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The thyroid operates within a complex system of homeostatic regulation, where the level of thyrotropin (TSH) influences the rate of secretion of the principal thyroid hormones, thyroxine (T4) and triiodothyronine (T3). The devastating consequences of untreated thyroid dysfunction have been evident for centuries. Indeed, sources from antiquity described goitre and cretinism, two of the clinical sequelae of untreated overt thyroid disease. It was not until the first part of the 19th century that goitre and cretinism were first associated with iodine status; however, the endocrine function of the thyroid was not clearly identified until the early part of the 20th century. Three principal innovations in the 20th century supported the use of levothyroxine (LT4) replacement therapy for the management of hypothyroidism: a practical technique for the synthesis of LT4 suitable to support pharmaceutical use (late 1940s), the discovery that LT4 is converted to the active thyroid hormone, T3, in the peripheral tissues (1970), and the development of robust and sensitive assay methodology for measuring thyroid hormones in the blood (1960 onwards). Synthetic LT4, titrated to bring the level of TSH within a predefined “normal” reference range, is now established as the mainstay of treatment for hypothyroidism, and provides adequate restoration of thyroid hormone function for most people with this condition. Future research will explore further the nuances of the hypothalamic-pituitary-thyroid axis, and the place, if any, for T3 within the management of thyroid dysfunction.
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Introduction – Current management of hypothyroidism

Thyroid homeostasis occurs through a complex system of overlapping feedback loops (1). Briefly, the secretion of thyrotropin (thyroid stimulating hormone; TSH) from the pituitary stimulates the thyroid gland to secrete two principal hormones: triiodothyronine (T3) and levothyroxine (T4), with T4 accounting for about 80% of the total. These hormones act on almost every organ system in the body. T3 is the active hormone, and T4 from the thyroid gland is converted to T3 by deiodinases within target tissues (Figure 1) (2). The levels of T3 and T4 in the circulation feed back to circuits in the hypothalamus that regulate the secretion and activity of thyrotropin releasing hormone, which in turn influences the secretion of TSH. Thus, the overall effects of the thyroid in the body is determined not only by feedback loops between the thyroid and the brain, but also by the activity of deiodinases within the target tissues, among other systems (1).




Figure 1 | Overview of principal target tissues for thyroid hormones. Areas with question marks are speculative and remain the subject of research. Reproduced from reference 2 under Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). See original source for references.



Hypothyroidism, a state of deficiency of thyroid hormones, is diagnosed mainly according to the circulating level of serum TSH (3–5). When the secretion of thyroid hormones is abnormally low, the pituitary secretes more TSH. Importantly, this relationship is not linear, and a reduction in circulating free T4 (FT4) by half would stimulate an increase in TSH secretion by as much as 100-fold (6). For this reason, the diagnosis of hypothyroidism is based mainly on the level of serum TSH, with levels of other thyroid hormones used to confirm the diagnosis (3–5). A level of serum TSH above an assay-specific reference range of TSH levels (typically around 0.4–4 mIU/L) determined in a population believed to be free of thyroid dysfunction is indicative of the presence of hypothyroidism; “subclinical hypothyroidism” refers to a state where serum TSH is elevated but thyroid hormone levels are normal (7).

The current management of overt hypothyroidism is based firmly on hormone replacement therapy with levothyroxine (LT4) a synthetic form of T4 (3–5). Careful adjustment of the dose of LT4 over time is used to bring TSH back to within its reference range, which provides sufficient restoration of thyroid function for most people with hypothyroidism. The therapeutic use of T3 for people with hypothyroidism remains controversial, and is discussed briefly in the “looking ahead” section at the end of this article.

More than two centuries of research have led us to this point. This article presents a concise overview of the history of the development of LT4 for the management of hypothyroidism.



