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Summary Sentence

Thyroid hormone-clearing type 3 deiodinase is located in spermatogonia, where it may serve as

a critical modulator of the thyroid hormone exposure of the male germ line and its epigenetic

information, with implications for neurodevelopmental and endocrine disorders in subsequent

generations.

Key words: thyroid hormone, type 3 deiodinase, DIO3, spermatogonia, intergenerational epigenetics, neurodevelop-
mental disorders, endocrine function.

The origins of complex human conditions (obesity, infertility, autism,
and schizophrenia, to name a few) remain to be fully elucidated.
Despite their relatively high heritability, genetic factors alone can
only account for a relatively low percentage of clinical cases. In
recent years, investigators have turned to the realm of epigenetics
to identify potential nongenetic mechanisms that contribute to the
missing heritability of human disease [1–3]. We have learned that
male germ cells, previously thought to serve as mere vessels for
the paternal genetic code, carry a wealth of epigenetic information
(the “epigenome”) in the form of DNA chemical modifications,
chromatin organization, noncoding RNAs and metabolites. After
fecundation, this complement of nongenetic information is able
to influence developmental processes in the next generation, ulti-
mately affecting biological traits of relevance to human conditions.
Moreover, germ cell epigenetic information is malleable, and can be
modified by an array of environmental factors [2]. This malleability
provides a mechanism by which the life context of progenitors and
former ancestors affects pathological traits in the present generation,
potentially explaining the unidentified heritability of disease.

Interestingly, many of the factors described so far to exert inter-
generational epigenetic effects are related to cell signaling through
nuclear receptors [4]. These receptors function as DNA-binding,

chromatin-modifying gene transcription factors that are activated by
small lipophilic compounds and hormones, including sex steroids,
glucocorticoids, thyroid hormones, and fatty acid derivatives. Some
chemicals in our environment (“endocrine disruptors”) mimic the
structure of the endogenous molecules that normally activate these
receptors [2]. As a result, excessive exposure to endocrine disruptors
can alter the physiology and action of the endogenous molecules
they most resemble. In this regard, many published paradigms of
intergenerational epigenetic effects involve exposure to chemicals
that can bind to the androgen, estrogen, or glucocorticoid recep-
tors. Other paradigms involve models of stress or altered diet or
nutritional status that may affect, respectively, signaling through
the glucocorticoid receptor or other nuclear receptors activated by
lipidic-like compounds.

Since thyroid hormones (TH) also signal through nuclear
receptors, it is not surprising that altered thyroid hormone levels
are of phenotypic consequence for descendants. In the mid-
seventies, long before the word “epigenetic” was commonly used,
Bakke et al. published pioneering work showing intergenerational
epigenetic effects in rat models of transient neonatal thyrotoxicosis
and adult hypothyroidism [5]. These conditions were modeled,
respectively, by pharmacological administration of TH and by
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Figure 1. Working model for the cycle of intergenerational epigenetic effects of thyroid hormones along the male lineage. In normal physiology, TH are secreted

by the thyroid gland under the control of TSH pituitary output, which is regulated by the hypothalamus (green arrows). TH will have a central negative feedback

effect on the axis (red arrow) to maintain circulating TH levels in a narrow range. DIO3 modulates TH action in spermatogonia, allowing an adequate level of TH

action on the thyroid receptors, resulting in normal epigenetic information in the mature sperm (green arrows). Exogenous factors (circled in purple) may alter

thyroid hormone physiology at different levels, causing abnormal spermatogonial exposure to TH and changes in sperm epigenetic information, ultimately

impacting phenotypic outcomes in the next generation (purple arrows). These outcomes may include the programming of thyroid hormone physiology and

DIO3 expression, which will repeat the cycle. TSH, thyroid stimulating hormone; TH, thyroid hormones; TR, thyroid hormone receptors; DIO3, type 3 deiodinase.

adult thyroidectomy. The offspring of those animals exhibited
abnormalities in developmental maturation, growth, and endocrine
organs, especially those involved the regulation of the hypothalamic–
pituitary–thyroid endocrine axis [5].

