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Abstract

Primary hypothyroidism is traditionally defined as intrinsic failure of the thyroid gland, most commonly attributed to

autoimmune destruction or idiopathic atrophy. While this framework has guided diagnosis and treatment for decades, it

may oversimplify the complex neuroendocrine, immune, and metabolic interactions that precede overt thyroid dysfunc-

tion. Emerging evidence suggests that immune dysregulation, chronic inflammation, hypothalamic–pituitary–adrenal

(HPA) axis activation, nutrient insufficiency, mitochondrial dysfunction, and altered thyroid hormone signaling frequently

predate biochemical thyroid failure. In this context, thyroid hypofunctionmay represent a downstreamadaptive response

rather than a primary isolated glandular disorder. This narrative review reexamines the concept of “primary” hypothy-

roidism through an integrative systems-based lens, highlighting mechanisms of functional hypothyroidism, impaired

peripheral hormone conversion, thyroid hormone resistance, and immune- mediated loss of tolerance. Clinical impli-

cations include recognition of patients who remain symptomatic despite normalization of thyroid-stimulating hormone

levels and the limitations of levothyroxine monotherapy in select populations. Reframing hypothyroidism as a secondary

manifestation of upstream physiologic stressors may improve diagnostic precision and support more personalized

therapeutic strategies.
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1 Introduction

1.1 Conventional Classification of Hypothyroidism and its
Limitations

H
ypothyroidism is conventionally classified according to the
anatomic level of dysfunction within the hypothalamic—

pituitary—thyroid (HPT) axis. Primary hypothyroidism refers to
impaired thyroid hormone production due to intrinsic thyroid gland
pathology, most commonly autoimmune thyroiditis, iodine imbalance,
or idiopathic thyroid atrophy. In contrast, secondary hypothyroidism
arises from pituitary dysfunction with inadequate thyroid-stimulating
hormone (TSH) secretion, while tertiary hypothyroidism reflects
hypothalamic impairment resulting in deficient thyrotropin-releasing
hormone (TRH) signaling. This anatomic framework has served as the
foundation for diagnostic algorithms and therapeutic decision-making
in thyroid disease for decades.
Within this paradigm, serum TSH has emerged as the central

biomarker guiding diagnosis, treatment initiation, and dose titration.
Contemporary clinical guidelines emphasize normalization of TSH as
the primary therapeutic goal in themanagement of overt and subclinical
hypothyroidism, with levothyroxine (LT4) monotherapy recommended
as first-line treatment for the vast majority of patients.[1, 2] This
TSH-centric approach reflects the sensitivity of the anterior pituitary
to circulating thyroid hormone levels and the practicality of TSH
measurement in population-based care.

However, reliance onmainly anatomic classification and biochemical
targets alone may oversimplify the complex, multi-level regulation of
thyroid hormone action. The HPT axis does not function in isolation,
and thyroid hormone signaling depends not only on glandular hormone
production but also onhypothalamic and pituitary regulation, peripheral
conversion of thyroxine (T4) to triiodothyronine (T3), cellular transport,
receptor responsiveness, and mitochondrial utilization. As a result,
normalization of serumTSHmay not fully capture disruptions occurring
downstream of the thyroid gland or reflect thyroid hormone action at
the tissue level. These limitations have become increasingly apparent
in clinical practice and have prompted reconsideration of whether
the traditional classification adequately reflects the heterogeneity of
hypothyroid phenotypes encountered in real-world settings.

1.2 The Clinical Paradox: Biochemical Euthyroidism Does
Not Always Equate To Symptomatic Euthyroidism

Despite adherence to guideline-directed therapy and achievement of
biochemical euthyroidism, a substantial subset of patients treated
with LT4 continues to report persistent symptoms consistent with
hypothyroidism. These include fatigue, cognitive impairment, weight
gain, mood disturbances, cold intolerance, and reduced quality of life.
Early investigations into patient-reported outcomes demonstrated that
individuals receiving LT4 therapy often exhibit impaired psychological
well-being and persistent symptom burden compared with euthyroid
controls, even when serumTSH levels fall within the reference range.[3]
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Subsequent studies and large patient surveys have reinforced these
findings, revealing widespread dissatisfaction among treated hypothy-
roid patients and highlighting a disconnect between biochemical mark-
ers and perceived health status. In a large survey-based analysis, Peter-
son and colleagues reported that many patients receiving LT4 therapy
continued to experience hypothyroid symptoms and expressed dissatis-
faction with treatment despite laboratory values considered “normal” by
conventional standards.[4]These observations challenge the assumption
that normalization of serum TSH reliably reflects restoration of thyroid
hormone action across peripheral tissues.
Importantly, this clinical paradox has fueled renewed interest in

