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Abstract: Thyroid hormone (TH) signalling is a universally conserved pathway with pleiotropic
actions that is able to control the development, metabolism, and homeostasis of organisms. Using
evidence from paleoecology/palaeoanthropology and data from the physiology of modern humans,
we try to assess the natural history of TH signalling and its role in human evolution. Our net thesis is
that TH signalling has likely played a critical role in human evolution by facilitating the adaptive
responses of early hominids to unprecedently challenging and continuously changing environments.
These ancient roles have been conserved in modern humans, in whom TH signalling still responds
to and regulates adaptations to present-day environmental and pathophysiological stresses, thus
making it a promising therapeutic target.
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1. The Evolution of TH Signalling as a Pleiotropic Effector

The basic elements for the emergence and evolution of life were made available by
distinct astronomical events such as mergers of binary systems and core-collapse super-
nova [1,2] that took place billions of years ago. One of these basic elements, iodine, provided
the key material for the evolution of thyroid hormone (TH) signalling—a universal and
crucial molecular pathway for the evolution of life on earth.

The lives of the first unicellular organisms 3.5 billion years ago were crucially depen-
dent on the availability of iodine, as it appears to have acted as a powerful antioxidant [3].

Iodine is one of the most electron-rich atoms that is available in the diets of marine
and terrestrial organisms, and through peroxidase enzymes, its anion (iodide) could have
served as a primitive electron donor in order to bestow antioxidant and catalytic functions
on primitive iodide-concentrating cells [3]. Starting with these ancestral antioxidant and
catalyst roles, iodine then coupled with tyrosine to form a more versatile and highly reactive
molecule, iodotyrosine, which eventually formed iodothyronines through subsequent
coupling reactions.

Organisms that cannot produce iodothyronines must acquire them from their food
reference [4–6], which makes these organisms highly dependent on alimentary iodine.
The dependence on iodothyronines and environmental iodide may have pressed for the
selection of organisms that were able to first sense the availability of environmental iodo-
compounds, and second undergo morphological/anatomical changes that would increase
their ability to exploit environmental resources, as happens with echinoid larvae meta-
morphosis (for a detailed analysis of this hypothesis and supporting bibliography see
Mourouzis et al [7]). In this way, iodothyronines were gradually converted from a sensing
molecule into a strong regulator of both metabolism and development. Once iodothy-
ronines had become key modulators of fundamental biological processes, organisms that
were able to self-synthesise TH had gained a fitness advantage.
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Due to these crucial roles in organisms’ adaptation to environmental conditions is
not surprising that, over time, natural selection favoured the evolution of a sophisticated
TH signalling that could sense and transmit environmental stimuli to cellular/genetic
machinery (energy production, gene regulation and DNA replication in mitochondria),
and ultimately orchestrate simultaneously metabolic and developmental processes. The
coordinated and differential actions of TH signalling are mediated by the binding of the
active form of TH (3,3,5-triiodo-L-thyronine, T3) to its receptors—the thyroid hormone
receptors alpha and beta (TRα1–3 and TRβ1–3)—through which it regulates downstream
signalling pathways and transcription factors [8]. Thyroid hormone receptors have separate
expression patterns and divergent functional roles during foetal and adult life that are
dependent on their liganded states [7,9]. TRα1 is the predominant isoform of TRs in many
developing organs, while TRβ1 is widely expressed during adulthood. During foetal life,
when T3 levels are low, TRα1 is highly expressed and acts as an apo-receptor (unliganded
state) to repress adult genes and activate foetal ones. After birth, when T3 levels increase,
the TRα1 switches to the holoreceptor form (liganded state) to induce the expression of adult
genes, thus promoting cell maturation and physiological growth. In adulthood, circulating
levels of THs are strictly regulated by the hypothalamic–pituitary–thyroid axis, which acts
through a fine multi-loop feedback system, ensuring thyroid homeostasis. In addition, the
availability of THs to tissue is locally regulated by the action of deiodinases (DIOs, DIO1,
DIO2, DIO3). These selenocysteine-containing enzymes—the spatiotemporal expression of
which changes during organ development in mammals—are capable of removing iodide
from iodothyronines, turning T4 into T3 (DIO1 and DIO2) or catalysing the inactivation of
T4 and T3 (DIO3) [10]. Apart from genomic actions, TH signalling can also act by interacting
with the extracellular domain of a plasma membrane protein—integrin αvβ3, which has
no structural homologies with TRs. Through this extranuclear (non-genomic) mechanism,
TH signalling controls the proliferation, apoptosis, the trafficking of intracellular protein,
and phosphorylation/activation of TRs [11]. This finely tuned regulation of systemic
and local levels of THs along with the different spatiotemporal expression of TRs and
DIOs and different mechanisms of action enable TH signalling to orchestrate multiple
tissue-specific functions simultaneously and to have diverse effects on animal physiology
and pathobiology.