To examine the intergenerational epigenetic effects of TH, we
have used an efficient mouse model of developmental thyrotoxicosis
based on type 3 deiodinase (DIO3) deficiency. DIO3 inactivates
TH and is highly expressed in the uterine-feto-placental unit. Thus,
DIO3 loss results in impaired TH clearance and subsequent thy-
rotoxicosis from fetal to early neonatal stages [6]. Wild type mice
born to wild type mothers that were F2 generation descendants of
male or female DIO3 deficient mice exhibit common patterns of
altered gene expression in the neonatal brain that are associated
with behavioral changes in adult life [6]. It is intriguing that the
sperm methylome of DIO3-deficient males reveals an epigenetic
signature of hypomethylation of CpG islands associated with the
promoters of genes related to autism, cancer, schizophrenia, and
addiction [6]. Support for a role of TH in the epigenetic inheritance of
disease susceptibility in humans is provided by the work performed
by Anselmo et al. on a unique Azorean population. Their study
shows that overexposure in utero to thyroid hormone secondary
to TH receptor beta haploinsufficiency leads to altered pituitary
sensitivity to thyroid hormone in the individuals affected, as well as
in F1 and F2 generation descendants along the paternal lineage [7].
Taken together, these observations in rodents and humans raise the
possibility that abnormalities in ancestral thyroid hormone states,
which can occur because of prevalent thyroid disease or exposure
to chemicals that disrupt TH physiology, could contribute to the
heritability of neurodevelopmental disorders and potentially other
conditions.

That the Dio3 gene itself could be an integral part of the
mechanisms underlying the intergenerational effects of TH is sup-
ported by the fact that it is highly expressed in the developing
testis, where it largely localizes to undifferentiated spermatogonia
[8]. Thus, the Dio3 in spermatogonia might be critical for the
maintenance of the appropriate level of TH action in the germ
line and its associated epigenetic landscape. Furthermore, Dio3
is subject to genomic imprinting, an epigenetic phenomenon that
leads to preferential or exclusive allelic expression, depending on
the parental origin of the allele. As such, Dio3 is preferentially
expressed from the paternally inherited allele in most developing
tissues, but not in the testis [9]. Because of its normal regulation by
TH and by environmentally-sensitive epigenetic mechanisms related
to genomic imprinting [10], Dio3 is uniquely positioned to function
as a sensor of TH states and as an important modifier of the
epigenetic information that the sperm will ultimately carry to the
next generation.

The work of Bakke and Anselmo groups [5, 7] identifies the
set point of the thyroid axis (and the subsequent TH output from
the thyroid gland) as a common outcome of the intergenerational
effects of TH. This suggests that there is a physiological mecha-
nism by which the programming of TH homeostasis is continually
and epigenetically adjusted across generations based on the TH
levels and associated germ line exposure that occurred in ances-
tors (Figure 1). It is also possible that an abnormal level of TH
action in previous generations produces a germ line epigenetic sig-
nature that modifies in subsequent generations the baseline and
regulatory range of TH target genes, with pathophysiological con-
sequences. The potential mediation of Dio3 in these mechanisms
may have intriguing implications for evolution and environmental
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adaptation. Genomic imprinting is estimated to have arisen at a time
of rapid mammalian speciation. Thus, variable allelic expression of
Dio3 and subsequent level of germ line exposure to TH may have
been a driver for the evolution and environmental adaptation of
metabolic and neurological functions, which are markedly regulated
by TH.

Much is still unknown about the underlying TH-dependent cellu-
lar and molecular processes that modify the epigenetic information
of the male (and female) germ line. Likewise, the principal pheno-
types affected in subsequent generations, their adaptive or maladap-
tive nature and their parental mode of inheritance remain to be fully
elucidated. Given the pleiotropic effects of TH and their essential role
in regulating metabolism and brain development, it is reasonable to
speculate that their intergenerational effects will also impact those
critical biological processes, with important implications for the
etiology of metabolic and neurodevelopmental disorders.
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