individualized thyroid hormone replacement strategies, including com-
bination therapy and selective use of T3 in appropriately selected
patients. Personalized thyroid hormone replacement therapy plays a
significant role in addressing persistent symptoms, considering factors
such as impaired T4-to-T3 conversion, tissue-specific hypothyroidism,
and individual variability in thyroid hormone signaling.[5] While these
therapeutic considerations address how thyroid hormone replacement
may be optimized, they also raise amore fundamental question: whether
the underlying classification of hypothyroidism itself sufficiently cap-
tures the upstream pathophysiology driving thyroid hypofunction in
many patients.

2 Thesis and Aims

Taken together, accumulating clinical and mechanistic evidence sug-
gests that what is commonly labeled as primary hypothyroidism may, in
many cases, represent a downstream manifestation of broader systemic
dysregulation rather than isolated thyroid gland failure. Immune activa-
tion, chronic inflammation, neuroendocrine stress signaling, metabolic
dysfunction, micronutrient insufficiency, and mitochondrial impair-
ment can each influence thyroid hormone production, conversion, and
tissue responsiveness, often preceding overt biochemical thyroid failure.
The central thesis of this review is that primary hypothyroidism is

frequently secondary to upstream immune, inflammatory, neuroen-
docrine, metabolic, nutrient, andmitochondrial drivers, with the thyroid
gland functioning as an end-organ responder within a complex adaptive
system. The aims of this paper are to: (1) examine the mechanistic
pathways through which upstream physiologic stressors contribute
to thyroid hypofunction; (2) describe clinical phenotypes consistent
with functional or downstream hypothyroidism; and (3) discuss the
diagnostic and therapeutic implications of reframing hypothyroidism
through a systemsbased, personalized lens.

3 Why “Primary” May Be Misnamed: A Systems View

3.1 Hypothyroidism as an end-organ phenotype
Traditional models of hypothyroidism conceptualize the disorder pri-
marily as a failure of thyroid hormone production at the level of the
gland. While reduced hormone synthesis is a defining feature of overt
hypothyroidism, this gland-centric view does not fully account for the
multiple regulatory steps required for thyroid hormone action at the
tissue level. Thyroid hormone physiology encompasses a coordinated
sequence of processes, including thyroidal secretion of T4 and T3,
peripheral conversion of T4 to T3, transport of hormone into target
cells, binding to nuclear thyroid hormone receptors, and downstream
effects on mitochondrial function and cellular energetics.
This broader framework supports a phenotypebased model of hy-

pothyroidism, in which reduced thyroid hormone action reflects dys-
function across one or more levels of hormone production, activation,
signaling, or utilization. In such cases, diminished metabolic activity

may arise despite structurally intact thyroid tissue and serum thyroid
function tests within reference ranges. Accordingly, hypothyroidism
can be understood not solely as a glandular disorder, but as an end-
organ phenotype emerging from impaired hormone bioavailability or
responsiveness at the tissue level.
Central to this concept is the role of iodothyronine deiodinases, which

regulate the intracellular activation and inactivation of thyroid hormone.
Type 1 and type 2 deiodinases (D1 and D2) catalyze the conversion of
T4 to biologically active T3, whereas type 3 deiodinase (D3) inactivates
T4 and T3 to reverse T3 (rT3) and diiodothyronine, respectively. These
enzymes are differentially expressed across tissues and are dynamically
regulated by physiologic stress, inflammation, and illness.[6] As a result,
circulating thyroid hormone concentrations may not accurately reflect
intracellular T3 availability in metabolically active tissues.
Beyond conversion, effective thyroid hormone action requires intact

cellular transport mechanisms and functional receptor signaling. Thy-
roid hormone enters cells via specific transporters, and once inside the
nucleus, T3 binds thyroid hormone receptors to regulate transcription of
genes involved in oxidative metabolism, thermogenesis, lipid handling,
and mitochondrial biogenesis.[8] Disruption at any point along this
signaling cascade-whether due to altered conversion, impaired transport,
receptor resistance, or downstream mitochondrial dysfunction-can
produce a clinical phenotype consistent with hypothyroidism in the
absence of overt thyroid gland failure.
Importantly, thyroid hormone is a key regulator of mitochondrial