2. The Availability of T3 as a Determinant of Human Evolution

Millions of years ago, the first hominids had to alternate habitats periodically and were
often compelled by food scarcity, violent natural phenomena, and predators to colonise
new territories. These changes coincided with changes in dietary habits, encountering
unfamiliar climates, physical catastrophes, and biological threats, all of which required a
set of global anatomical and physiological adaptations. In our opinion, THs—which can be
absorbed through the digestive system and concurrently regulate development, growth,
and metabolism—must have played a pivotal role in the adaptation, survival, and thriving
of early hominids.

Australopithecines were the first hominids that experienced a major ecosystem and
diet shift. Apart from eating fruits, leaves, and possibly scavenging, these Homo forebears
started consuming small animals, such as amphibians, birds, and reptiles. This prey was
consumed whole, and the animals’ thyroid glands thus provided a significant amount
of TH to their hominid predators. This shift might have initially resulted in an altered
TH profile for females, which probably affected fertility negatively or may even have
caused congenital anomalies [12]. This first instance of biological stress caused by high
levels of exogenous TH may have served as a selection filter that favoured individuals
who could tolerate sharp increases in THs. Nevertheless, the high levels of THs may also
have provided an evolutionary advantage to these “more tolerant” individuals, as it could
accelerate development and growth, enable the rapid regulation of the metabolism, and
improve neural and possibly cognitive processes.
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Homo habilis later colonised exposed habitats and became a habitual scavenger.
Although these earliest representatives of our genus probably still ate some small animals
and vegetation, their diet appears to have incorporated a substantial amount of marrow and
brains from scavenged carcasses [13]. Such a diet would have been proportionally higher
in essential fatty acids, which are indispensable for brain development and function [14].
Nevertheless, tissues and organs (including thyroid glands) are commonly consumed by the
primary hunters of any prey and are not typically available to scavengers. As a consequence,
Homo habilis probably assimilated less exogenous THs than Australopithecines, and this
made the endogenous production of TH by their thyroid gland key to their survival. Thus,
natural selection favoured those who, under these conditions of low TH intake, had the
capacity to not only increase the endogenous production of THs but to also modulate
the interactions of TH with cellular and nuclear receptors so as to efficiently respond to
metabolic and other challenges.

An increase in externally received THs could be observed again in Homo erectus,
who became a consumer of different types of animals. Once again, this shift may have
contributed to the radical morphological changes in the body and brain of Homo erectus,
which enabled their survival for over 1,000,000 years and made them capable of moving
beyond Africa [13]. During this long journey through novel territories, Homo erectus
encountered diverse stresses and challenges: hostile weather conditions (e.g., often low
temperatures), long-distance walking, feasting–fasting cycles, and as a typical hunter-
gatherer, frequent external traumas.

Intermittent food scarcity made it imperative to save energy by adopting an energy
conservation hypothyroidism-like profile, which is typical of low activity and fasting
periods [15,16]. On the other hand, a sharp drop in temperature or migration to cold
habitats made effective thermoregulation a critical factor for survival. The cold stress that
was experienced by Homo erectus in seasonal habitats at high latitudes and elevations
would have favoured the selection of temperature-sensitive pathways that could rapidly
thermoregulate themselves by modulating the basal metabolic rate (BMR). To this end,
natural selection would have favoured the evolution of a TH signalling profile that could
boost cellular metabolism, increase BMR, and promote thermoregulation on demand
according to the environmental temperature.

Likewise, alternate periods of walking (long distances) and running along with pe-
riods of low activity (typical of the hunter/gatherer lifestyle) would have necessitated
the evolution of mechanisms that could simultaneously regulate metabolism and muscle
structure. In fact, the skeletal muscles are major targets of TH signalling, which governs
their development, homeostasis and regeneration, contractile function, and growth in
response to physical challenges [17]. As such, the capacity for the coordinated regulation
of the metabolism and muscles by TH signalling could be a critical selective advantage.