Establishing a role for the thyroid gland


Early observations

It is clear from historical records that the clinical sequelae of hypothyroidism have always been with us. Iodine deficiency is a common cause of an underactive thyroid gland (8), leading to the development of goitre. Hilly or mountainous regions are often low in iodine, as this element has been washed down to lower levels over time. Many sources, reviewed elsewhere (9–11), have noted a high prevalence of goitre in mountainous regions. For example, writings from ancient sources in China include associations between consumption of mountain spring water and goitre, or attempts to treat water with burnt sponge and seaweed that go back as far as 1600 BCE. In Europe, goitres featured prominently in Roman art (12) and in some Renaissance paintings, including ‘A Grotesque head’, by Leonardo da Vinci, and “The Adoration of Shepherds’ by Moretto da Brescia (13–15). The endemic nature of goitre in some regions accounts for the common representation of this condition in ancient art (16). Goitre is also described in near-eastern and Ayurvedic texts from the early centuries BCE (17). Observations of the high prevalence of goitre in many other mountainous regions have been made (9–11), and as recently as 1966 a survey of the prevalence of “Derbyshire neck” appeared in The Lancet, referring to an area situated in the southern end of the Pennine hills in the Midlands of England (18).

The early observations, including those pertaining to treatment of goitre with preparations derived from iodine-containing sponge or seaweed, were not based on an understanding of the physiological role of the thyroid gland. The building blocks for our understanding of the importance of the thyroid gland in health and disease were laid in the middle and latter part of the 19th century. Physicians began to describe isolated cases of cretinism, a clinical consequence of untreated severe congenital hypothyroidism. For example, a report of two cases in 1849 described neck swellings in children with cretinism, one confined to an “Idiot Asylum” and one referred as an infant, each with apparent severe growth retardation (19). Both died shortly after.



Limited progress in the 19th century

In 1871, Dr Fagge described “sporadic cretinism”, an endemic condition in a village in the southwest of England, which was “analogous to the cretinism of Alpine countries, and like it, frequently associated with goitre and deaf-mutism” (20). Public health measures, including better nutrition and encouragement to conduct fewer consanguineous marriages, appeared to resolve that situation. Sir William Withey Gull, describing the decline in mental and physical status of a woman who developed cretinism in adulthood, provided in 1874 what was perhaps the first longitudinal data on the clinical consequences of thyroid deficiency [summarised by Pearce (21)]. William Ord, in 1878, presented more longitudinal data, describing the case of a woman whose mental and physician condition declined severely over a seven-year period due to untreated thyroid disease, leading to her death (22). Interestingly, Dr Ord likened the pathological changes in the presentation of the patient to those described by Sir William Gull, mentioned above. Dr Ord coined the term, “myxoedema” at this time, to describe the “mucus oedema” displayed by this patient, a term associated with thyroid dysfunction to this day. Soon afterwards, in 1885, Hirsch, described cases of goitre and cretinism in Germany that were far more common on mountainous regions than in iodine-rich coastal regions (23).

There was still no real understanding of the links between goitre, cretinism and the thyroid, despite pointers from the result of experiments on animals subjected to thyroidectomy (and in one case, re-grafting the thyroid to elsewhere in the body) (24, 25). This lack of understanding did not restrain some physicians from excising goitres to relieve pressure on the neck: one surgeon writing in 1883 moved away from performing complete thyroidectomy for this purpose, as it brought on the unwanted outcome of “sporadic cretinism” (26). Dr Ord discussed but largely discounted the possible relationship between the symptoms he described and possible thyroid dysfunction, noting that (referring to Fagge’s work, above) that “while goitre was more or less associated with endemic cretinism, the thyroid gland was actually absent or atrophied in sporadic cretinism occurring in this country) (22). The concepts of acquired and congenital hypothyroidism would not be understood until many years later.



Towards an understanding of thyroid function

Understanding of the likely importance of iodine in the pathogenesis of goitre had been increasing from 1820–1870, including limited trials of administration of iodine preparations for this purpose (27–29) One such attempt in France foundered initially due to problems with iatrogenic thyrotoxicosis due to over treatment, resistance from the established medical profession, and a desire from a number of potential patients to retain their goitres, which provided an exemption from forced conscription into the French army at that time (27). Chatin, in France in 1851 first published the hypothesis that iodine was important here, followed by an observation by Semon (who worked with Ord in London) that myxoedema followed thyroidectomy (30). Successful trials followed of injections of extracts of sheep thyroid for people with myxoedema from 1890 onwards (3). One report showed that a patient with advanced myxoedema responded remarkably to treatment with sheep thyroid extract, and lived for a further 28 years until his death at age 74 years (31). A subsequent review in 1893 of 100 cases of patients with myxoedema and cretinism used phrases such as “complete transformation” and “the patient has ceased to be a patient” to describe the remarkable efficacy of sheep thyroid extract for these patients (32).