function and energy production. Mitochondria serve as critical am-
plifiers of thyroid hormone signaling, translating hormonal cues into
ATP generation and metabolic output. Chronic inflammation, oxidative
stress, and nutrient insufficiency can blunt mitochondrial responsive-
ness to thyroid hormone, further contributing to tissue-level hypothy-
roidism. Within this framework, reduced thyroid hormone action may
represent an adaptive metabolic response to systemic stress rather than
an isolated defect of the thyroid gland itself.

4 The HPT axis does not function in isolation

The hypothalamic—pituitary—thyroid axis operates within a tightly
integrated neuroendocrine and immune network and is profoundly
influenced by stress physiology and inflammatory signaling. Crosstalk
between the HPT axis, the hypothalamic-pituitary-adrenal (HPA) axis,
and the immune system plays a central role in modulating thyroid
hormone regulation under both physiologic and pathologic conditions.
Activation of the stress response leads to increased glucocorticoid

secretion, which can suppress hypothalamic TRH expression, alter
pituitary TSH secretion, and modify peripheral thyroid hormone
metabolism. Glucocorticoids and pro-inflammatory cytokines such as
interleukin-6 and tumor necrosis factor-𝛼 have been shown to influence
deiodinase activity, favoring reduced T4-to-T3 conversion and increased
production of rT3.[9] These changes are thought to represent an adaptive
mechanism aimed at conserving energy during periods of acute or
chronic stress.
Seminal work by Chrousos and others established the concept of

stress-related neuroendocrine adaptation, emphasizing that endocrine
axes do not function independently but rather respond collectively
to perceived physiologic threat.[10] Within this context, suppression
of thyroid hormone signaling may serve to reduce basal metabolic
rate and energy expenditure during times of illness, inflammation, or
psychosocial stress. When these stressors become chronic, however,
such adaptive responses may persist maladaptively, contributing to
sustained thyroid hormone dysregulation.
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This phenomenon is well illustrated by the non-thyroidal illness
syndrome, in which alterations in central thyroid regulation and
peripheral hormone metabolism occur without intrinsic thyroid disease.
Inflammatory and critical illness states induce coordinated changes
in hypothalamic signaling, TSH secretion, and deiodinase expression,
resulting in low T3 levels and impaired thyroid hormone action
despite an intact thyroid gland have been described.[11] These findings
underscore the sensitivity of the HPT axis to systemic signals and
challenge the notion that thyroid hypofunction necessarily originates at
the level of the thyroid gland.

Taken together, these observations support a systems-based under-
standing of hypothyroidism, in which immune activation, stress physi-
ology, and metabolic signaling converge to influence thyroid hormone
regulation across multiple levels. In this model, the thyroid gland
functions as one component of a broader adaptive network and reduced
thyroid hormone actionmay reflect downstream integration of upstream
stress signals rather than primary glandular failure. This conceptual
framework is illustrated in Figure 1.

Figure 1. Reframing primary hypothyroidism as a downstream adaptive phenotype.

This schematic illustrates a systems-based model in which reduced
thyroid hormone action frequently reflects downstream effects of up-
stream immune dysregulation, chronic inflammation, stress physiol-
ogy, metabolic dysfunction, nutrient insufficiency, and mitochondrial
stress. These factors influence central hypothalamic-pituitary regulation,
peripheral thyroid hormone metabolism, cellular transport, receptor
responsiveness, and mitochondrial energy production, culminating in a
clinical phenotype consistent with hypothyroidism despite structurally
intact thyroid tissue and, in some cases, normal serum TSH levels.
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Table 1. Upstream Drivers of Thyroid Hypofunction and Proposed Mechanisms

Upstream Driver Key Mechanisms Clinical Clues Implications

Immune dysregulation Loss of tolerance, Th1/Th17 skew, autoreactiveT cells,
cytokine-mediated thyroid injury

Positive TPO/Tg antibodies, comorbid au-
toimmunity, fluctuating thyroid function

Thyroid is immune target rather
than primary origin

Chronic inflammation IL-6, TNF-𝛼, NF-𝜅B signaling; altered deiodinase
activity; impaired receptor signaling