The ability to maintain high levels of THs was decisive for Homo erectus’ cognitive
potential, too. In fact, TH is crucial for brain development and cognitive function through-
out life, from early embryogenesis to adult brain development, since it governs many
aspects of neurogenesis, including proliferation, survival, cell fate decisions, migration,
differentiation, growth, and the maturation of both neuronal and glial cells [18].

Individuals with TH signalling that could reactivate developmental programmes
to heal wounds also had an evolutionary advantage. Through their nuclear receptors,
THs can regenerate skin tissues by accelerating barrier formation and stimulating the
proliferation of epidermal keratinocytes and dermal fibroblasts [19]. As such, individuals
with imperfect TH signalling would have exhibited delayed wound healing (as happens in
modern humans with hypothyroidism [20,21]) and may have been susceptible to wound
contamination and its complications. The ability to efficiently heal wounds by modulating
TH levels and TRs and DIOs expression could, in this way, be an important advantage
for survival.

Modern humans (Homo sapiens) are the only surviving species of the genus Homo
that evolved from their most likely recent ancestor, Homo erectus. According to the so-
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called “Out of Africa” theory—the dominant model of the geographic origins and early
migration of anatomically modern humans—Homo sapiens first evolved in Africa and
then spread around the world between 100,000 and 200,000 years ago, superseding all
other hominid species. Again, the potential pressures that drove the evolution of modern
humans were environmental conditions and/or changes in diet, efficacy in communicating
and interacting socially, and dexterity. In addition, the eruption of a super-volcano in
Sumatra around 70,000 years ago that may have led to a ‘nuclear winter’, (followed by a
1000-year ice age) would have put immense selection pressure on humans. This pressure
would also have intensified the development of a TH signalling profile that could allow for
greater metabolic “flexibility”, higher regenerative/repair potential, improved neuronal
plasticity and advanced cognitive capacities (e.g., prediction and strategy skills), and
behavioural flexibility.

Based on the above analysis, we suggest that TH signalling evolved through millions
of years as a sensitive sensor that transmitted changes from their environment to organisms
and drove analogous adaptive physiological responses. This makes it a major determinant
in human evolution, physiology, and disease (Figure 1).
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3. The Fundamental Role of TH Signalling in Contemporary Modern Humans

Modern humans, despite their tremendous progress in overcoming the problems of
their ancestors, face significantly diverse challenges that affect their quality of life and
survival. Degradation of the environment, sedentary lifestyles, high-sugar and high-fat
diets, and chronic (psychological) stress, among other factors, increase the susceptibility and
predisposition of modern humans to acute injuries and chronic pathologies, respectively.
For instance, the global rise in the prevalence of obesity leads, among other things, to
an important increase in the prevalence of diabetes and cardiovascular diseases. Again,

Biologiwise.com
Biologiwise.com
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TH signalling seems to be highly sensible and responsive to these environmental and
pathophysiological challenges.

Diabetic patients, for example, exhibit significantly lower T3 plasma levels [22,23],
along with a higher prevalence of thyroid dysfunction compared to the healthy population.
Moreover, hypothyroidism is the most common diabetes-associated disorder [24,25], while
thyroid dysfunction and low T3 levels in diabetic patients are strongly associated with
worse renal outcomes and increased mortality [26,27].

It has also long been observed that after acute injuries, such as myocardial ischaemia,
there is also a drop in T3 levels [28]. Accumulative evidence suggests that the decrease in
T3 is associated with increased mortality and morbidity [29]. Indeed, after acute myocardial
infarction (AMI) in patients treated with mechanical revascularisation, lower free T3 levels
have been associated with increased long-term mortality [29], while circulating T3 has
been shown to be an independent factor that determines the recovery of the left ventricle
6 months after AMI. Furthermore, in patients with chronic heart failure, changes in T3
levels are associated both with worse functional outcomes [30–32] and increased cardiac
mortality [33].