At last, we had not only a firm association between myxoedema and thyroid dysfunction, but also the beginnings of how to treat it. Further progress required further research, however. A pivotal moment in the history of thyroid research was the discovery of “thyro-iodine” a substance containing iodine located within the thyroid gland, by Baumann in 1895 (33). This observation helped to coalesce into a coherent schema the earlier observations of iodine and thyroid function described above. Other researchers confirmed and extended this work, identifying other iodine-containing substances within the thyroid gland [reviewed elsewhere (34)] before Kendall isolated T4 from thyroid extract in 1914 (35). The profound metabolic effects of this newly discovered compound when administered to animals provided the initial basis for our current understanding of the thyroid as an endocrine gland.




Establishment of LT4 as the standard of care for hypothyroidism

Much useful work had been done in the preceding decades relating to the need for careful dose titration of thyroid extract to preserve an acceptable balance between efficacy and safety, principles that we still follow today (36), although progress in establishing LT4-based therapy was slow in the early part of the 20th century. T4 was not synthesised de novo until 1927 (with demonstration that the levoisomer of thyroxine exerts the clinical effects) (37). A synthesis of LT4 suitable for use on a commercial scale for pharmaceutical use did not follow until 1946 (38). This preparation was synthesised as an acid, resulting in low bioavailability, a situation improved by the production of a more soluble sodium salt in 1949 (39).

Meanwhile, thyroid extracts were used for treating myxoedema or hypothyroidism, where the condition was treated at all, as attempts to refine T4 from animal thyroid resulted in a very low yield; for example Kendall found in 1919 that “Up to the present time about 33 gram of the compound have been separated from 6,550 pounds of fresh [porcine] thyroid material” (40; NB: 6,550 pounds equates to 2.97 tonnes). The availability of pharmaceutical-grade LT4 from the 1940s did not prevent the widespread use of animal thyroid extracts, which predominated until well into the second half of the 20th century, despite issues such as widely variable (or no) thyroid hormone content and limited shelf life (10, 11).

The discovery of peripheral conversion of T4 to T3 independently of the thyroid in 1970 (40) [now known to be mediated by a family of specific deiodinase enzymes (41)] helped to allay concerns expressed by physicians at the time that monotherapy with LT4 might deplete physiological pools of T3 (10). The development of practical tests for thyroid function was also an important breakthrough. A test for total T4 was first developed in 1960, followed by commercial tests for TSH and T3 [which had been discovered in 1952 (42)] in the mid-1970s. Now, sensitive and specific assays are available to measure T4 or T3 (free or protein bound), TSH and other biomarkers using radioimmunoassay or liquid chromatography-tandem mass spectrometry (LC-MS/MS) technology (43). In particular, “third generation” TSH tests are now sufficiently sensitive to detect TSH levels of <0.01 mIU/L, for use in diagnosing subclinical hypothyroidism or hyperthyroidism (44). The availability of accurate tests for thyroid hormones facilitated the diagnosis of thyroid dysfunction and guided dose titration: indeed, the advent of accurate thyroid function tests revealed that many patients with hypothyroidism had been over treated, with a resulting reduction in the LT4 dose of half or more (10).

The application of LT4-based therapy for hypothyroidism continues to be refined. Regulators define LT4 as a “narrow therapeutic index” drug, meaning that even a small alteration in exposure to LT4 can result in clinically important biological consequences. This has led regulators to impose increasingly stringent criteria in recent years for the manufacture of LT4 tablets, with regard to the accuracy and reproducibility of their LT4 content and the stability of the active ingredient over time (45–47). This requirement has mandated re-engineering of existing LT4 tablets to meet these new quality standards (48, 49), which should support more accurate titration and maintenance treatment for people with hypothyroidism who require treatment with LT4.

