck de Castro JP, Fonseca TL, Ueta CB, et al. 2015. Differences in hypothalamic type 2 deiodinase
ubiquitination explain localized sensitivity to thyroxine. 7. Clin. Investig. 125:769-81

Ettleson MD, Prieto WH, Russo PST, et al. 2022. Serum thyrotropin and triiodothyronine levels in
levothyroxine-treated patients. 7. Clin. Endocrinol. Metab. 108:¢258-66

Panicker V, Saravanan P, Vaidya B, et al. 2009. Common variation in the DIO2 gene predicts base-
line psychological well-being and response to combination thyroxine plus triiodothyronine therapy in
hypothyroid patients. 7. Clin. Endocrinol. Metab. 94:1623-29

Jo S, Fonseca TL, Bocco B, et al. 2019. Type 2 deiodinase polymorphism causes ER stress and
hypothyroidism in the brain. 7. Clin. Investig. 129:230-45

Castagna MG, Dentice M, Cantara S, et al. 2017. DIO2 Thr92Ala reduces deiodinase-2 activity and
serum-13 levels in thyroid-deficient patients. 7. Clin. Endocrinol. Metab. 102:1623-30

Bianco AC, Kim BS. 2018. Pathophysiological relevance of deiodinase polymorphism. Curv: Opin.
Endocrinol. Diabetes Obes. 25:341-46

Ettleson MD, Bianco AC. 2020. Individualized therapy for hypothyroidism: Is T4 enough for everyone?
7. Clin. Endocrinol. Metab. 105:¢3090-104

Jonklaas J, Bianco AC, Cappola AR, et al. 2021. Evidence-based use of levothyroxine/liothyronine
combinations in treating hypothyroidism: a consensus document. Thyroid 31:156-82

Ahluwalia R, Baldeweg SE, Boelaert K, et al. 2023. Use of liothyronine (T3) in hypothyroidism: joint
British Thyroid Association/Society for Endocrinology consensus statement. Clin. Endocrinol. 99:206-16
Casula S, Ettelson M, Bianco AC. 2023. Are we restoring thyroid hormone signaling in I'T4-treated
patients with residual symptoms of hypothyroidism? Endocr: Pract. 29:581-88

Wiersinga WM, Duntas L, Fadeyev V, et al. 2012. 2012 ETA guidelines: the use of L-T4 + L-T3 in the
treatment of hypothyroidism. Eur: Thyroid . 1:55-71

Ettelson M, Ibarra S, Wan W, et al. 2023. Demographic, healthcare access, and dietary factors associated
with different types of thyroid hormone treatment in the US. 7. Clin. Endocrinol. Metab. In press

Perros P, Van Der Feltz-Cornelis C, Papini E, et al. 2023. The enigma of persistent symptoms in
hypothyroid patients treated with levothyroxine: a narrative review. Clin. Endocrinol. 98:461-68

Jansen HI, Boelen A, Heijboer AC, et al. 2023. Hypothyroidism: the difficulty in attributing symptoms
to their underlying cause. Front. Endocrinol. 14:1130661

Kahaly GJ, Gottwald-Hostalek U. 2022. Use of levothyroxine in the management of hypothyroidism: a
historical perspective. Front. Endocrinol. 13:1054983

Jonklaas J. 2022. Role of levothyroxine/liothyronine combinations in treating hypothyroidism. Endocrinol.
Metab. Clin. North Am. 51:243-63

Jonklaas J. 2022. Optimal thyroid hormone replacement. Endocr: Rev. 43:366-404

Dayan C, Panicker V. 2018. Management of hypothyroidism with combination thyroxine (T4) and tri-
iodothyronine (T3) hormone replacement in clinical practice: a review of suggested guidance. Thyroid
Res. 11:1

Shakir MKM, Brooks DI, McAninch EA, et al. 2021. Comparative effectiveness of levothyroxine, des-
iccated thyroid extract, and levothyroxine+liothyronine in hypothyroidism. 7. Clin. Endocrinol. Metab.
106:¢4400-13

Hoang TD, Olsen CH, Mai VQ, et al. 2013. Desiccated thyroid extract compared with levothyroxine in
the treatment of hypothyroidism: a randomized, double-blind, crossover study. 7. Clin. Endocrinol. Metab.
98:1982-90

O’Sullivan A, Brazg R, Horowitz B, et al. 2022. Dose-conversion from L'T4 to armour thyroid. Thyroid
32:A17 (Abstr.)