Although the biological significance of a decrease in TH in the aforementioned and
other pathological conditions [34–37] is still under intensive investigation, it has been
suggested that low T3 levels can initially provide a metabolic benefit to stressed organs.
A striking example of this phenomenon is the diabetic heart, in which the decrease of T3
levels triggers a metabolic switch that is linked with the remodelling of the contractile
machinery from highly energy-consuming proteins to energy-saving ones. This response
may be adaptive and beneficial in the short term for stressed cardiac muscle, as it minimises
catabolic phenomena and reduces energy consumption. However, in the long term, this low-
energy structural and metabolic profile may be energetically inefficient and may eventually
become detrimental for the tissue [9].

Based on the above clinical findings TH treatment has been used in several clinical
settings for cardiovascular diseases. For instance, T3 treatment significantly increased
the cardiac index of patients after coronary bypass surgery (CABG) [38], ameliorated
regional dysfunction after AMI [39], improved stroke volume, and reduced the levels of
the N-terminal pro b-type Natriuretic Peptide [40] in stable patients with heart failure.

Although the therapeutic mechanisms of action of TH are not well studied in humans,
in vitro and in vivo disease models have provided important knowledge about the repar-
ative and regenerative properties of TH signalling. Exposing isolated cardiomyocytes to
stressful stimuli, such as adrenergic stimulation [41,42] and pro-inflammatory factors [43]
have shown that the TH–TRα1 axis controls alterations in the cellular structure, size, shape,
and geometry of the cardiomyocytes. In rodent models of myocardial infarction, the T3
levels decreased, and TRα1 was expressed at significantly higher levels [44], while its
pharmacological inactivation was detrimental and resulted in a dramatic deterioration of
heart structure and function [45]. Likewise, recent studies in our lab have shown that the
glomeruli of patients and rats with diabetic nephropathy (DN) re-expressed the predomi-
nantly foetal isoform TRα1 and that these cells were also positive for a number of foetal and
injury-related podocyte markers [46]. Remarkably, the simultaneous re-expression of TRα1
and foetal markers in the glomerulus has been observed in most rodent diabetes models
(i.e., streptozotocin-induced diabetes, ob/ob mice and Zucker diabetic fatty rats). In rats
with DN, the glomerular expression of the TH-inactivating enzyme deiodinase 3 (DIO3)
increased, while the blood T3 levels were progressively decreasing and inversely correlated
with the worsening of metabolic and renal disease. Furthermore, human podocytes that
have been exposed to typical components of the diabetic milieu in vitro (high glucose and
H2O2) exhibited markedly upregulated TRα1 and DIO3 expression. These changes in
TH signalling were accompanied by cytoskeleton rearrangements, adult podocyte marker
downregulation, and foetal kidney marker upregulation along with the induction of a
maladaptive cell cycle, and TRα1-dependent hypertrophy.
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The above data suggest that the TH–TRα1 receptor axis adopts a foetal relationship
profile (low T3 levels and increased TRα1 expression) that reactivates developmental
programmes to drive tissue repair and regeneration (Figure 2). Although this is a regener-
ation imperfecta, it can be exploited therapeutically. Indeed, after myocardial infarction
in rodents, in which T3 levels were found to be significantly lower after ischaemia, T3
therapy resulted in improved systolic function and geometry of the left ventricle [47],
and this was associated with the activation of the pro-survival and pro-regenerative Akt
signalling [48]. TH treatment also improved mechanical performance in post-infarcted
diabetic myocardium, increasing cardiac mass, improving wall stress, and favourably
changing the geometry of the left ventricular [49]. Finally, in the kidneys of a diabetes
type 2 rodent model, TH treatment strongly reduced glomerular and tubular damage,
rescued podocyte loss, significantly decreased foetal marker expression (like Pax2, Six2),
and enhanced podocyte proliferation (unpublished data).
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All of these data indicate that TH signalling is a key diachronic sensor and modulator
of stressful stimuli in humans and, if manipulated in a timely manner, could have exciting
therapeutic potential.

4. Discussion

The presented data and arguments that were analysed here suggest that iodoty-
rosines and thyroid hormones were indispensable for the emergence of life on the planet
and the evolution of primitive organisms into present-day forms of life. Initially, TH
served as antioxidant/catalyst and gradually evolved into a molecule that could sense
environmental stimuli and regulate development, metabolism, metamorphosis and tissue
repair/regeneration, and homeostasis in most living animals. In human evolution, TH sig-
nalling played a critical role in facilitating the adaptation of early hominids to persistently
challenging and continuously changing environments.