Chronic inflammatory disease, elevated
CRP, fatigue disproportionate to labs

Reduced tissue T3 despite normal
serum TSH

Stress/HPA axis activation Cortisol-mediated suppression of TRH/TSH; ↓
T4→T3 conversion; ↑ rT3

High stress burden, sleep disturbance,
normal TSH with symptoms

Adaptive energy conservation
masquerading as hypothyroidism

Metabolic dysfunction Insulin resistance, leptin resistance, hepatic conver-
sion impairment

Obesity, metabolic syndrome, NAFLD Impaired thyroid hormone acti-
vation and responsiveness

Nutrient insufficiency Iron, selenium, zinc, iodine, vitamin D deficiencies Low ferritin, restricted diets, malabsorp-
tion

Compromised hormone synthe-
sis, conversion, and signaling

Environmental/iatrogenic fac-
tors

Iodine extremes, endocrine disruptors, immune-
modulating drugs

Medication history, occupational expo-
sures

Secondary thyroid hypofunction
without intrinsic gland disease

This table summarizes major upstream physiologic contributors that may influence thyroid hormone production, peripheral metabolism, transport, receptor
signaling, and tissue-level responsiveness. These factors frequently coexist and interact, shaping clinical phenotypes consistent with hypothyroidism even in the

absence of overt thyroid gland failure.

5 Upstream Drivers that Precede Thyroid Hypofunction

Accumulating evidence suggests that thyroid hypofunction frequently
arises in the context of broader systemic disturbances that precede overt
glandular failure. Immune dysregulation, chronic inflammation, stress
physiology, metabolic dysfunction, and environmental or iatrogenic ex-
posures each exert significant influence on thyroid hormone regulation
across multiple levels of the HPT axis. Rather than acting as isolated
triggers, these factors often coexist and interact, shaping a physiologic
milieu in which reduced thyroid hormone action may emerge as a
downstream adaptive response. Hypofunction

5.1 Immune Dysregulation and Loss of Tolerance

Autoimmune thyroid disease, particularly Hashimoto’s thyroiditis,
represents the most common cause of hypothyroidism in iodine-
sufficient regions. Traditionally conceptualized as a primary disorder
of the thyroid gland, Hashimoto’s thyroiditis is increasingly recognized
as the consequence of systemic immune dysregulation in genetically
susceptible individuals. In this framework, thyroid tissue destruction
reflects the target of immune attack rather than the initiating site of
pathology.
Foundational work by Weetman and others established that au-

toimmune thyroid disease arises from complex interactions between
genetic predisposition, environmental triggers, and immune regulatory
failure. Susceptibility genes influencing antigen presentation, T-cell
activation, and immune tolerance contribute to aberrant recognition of
thyroid antigens, including thyroid peroxidase (TPO) and thyroglobulin
(Tg).[12] Loss of central and peripheral tolerance allows autoreactive
T cells to escape regulation, promoting sustained immune activation
within the thyroid microenvironment.
More recent insights highlight the role of T-helper cell polarization,

with skewing toward Th1 and Th17 responses driving pro-inflammatory
cytokine production and cytotoxic injury. In parallel, impaired regu-
latory T-cell function and checkpoint failure limit immune restraint.
Molecular mimicry, bystander activation, and epitope spreading fur-
ther amplify autoimmune responses, linking thyroid autoimmunity
to infections, gut dysbiosis, and systemic inflammatory states.[13]
Collectively, thesemechanisms support the view that thyroid destruction
in Hashimoto’s disease is a downstream manifestation of immune
imbalance rather than an isolated organ-specific defect.

Chronic Inflammation and Cytokine Signaling
Chronic low-grade inflammation exerts profound effects on thyroid
hormone metabolism and action, independent of overt autoimmune
thyroid disease. Pro-inflammatory cytokines—including interleukin-
6 (IL-6) and tumor necrosis factor-𝛼 (TNF-𝛼)—have been shown to
alter multiple components of thyroid hormone physiology, including
deiodinase activity, hormone transport, and receptor signaling.
Experimental and clinical studies demonstrate that inflammatory