Brazg R, O’Sullivan A, Horowitz B, et al. 2022. Primary results from a phase 2 study of armour thyroid
in patients with hypothyroidism: the Arch study. Thyroid 32:A54 (Abstr.)

Kuye R, Riggs C, King J, et al. 2020. Thyroid stimulating hormone stability in patients prescribed
synthetic or desiccated thyroid products: a retrospective study. Ann. Fam. Med. 18:452-54

Idrees T, Palmer S, Maciel RMB, Bianco AC. 2020. Liothyronine and desiccated thyroid extract in the
treatment of hypothyroidism. Thyroid 30:1399-413

www.annualreviews.org o Emerging Therapies in Hypothyroidism

317



49.

50.

Heald AH, Premawardhana L, Taylor P, et al. 2021. Is there a role for natural desiccated thyroid in the
treatment of levothyroxine unresponsive hypothyroidism? Results from a consecutive case series. Int. 7.
Clin. Pract. 75:¢14967

Van Tassell B, Wohlford GF, Linderman JD, et al. 2019. Pharmacokinetics of L-triiodothyronine in
patients undergoing thyroid hormone therapy withdrawal. Thyroid 29:1371-79

51. Leese GP, Soto-Pedre E, Donnelly LA. 2016. Liothyronine use in a 17 year observational population-
based study—the tears study. Clin. Endocrinol. 85:918-25

52. Planck T, Hedberg F, Calissendorff ], Nilsson A. 2021. Liothyronine use in hypothyroidism and its effects
on cancer and mortality. Thyroid 31:732-39

53. Yi W, Kim BH, Kim M, et al. 2022. Heart failure and stroke risks in users of liothyronine with or without
levothyroxine compared with levothyroxine alone: a propensity score-matched analysis. Thyroid 32:764—
71

54. Bakhteyar H, Cassone C, Kohan HG, Sani SN. 2017. Kinetic analysis of drug release from compounded
slow-release capsules of liothyronine sodium (T3). Int. . Pharm. Compd. 21:418-25

55. Hennemann G, Docter R, Visser TJ, et al. 2004. Thyroxine plus low-dose, slow-release triiodothyronine
replacement in hypothyroidism: proof of principle. Thyroid 14:271-75

56. Jonklaas J, Burman KD, Wang H, Latham KR. 2015. Single-dose T'3 administration: kinetics and effects
on biochemical and physiological parameters. Ther: Drug Monit. 37:110-18

57. Sekura RD, Sato K, Cahnmann H]J, et al. 1981. Sulfate transfer to thyroid hormones and their analogs by
hepatic aryl sulfotransferases. Endocrinology 108:454-56

58. Santni F, Chopra IJ, Wu SY, et al. 1992. Metabolism of 3,5,3’-triiodothyronine sulfate by tissues of the
fetal rat: a consideration of the role of desulfation of 3,5,3'-triiodothyronine sulfate as a source of T3.
Pediatr. Res. 31:541-44

59. Peeters RP, Visser T]. 2017. Metabolism of thyroid hormone. In Endotext, ed. KR Feingold, B Anawalt,
MR Blackman, et al. South Dartmouth, MA: MDText.com, Inc. https://www.ncbi.nlm.nih.gov/books/
NBK285545/

60. Santini F, Hurd RE, Lee B, Chopra IJ. 1993. Thyromimetic effects of 3,5,3'-triiodothyronine sulfate in
hypothyroid rats. Endocrinology 133:105-10

61. Santini F, Giannetti M, Ricco I, et al. 2014. 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. 20:680-89

62. Santini F, Ceccarini G, Pelosini C, et al. 2019. Treatment of hypothyroid patients with L-thyroxine (L-
T4) plus triiodothyronine sulfate (T'3S). A phase II, open-label, single center, parallel groups study on
therapeutic efficacy and tolerability. Front. Endocrinol. 10:826

63. Da Conceicao RR, Fernandes GW, Fonseca TL, et al. 2018. Metal coordinated poly-zinc-liothyronine
provides stable circulating triiodothyronine levels in hypothyroid rats. Thyroid 28:1425-33