Although our hypothesis is based on data analysis and speculative evidence, this
does not imply that there is also an actual co-causation between the changes in TH sig-
nalling and the changes that can be observed in Homo phenotypes. For example, one
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could argue that TH signalling, as a highly conserved molecular pathway, could not be a
major determinant of substantial intraspecific and interspecific phenotypical differences.
However, some thyroid diseases indicate the opposite: single mutations in TH signalling
can lead to radical phenotypical alterations and increased intraspecific variety. A striking
example of this is congenital hypothyroidism—when caused by genetic mutations—which
can cause profound patho-phenotypical alterations in growth, metabolism, and brain
development [50].

The significance of the role of TH signalling in human evolution is also supported by
the present-day differences between this signalling in modern humans and their closest
relatives. Non-human apes (i.e., orangutans, gorillas, chimpanzees, and bonobo) have
lower serum totals of T4 and T3 than humans [51] and exhibit significant differences in
thyroid hormone metabolism [52], which may be responsible for the major variations in
growth, metabolism, and development between humans and apes. For example, a small
(approximately two-fold) difference in the level of a thyroid hormone-binding protein
between humans and apes [52] could significantly affect brain genes and alter the trajectory
and mechanisms of brain development.

Likewise, a single-nucleotide polymorphism in the DIO2 gene of Neanderthals [53]
that resulted in a decreased capacity for conversion of T4 to T3 could have affected key
developmental programmes and could potentially explain the significant phenotypical
differences between Neanderthals and Homo sapiens despite their closeness in terms of
genetic ancestry [53,54]. Most importantly, this variant may have enabled Neanderthals
to hibernate and survive long and cold winters [55] (if this evidence is further confirmed),
but when archaic humans switched to a high-carbohydrate diet, the variant became dis-
advantageous, as it is associated with an increased risk of diabetes [56,57]. These findings
strongly indicate that even small changes in TH signalling might have an enormous effect
on development, growth, and metabolism, and should be of utmost significance for the
adaptive responses of Homo sapiens to environmental changes.

Finally, the alterations in TH signalling that are observed in modern humans suggest
that these ancient evolutionary roles of TH signalling have been conserved in contemporary
modern humans, in which TH signalling seems to respond and possibly contribute to adap-
tations to new environmental and pathogenic stresses. The pharmacological manipulation
of TH in a timely manner could potentially represent a promising therapeutic strategy for
repair and regeneration.
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28. Jankauskienė, E.; Vaškelytė, J.; Rumbinaitė, E. Low T3 syndrome among patients with acute myocardial infarction. Open Med.
2014, 9, 10–14. [CrossRef]

29. Lazzeri, C.; Sori, A.; Picariello, C.; Chiostri, M.; Gensini, G.F.; Valente, S. Nonthyroidal illness syndrome in ST-elevation myocardial
infarction treated with mechanical revascularization. Int. J. Cardiol. 2012, 158, 103–104. [CrossRef]

30. Fontana, M.; Passino, C.; Poletti, R.; Zyw, L.; Prontera, C.; Scarlattini, M.; Clerico, A.; Emdin, M.; Iervasi, G. Low triiodothyronine
and exercise capacity in heart failure. Int. J. Cardiol. 2012, 154, 153–157. [CrossRef]

31. Pantos, C.; Dritsas, A.; Mourouzis, I.; Dimopoulos, A.; Karatasakis, G.; Athanasopoulos, G.; Mavrogeni, S.; Manginas, A.;
Cokkinos, D.V. Thyroid hormone is a critical determinant of myocardial performance in patients with heart failure: Potential
therapeutic implications. Eur. J. Endocrinol. 2007, 157, 515–520. [CrossRef]

32. Selvaraj, S.; Klein, I.; Danzi, S.; Akhter, N.; Bonow, R.O.; Shah, S.J. Association of serum triiodothyronine with B-type natriuretic
peptide and severe left ventricular diastolic dysfunction in heart failure with preserved ejection fraction. Am. J. Cardiol. 2012, 110,
234–239. [CrossRef] [PubMed]

33. Pingitore, A.; Landi, P.; Taddei, M.C.; Ripoli, A.; L’Abbate, A.; Iervasi, G. Triiodothyronine levels for risk stratification of patients
with chronic heart failure. Am. J. Med. 2005, 113, 845–850. [CrossRef]