These developments have established LT4 as the standard of care for the management of hypothyroidism. Hypothyroidism is a common condition affecting some 3–11% of local populations. It has been reported that LT4 is the second-most-used prescription drug by outpatients in the USA, with more than 20 million patients receiving almost 99 million prescriptions in 2020 (50).



Looking ahead


What about T3 replacement?

Combination treatment with LT4 and T3 (liothyronine) for people with hypothyroidism was common up to about 1970, as it was assumed that this was an obvious approach to mimicking natural thyroid function. The discovery of peripheral iodothyronine deiodinases reduced the perceived need for this approach, along with the observation that monotherapy with LT4 was sufficient for most people with hypothyroidism. In addition, clinical trials comparing LT4-T3 combinations with LT4 monotherapy produced variable results, with no clear advantage for the combination. A re-evaluation of those trials has identified methodological shortcomings, however, including recruitment of patients without clear T3 deficiency (or a deiodinase polymorphism that predisposes to peripheral T3 deficiency), differences in the extent of residual thyroid function at baseline, and a lack of appropriate thyroid dysfunction-specific instruments for recording changes in symptoms and patient-reported outcomes (51–54). In addition, the widely divergent plasma half-lives of available preparations of T4 (days) and T3 (hours) complicates their co-administration in a once-daily dose (as is the case for LT4 monotherapy). New and more appropriately designed trials, ideally using a T3 product with a longer half-life, will be needed to address these issues (2, 55).

Most cases of hypothyroidism can be controlled adequately using LT4 monotherapy, as described above. However, a minority of LT4-treated patients continue to report symptoms reminiscent of hypothyroidism despite having TSH controlled to within the reference range (56). Careful examination may reveal a hitherto undiscovered explanation for these symptoms in most, but not all, patients. Variations in the activity of deiodinases, in part due to LT4 treatment, may alter the relative availability of T4 and T3 in peripheral target tissues, which may underlie the persistence of hypothyroid symptoms in some patients (57, 58). Such observations have increased interest in the use of LT4-T3 combinations. Current European guidance supports a trial of this combination therapy for selected patients with symptoms of hypothyroidism that persist despite optimised LT4 treatment. Again, further clinical trials are required to quantify the benefits of this approach.



Key outstanding research questions

Two important questions for the future of thyroid research have already been mentioned above, namely relate to whether genetic polymorphisms in deiodinases lead to clinically significant variations in the ability of LT4-based therapy to restore normal thyroid function in an individual with hypothyroidism, and the related but separate question of the role (if any) of T3 in the management of hypothyroidism. The associations between thyroid dysfunction and comorbid conditions requires further study: for example, low T3 is a common finding in patients with heart failure and may contribute to the pathophysiology of this disorder (59).

In addition, each patient may have their own unique “set point” for thyroid homeostasis, and it is possible that one or more thyroid hormones will lie outside their reference range without adverse consequences for thyroid homeostasis in that individual (60). Other authors have questioned the existence of these set points, however, and research continues to provide the optimum definition of euthyroidism, perhaps beyond the use of TSH as the primary biomarker (61). Finally, the management of subclinical hypothyroidism and the extent to which this condition is associated with severe adverse clinical outcomes provides a continuing research challenge (62). This is especially relevant to elderly people with mild elevations of TSH that likely result from a natural age-related process rather than genuine thyroid pathology (63).




Conclusions

The devastating consequences of untreated thyroid dysfunction have been evident for centuries. Clinical research conducted over the last two centuries first associated goitre and cretinism with iodine status, and later with thyroid dysfunction (Figure 2). Research in the first half of the 20th century laid the groundwork for our current understanding of thyroid hormones in health and disease that we have today, but it was not until the second half of that century that synthetic LT4 emerged as the mainstay of treatment for hypothyroidism. Today, LT4 monotherapy, titrated to normalise the circulating level of TSH, is the standard of care for the management of hypothyroidism. Future research will no doubt refine this management of thyroid disease.




Figure 2 | Key events in the history of levothyroxine (LT4). T3, triiodothyronine; T4, thyroxine; TSH, thyrotropin/thyroid stimulating hormone.
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