64. Dumitrescu AM, Hanlon EC, Arosemena M, et al. 2022. Extended absorption of liothyronine from poly-
zinc-liothyronine: results from a phase 1, double-blind, randomized, and controlled study in humans.
Thyroid 32:196-205

65. Zhao],RenY, Ge Z, etal.2023. Thyroid organoids: advances and applications. Endokrynol. Pol. 74:121-27

66. Longmire TA, Ikonomou L, Hawkins F, et al. 2012. Efficient derivation of purified lung and thyroid
progenitors from embryonic stem cells. Cell Stem Cell 10:398-411

67. Antonica F, Kasprzyk DF, Opitz R, et al. 2012. Generation of functional thyroid from embryonic stem
cells. Nature 491:66-71

68. Kurmann AA, Serra M, Hawkins F, et al. 2015. Regeneration of thyroid function by transplantation of
differentiated pluripotent stem cells. Cell Stem Cell 17:527-42

69. Romitti M, Tourneur A, de Faria da Fonseca B, et al. 2022. Transplantable human thyroid organoids
generated from embryonic stem cells to rescue hypothyroidism. Nat. Commun. 13:7057

70. Yang Y, Opara EC, Liu Y, et al. 2017. Microencapsulation of porcine thyroid cell organoids within a
polymer microcapsule construct. Exp. Biol. Med. 242:286-96

71. Zhu HT, Lu L, Liu XY, et al. 2015. Treatment of diabetes with encapsulated pig islets: an update on
current developments. 7. Zhejiang Univ. Sci. B 16:329-43

72. Shimoda M, Matsumoto S. 2017. Microencapsulation in clinical islet xenotransplantation. Methods Mol.
Biol. 1479:335-45

Bianco


https://www.ncbi.nlm.nih.gov/books/NBK285545/

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Crunkhorn S, Dearie F, Mantzoros C, et al. 2007. Peroxisome proliferator activator receptor gamma
coactivator-1 expression is reduced in obesity: potential pathogenic role of saturated fatty acids and p38
mitogen-activated protein kinase activation. 7. Biol. Chem. 282:15439-50

Pihlajamaki J, Boes T, Kim EY, et al. 2009. Thyroid hormone-related regulation of gene expression in
human fatty liver. 7. Clin. Endocrinol. Metab. 94:3521-29

Castillo M, Freitas BC, Rosene ML, et al. 2010. Impaired metabolic effects of a thyroid hormone receptor
beta-selective agonist in a mouse model of diet-induced obesity. Thyroid 20:545-53

Sinha RA, You SH, Zhou J, et al. 2012. Thyroid hormone stimulates hepatic lipid catabolism via activation
of autophagy. 7. Clin. Investig. 122:2428-38

Bruinstroop E, Dalan R, Cao Y, et al. 2018. Low-dose levothyroxine reduces intrahepatic lipid content
in patients with type 2 diabetes mellitus and NAFLD. 7. Clin. Endocrinol. Metab. 103:2698-706

Chaves C, Bruinstroop E, Refetoff S, et al. 2021. Increased hepatic fat content in patients with resistance
to thyroid hormone beta. Thyroid 31:1127-34

Trost SU, Swanson E, Gloss B, et al. 2000. The thyroid hormone receptor-beta-selective agonist GC-1
differentially affects plasma lipids and cardiac activity. Endocrinology 141:3057-64

Zhou ], Waskowicz LR, Lim A, et al. 2019. A liver-specific thyromimetic, VK2809, decreases
hepatosteatosis in glycogen storage disease type Ia. Thyroid 29:1158-67

Harrison SA, Bashir MR, Guy CD, et al. 2019. Resmetirom (MGL-3196) for the treatment of non-
alcoholic steatohepatitis: a multicentre, randomised, double-blind, placebo-controlled, phase 2 trial.
Lancet 394:2012-24

Finan B, Clemmensen C, Zhu Z, et al. 2016. Chemical hybridization of glucagon and thyroid hormone
optimizes therapeutic impact for metabolic disease. Ce// 167:843-57.¢14

www.annualreviews.org o Emerging Therapies in Hypothyroidism

319