34. Fan, J.; Yan, P.; Wang, Y.; Shen, B.; Ding, F.; Liu, Y. Prevalence and Clinical Significance of Low T3 Syndrome in Non-Dialysis
Patients with Chronic Kidney Disease. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2016, 22, 1171–1179. [CrossRef] [PubMed]

35. Gao, R.; Liang, J.-H.; Wang, L.; Zhu, H.-Y.; Wu, W.; Wu, J.-Z.; Xia, Y.; Cao, L.; Fan, L.; Yang, T.; et al. Low T3 Syndrome Is a Strong
Prognostic Predictor in Diffuse Large B Cell Lymphoma. Br. J. Haematol. 2017, 177, 95–105. [CrossRef] [PubMed]

36. Todd, S.R.; Sim, V.; Moore, L.J.; Turner, K.L.; Sucher, J.F.; Moore, F.A. The Identification of Thyroid Dysfunction in Surgical Sepsis.
J. Trauma Acute Care Surg. 2012, 73, 1457–1460. [CrossRef] [PubMed]

http://doi.org/10.1007/s11892-020-01344-6
http://doi.org/10.1016/j.bbagen.2012.05.007
http://doi.org/10.3389/fendo.2018.00739
http://www.ncbi.nlm.nih.gov/pubmed/30564196
http://doi.org/10.1210/er.2009-0041
http://www.ncbi.nlm.nih.gov/pubmed/20573783
http://doi.org/10.1111/joim.13011
http://www.ncbi.nlm.nih.gov/pubmed/31733113
http://doi.org/10.1007/978-1-4757-2582-7_11
http://doi.org/10.1016/0026-0495(78)90137-3
http://doi.org/10.1172/JCI109590
http://doi.org/10.1038/nrendo.2013.238
http://doi.org/10.1038/ncpendmet0424
http://doi.org/10.1155/2013/124538
http://doi.org/10.1245/s10434-017-6278-4
http://doi.org/10.3748/wjg.v12.i17.2721
http://doi.org/10.7860/JCDR/2013/6216.3299
http://www.ncbi.nlm.nih.gov/pubmed/24086845
http://doi.org/10.1038/s41598-018-22904-7
http://www.ncbi.nlm.nih.gov/pubmed/29549262
http://doi.org/10.1038/sj.ki.5001566
http://doi.org/10.1097/MED.0000000000000275
http://www.ncbi.nlm.nih.gov/pubmed/27428519
http://doi.org/10.2478/s11536-013-0230-1
http://doi.org/10.1016/j.ijcard.2012.03.100
http://doi.org/10.1016/j.ijcard.2010.09.002
http://doi.org/10.1530/EJE-07-0318
http://doi.org/10.1016/j.amjcard.2012.02.068
http://www.ncbi.nlm.nih.gov/pubmed/22502900
http://doi.org/10.1016/j.amjmed.2004.07.052
http://doi.org/10.12659/MSM.895953
http://www.ncbi.nlm.nih.gov/pubmed/27056188
http://doi.org/10.1111/bjh.14528
http://www.ncbi.nlm.nih.gov/pubmed/28146267
http://doi.org/10.1097/TA.0b013e318270db2c
http://www.ncbi.nlm.nih.gov/pubmed/23188238


J. Clin. Med. 2022, 11, 43 9 of 9

37. Neto, A.M.; Zantut-Wittman, D.E. Abnormalities of Thyroid Hormone Metabolism during Systemic Illness: The Low T3 Syndrome
in Different Clinical Settings. Int. J. Endocrinol. 2016, 2016, 2157583. [CrossRef]

38. Pantos, C.; Mourouzis, I.; Xinaris, C.; Papadopoulou-Daifoti, Z.; Cokkinos, D. Thyroid Hormone and “Cardiac Metamorphosis”:
Potential Therapeutic Implications. Pharmacol. Ther. 2008, 118, 277–294. [CrossRef]

39. Sirlak, M.; Yazicioglu, L.; Inan, M.B.; Eryilmaz, S.; Tasoz, R.; Aral, A.; Ozyurda, U. Oral Thyroid Hormone Pretreatment in Left
Ventricular Dysfunction. Eur. J. Cardio-Thorac. Surg. 2004, 26, 720–725. [CrossRef]