signaling shifts deiodinase expression toward reduced activation of T4
to T3 and increased inactivation via type 3 deiodinase, resulting in
lower tissue T3 availability and elevated rT3 levels. These changes
are mediated in part through nuclear factor 𝜅B (NF-𝜅B) signaling
pathways, which integrate immune activationwithmetabolic regulation.
Inflammatory cytokines may also impair thyroid hormone transport
into cells and interfere with receptor-mediated transcriptional responses,
further attenuating thyroid hormone action at the tissue level.
The clinical relevance of these mechanisms is well illustrated in both

chronic inflammatory conditions and acute illness. Fliers and colleagues
have described coordinated alterations in central thyroid regulation and
peripheral hormone metabolism in inflammatory states, emphasizing
that reduced thyroid hormone action can occur despite an intact thyroid
gland.[10] These findings reinforce the concept that inflammation-
driven thyroid hypofunction represents an adaptive metabolic response
to systemic stress, which may become maladaptive when inflammation
is sustained.

6 Stress Physiology and HPAAxis Activation

Activation of the HPA axis represents a central adaptive response to
physiologic and psychosocial stress. Cortisol and related glucocorticoids
exert regulatory effects on the HPT axis at multiple levels, influencing
hypothalamic TRH expression, pituitary TSH secretion, and peripheral
thyroid hormone conversion.
Chronic stress leads to coordinated suppression or modulation of

anabolic endocrine pathways, including thyroid hormone signaling, in
favor of short-term survival.[9] Elevated or dysregulated cortisol levels
suppress TRH transcription, blunt TSH pulsatility, and shift deiodinase
activity toward reduced T3 production. These changes lower basal
metabolic rate and energy expenditure, serving an adaptive role during
periods of threat or resource scarcity.
When stress exposure becomes chronic—as occurs with persistent

psychosocial stress, sleep disruption, or inflammatory illness—these
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adaptive responses may persist, giving rise to a phenotype consistent
with functional hypothyroidism. Importantly, this state may be charac-
terized by normal or minimally altered serum TSH levels, masking un-
derlying tissue-level hypothyroidism. Observations from non-thyroidal
illness and chronic stress states further support the view that stress-
mediated suppression of thyroid hormone action reflects integration
of central and peripheral signals rather than primary thyroid gland
failure.[10]

6.1 Metabolic Dysfunction and Adipose-Thyroid Signaling
Metabolic health plays a critical role in thyroid hormone regulation, with
bidirectional interactions between thyroid function, insulin sensitivity,
and adipose-derived signaling molecules. Insulin resistance, obesity,
and metabolic syndrome are associated with alterations in thyroid
hormone metabolism and central regulation, even in the absence of
overt thyroid disease.
Adipokines such as leptin influence hypothalamic TRH expression

and link energy availability to thyroid hormone regulation. In states of
leptin resistance, this signaling pathway may be disrupted, contributing
to altered central thyroid regulation. Additionally, insulin resistance
and hepatic steatosis can impair peripheral conversion of T4 to T3, given
the liver’s central role in thyroid hormone metabolism.
Thyroid hormone itself is a key regulator of lipid handling, mito-

chondrial oxidation, and hepatic energy balance, creating a feedback
loop between metabolic dysfunction and reduced thyroid hormone
action. Reviews of thyroid hormone signaling emphasize that metabolic
and inflammatory states can modify tissue responsiveness to thyroid
hormone, reinforcing the concept that hypothyroid phenotypes may
emerge secondary to metabolic stress rather than primary glandular
pathology.[12]

7 Environmental and Iatrogenic Contributors

Environmental exposures and medical therapies represent additional
upstream factors capable of precipitating thyroid hypofunction. Both
iodine deficiency and iodine excess have been linked to thyroid dys-
function, particularly in genetically susceptible individuals. Cigarette
smoking, endocrine-disrupting chemicals, and environmental toxicants
may influence thyroid autoimmunity and hormonemetabolism through
immune modulation and direct effects on thyroid tissue.
A growing body of literature implicates environmental factors in

the rising incidence of autoimmune thyroid disease. Antonelli and
colleagues have reviewed evidence linking environmental pollutants,
occupational exposures, and lifestyle factors to thyroid autoimmunity
and dysfunction.[14] These exposures may act synergistically with
genetic and immune susceptibility to lower the threshold for thyroid
hypofunction.
Iatrogenic factors are also well recognized contributors to thyroid

dysfunction. Medications such as amiodarone and lithiumdirectly affect
thyroid hormone synthesis and release, while immune-modulating
therapies—including interferon-𝛼, tyrosine kinase inhibitors, and im-
mune checkpoint inhibitors—can precipitate thyroiditis and hypothy-
roidism through immune activation.[15] Recognition of these contribu-
tors underscores the importance of viewing thyroid hypofunctionwithin
a broader systemic and environmental context rather than as an isolated
endocrine disorder.
Collectively, these upstream factors do not act in isolation but fre-

quently converge to influence thyroid hormone production, activation,
and tissue responsiveness. For clarity, the principal upstream drivers
and their proposed mechanistic contributions to downstream thyroid
hypofunction are summarized in Table 1.