40. Pingitore, A.; Mastorci, F.; Piaggi, P.; Aquaro, G.D.; Molinaro, S.; Ravani, M.; De Caterina, A.; Trianni, G.; Ndreu, R.; Berti, S.;
et al. Usefulness of Triiodothyronine Replacement Therapy in Patients with ST Elevation Myocardial Infarction and Border-
line/Reduced Triiodothyronine Levels (from the THIRST Study). Am. J. Cardiol. 2019, 123, 905–912. [CrossRef]

41. Pantos, C.; Xinaris, C.; Mourouzis, I.; Perimenis, P.; Politi, E.; Spanou, D.; Cokkinos, D.V. Thyroid Hormone Receptor Alpha 1: A
Switch to Cardiac Cell “Metamorphosis”? J. Physiol. Pharmacol. 2008, 59, 253–269. [PubMed]

42. Pantos, C.; Xinaris, C.; Mourouzis, I.; Malliopoulou, V.; Kardami, E.; Cokkinos, D.V. Thyroid hormone changes cardiomyocyte
shape and geometry via ERK signaling pathway: Potential therapeutic implications in reversing cardiac remodeling? Mol. Cell.
Biochem. 2007, 297, 65–72. [CrossRef]

43. Pantos, C.; Xinaris, C.; Mourouzis, I.; Kokkinos, A.D.; Cokkinos, D.V. TNF-Alpha Administration in Neonatal Cardiomyocytes Is
Associated with Differential Expression of Thyroid Hormone Receptors: A Response Prevented by T3. Horm. Metab. Res. 2008, 40,
731–734. [CrossRef]

44. Pantos, C.; Mourouzis, I.; Xinaris, C.; Kokkinos, A.D.; Markakis, K.; Dimopoulos, A.; Panagiotou, M.; Saranteas, T.; Kostopana-
giotou, G.; Cokkinos, D.V. Time-Dependent Changes in the Expression of Thyroid Hormone Receptor Alpha 1 in the Myocardium
after Acute Myocardial Infarction: Possible Implications in Cardiac Remodelling. Eur. J. Endocrinol. 2007, 156, 415–424. [CrossRef]
[PubMed]

45. Mourouzis, I.; Kostakou, E.; Galanopoulos, G.; Mantzouratou, P.; Pantos, C. Inhibition of Thyroid Hormone Receptor A1 Impairs
Post-Ischemic Cardiac Performance after Myocardial Infarction in Mice. Mol. Cell. Biochem. 2013, 379, 97–105. [CrossRef]
[PubMed]

46. Benedetti, V.; Lavecchia, A.M.; Locatelli, M.; Brizi, V.; Corna, D.; Todeschini, M.; Novelli, R.; Benigni, A.; Zoja, C.; Remuzzi,
G.; et al. Alteration of Thyroid Hormone Signaling Triggers the Diabetes-Induced Pathological Growth, Remodeling, and
Dedifferentiation of Podocytes. JCI Insight 2019, 4, e130249. [CrossRef]

47. Pantos, C.; Mourouzis, I.; Markakis, K.; Dimopoulos, A.; Xinaris, C.; Kokkinos, A.D.; Panagiotou, M.; Cokkinos, D.V. Thyroid
hormone attenuates cardiac remodeling and improves hemodynamics early after acute myocardial infarction in rats. Eur. J.
Cardio-Thorac. Surg. 2007, 32, 333–339. [CrossRef] [PubMed]

48. Mourouzis, I.; Mantzouratou, P.; Galanopoulos, G.; Kostakou, E.; Roukounakis, N.; Kokkinos, A.D.; Cokkinos, D.V.; Pantos, C.
Dose-Dependent Effects of Thyroid Hormone on Post-Ischemic Cardiac Performance: Potential Involvement of Akt and ERK
Signalings. Mol. Cell Biochem. 2012, 363, 235–243. [CrossRef]

49. Mourouzis, I.; Giagourta, I.; Galanopoulos, G.; Mantzouratou, P.; Kostakou, E.; Kokkinos, A.D.; Tentolouris, N.; Pantos, C.
Thyroid Hormone Improves the Mechanical Performance of the Post-Infarcted Diabetic Myocardium: A Response Associated
with up-Regulation of Akt/MTOR and AMPK Activation. Metab. Clin. Exp. 2013, 62, 1387–1393. [CrossRef]