8 Mechanistic Pathways: HowUpstream Drivers Become A

“Primary Hypothyroid” Phenotype

Upstream immune, inflammatory, neuroendocrine, metabolic, and
environmental stressors converge on shared regulatory pathways that
govern thyroid hormone signaling across the HPT axis and peripheral
tissues. Disruption at one or more of these mechanistic checkpoints-
central regulation, peripheral metabolism, cellular transport, receptor
responsiveness, and mitochondrial utilization-can culminate in a clin-
ical phenotype consistent with hypothyroidism, even in the absence
of intrinsic thyroid gland failure. Understanding these pathways pro-
vides a biologic bridge between upstream drivers and the downstream
hypothyroid phenotype commonly labeled as primary.”

9 Central Regulation: Hypothalamic and Pituitary Changes

Central regulation of thyroid function begins at the hypothalamus,
where TRH integrates signals related to energy availability, stress,
inflammation, and circadian rhythm. TRH secretion is not static; it
is dynamically modulated by glucocorticoids, cytokines, leptin, and
neural inputs. Chronic stress and inflammatory states suppress TRH
transcription and alter hypothalamic sensitivity to peripheral thyroid
hormone feedback, leading to subtle but clinically meaningful changes
in downstream signaling.
At the pituitary level, TSH secretion exhibits circadian and ultradian

pulsatility, which is essential for normal thyroid hormone production
and peripheral signaling. Inflammatory cytokines and glucocorticoids
blunt TSH pulsatility and may alter post-translational glycosylation
of the TSH molecule, potentially reducing its biologic activity despite
preserved immunoreactivity on standard assays. As a result, mea-
sured serum TSH concentrations may not accurately reflect effective
thyrotropic signaling at the thyroid gland.
These mechanisms are well described in the context of non-thyroidal

illness syndrome, where central suppression of the HPT axis occurs
without intrinsic thyroid disease. Fliers and colleagues demonstrated
that acute and chronic illness induce coordinated changes in hypotha-
lamic TRH expression, pituitary TSH secretion, and peripheral thyroid
hormone metabolism, emphasizing that central regulation is highly
sensitive to systemic signals.[10] Importantly, similar patterns of al-
tered central signaling may occur in chronic stress, inflammation, and
metabolic disease, contributing to a phenotype of reduced thyroid hor-
mone action that does not conform neatly to traditional classifications
of secondary or tertiary hypothyroidism.

10 Peripheral Thyroid Hormone Metabolism

Peripheral metabolism of thyroid hormone represents a critical deter-
minant of tissue-level thyroid hormone availability. While the thyroid
gland secretes predominantly T4, intracellular conversion to biologically
active T3 is required for genomic and non-genomic thyroid hormone
action. This conversion is governed by iodothyronine deiodinases,
whose expression and activity vary by tissue and physiologic context.[9]
Type 1 and type 2 deiodinases (D1 and D2) catalyze the conversion of

T4 to T3, whereas type 3 deiodinase (D3) inactivates thyroid hormone,
producing rT3 and diiodothyronine. Under conditions of inflammation,
illness, or stress, deiodinase expression shifts toward reduced D1 and
D2 activity with increased D3 expression, resulting in diminished
intracellular T3 availability despite normal or near-normal circulating
T4 and TSH levels.[7]
Bianco and colleagues have emphasized that deiodinase regulation

is a primary mechanism by which tissues locally control thyroid
hormone action, independent of serum hormone concentrations.[6]
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Consequently, serum TSH normalization does not guarantee restoration
of tissue euthyroidism. This dissociation between circulating markers
and intracellular hormone action provides a mechanistic explanation
for persistent hypothyroid symptoms in patients with “biochemical
euthyroidism” and reinforces the concept of functional or tissue-level
hypothyroidism as a downstream phenomenon.