50. Park, S.M.; Chatterjee, V.K.K. Genetics of congenital hypothyroidism. J. Med. Genet. 2005, 42, 379–389. [CrossRef]
51. Aliesky, H.; Courtney, C.L.; Rapoport, B.; McLachlan, S.M. Thyroid autoantibodies are rare in nonhuman great apes and

hypothyroidism cannot be attributed to thyroid autoimmunity. Endocrinology 2013, 154, 4896–4907. [CrossRef] [PubMed]
52. Gagneux, P.; Amess, B.; Diaz, S.; Moore, S.; Patel, T.; Dillmann, W.; Parekh, R.; Varki, A. Proteomic comparison of human and

great ape blood plasma reveals conserved glycosylation and differences in thyroid hormone metabolism. Am. J. Phys. Anthropol.
2001, 115, 99–109. [CrossRef]

53. Ricci, C.; Kakularam, K.R.; Marzocchi, C.; Capecchi, G.; Riolo, G.; Boschin, F.; Kuhn, H.; Castagna, M.G.; Cantara, S. Thr92Ala
polymorphism in the type 2 deiodinase gene: An evolutionary perspective. J. Endocrinol. Investig. 2020, 43, 1749–1757. [CrossRef]
[PubMed]

54. Keestra, S.; Högqvist Tabor, V.; Alvergne, A. Reinterpreting patterns of variation in human thyroid function: An evolutionary
ecology perspective. Evol. Med. Public Health 2021, 9, 93–112. [CrossRef]

55. Bartsiokas, A.; Arsuaga, J.L. Hibernation in hominins from Atapuerca, Spain half a million years ago. L’Anthropologie 2020,
124, 102797. [CrossRef]

56. Dora, J.M.; Machado, W.E.; Rheinheimer, J.; Crispim, D.; Maia, A.L. Association of the type 2 deiodinase Thr92Ala polymorphism
with type 2 diabetes: Case-control study and meta-analysis. Eur. J. Endocrinol. 2010, 163, 427–434. [CrossRef] [PubMed]

57. Zhang, X.; Sun, J.; Han, W.; Jiang, Y.; Peng, S.; Shan, Z.; Teng, W. The type 2 deiodinase Thr92Ala polymorphism is associated
with worse glycemic control in patients with type 2 diabetes mellitus: A systematic review and meta-analysis. J. Diabetes Res.
2016, 2016, 5928726. [CrossRef]

http://doi.org/10.1155/2016/2157583
http://doi.org/10.1016/j.pharmthera.2008.02.011
http://doi.org/10.1016/j.ejcts.2004.07.003
http://doi.org/10.1016/j.amjcard.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/18622044
http://doi.org/10.1007/s11010-006-9323-3
http://doi.org/10.1055/s-2008-1077096
http://doi.org/10.1530/EJE-06-0707
http://www.ncbi.nlm.nih.gov/pubmed/17389455
http://doi.org/10.1007/s11010-013-1631-9
http://www.ncbi.nlm.nih.gov/pubmed/23532677
http://doi.org/10.1172/jci.insight.130249
http://doi.org/10.1016/j.ejcts.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17560116
http://doi.org/10.1007/s11010-011-1175-9
http://doi.org/10.1016/j.metabol.2013.05.008
http://doi.org/10.1136/jmg.2004.024158
http://doi.org/10.1210/en.2013-1717
http://www.ncbi.nlm.nih.gov/pubmed/24092641
http://doi.org/10.1002/ajpa.1061
http://doi.org/10.1007/s40618-020-01287-5
http://www.ncbi.nlm.nih.gov/pubmed/32436183
http://doi.org/10.1093/emph/eoaa043
http://doi.org/10.1016/j.anthro.2020.102797
http://doi.org/10.1530/EJE-10-0419
http://www.ncbi.nlm.nih.gov/pubmed/20566590
http://doi.org/10.1155/2016/5928726

	The Evolution of TH Signalling as a Pleiotropic Effector 
	The Availability of T3 as a Determinant of Human Evolution 
	The Fundamental Role of TH Signalling in Contemporary Modern Humans 
	Discussion 
	References