11 Transport of Thyroid Hormone into Tissues

Effective thyroid hormone signaling requires transport of hormone
across the plasma membrane into target cells. This process is mediated
by specific thyroid hormone transporters, including monocarboxylate
transporter 8 (MCT8), monocarboxylate transporter 10 (MCT10), and
members of the organic anion transporting polypeptide (OATP) family.
Transporter expression is tissue-specific and subject to regulation by
developmental, metabolic, and inflammatory signals.
Disruption of thyroid hormone transport provides an additional

mechanism by which tissue hypothyroidism may occur despite normal
circulating hormone levels. Genetic defects in MCT8, for example,
result in severe tissue-specific hypothyroidism with paradoxical serum
thyroid hormone patterns, underscoring the importance of transport as
a determinant of thyroid hormone action.[14]While such mutations are
rare, inflammation and illness may downregulate transporter expression
or function, limiting intracellular hormone availability in acquired
settings.
These observations further challenge the assumption that serum

thyroid hormone concentrations uniformly reflect tissue exposure.
Impaired transport represents another point at which upstream stressors
can decouple circulating thyroid hormone levels from end-organ effects,
contributing to a hypothyroid phenotype without primary glandular
failure.
Receptor Sensitivity and “Tissue Hypothyroidism”
Once inside the cell, thyroid hormone action depends on binding to

nuclear thyroid hormone receptors and interaction with transcriptional
co-regulators that modulate gene expression. Variability in receptor
isoform expression, cofactor availability, and intracellular signaling
pathways can influence tissue responsiveness to thyroid hormone,
creating a spectrum of thyroid hormone sensitivity across individuals
and clinical contexts.
The concept of thyroid hormone resistance is well established in rare

genetic syndromes involving mutations in thyroid hormone receptor
genes, most notably resistance to thyroid hormone.[16] However, emerg-
ing evidence supports the existence of acquired or functional forms
of reduced thyroid hormone responsiveness, driven by inflammation,
oxidative stress, and metabolic dysfunction. In these states, receptor
signaling may be attenuated despite adequate intracellular hormone
levels, producing tissue-specific hypothyroidism.[17] Brent highlighted
that thyroid hormone action is not solely determined by hormone
concentration but by integrated signaling across receptors, cofactors,
and downstream metabolic pathways.[7] This framework allows for
the possibility that patients may experience hypothyroid symptoms due
to impaired receptor or post-receptor signaling, even when standard
laboratory values fall within reference ranges.

12 Mitochondria as the end-Organ Amplifier

Mitochondria serve as the final common pathway throughwhich thyroid
hormone exerts its metabolic effects. Thyroid hormone regulates mito-
chondrial biogenesis, oxidative phosphorylation, ATP production, and
thermogenesis, positioning mitochondria as key amplifiers of thyroid

hormone signaling.[8] Reduced mitochondrial responsiveness there-
fore has profound implications for energy metabolism and symptom
expression.
Chronic inflammation, oxidative stress, and nutrient insufficiency

impair mitochondrial function and reduce the capacity of cells to
respond to thyroid hormone signals. In such settings, even normal
intracellular T3 levels may fail to translate into expected metabolic
effects, resulting in fatigue, cold intolerance, and reduced metabolic
flexibility. Reviews of thyroid hormone-mitochondrial interactions
emphasize that mitochondrial health is essential for effective thyroid
hormone action and that mitochondrial dysfunction can masquerade
clinically as hypothyroidism.[6]
This concept aligns with a systems-based model in which thyroid

hormone signaling, mitochondrial resilience, and inflammatory burden
are tightly interwoven. From this perspective, hypothyroid phenotypes
may reflect impaired energy transduction at the mitochondrial level
rather than deficient hormone production alone. Integrating mitochon-
drial function into the assessment of thyroid dysfunction provides a
mechanistic foundation for understanding persistent symptoms and sup-
ports a more comprehensive, personalized approach to hypothyroidism
management.

13 Nutrient Insufficiency as A Modifier and Driver of Thyroid

Hypofunction

Adequate thyroid hormone production, activation, and signaling depend
on a network of micronutrients that serve as enzymatic cofactors, struc-
tural components, and signaling modulators. Nutrient insufficiency
rarely acts as an isolated cause of hypothyroidism; rather, it frequently
coexists with immune activation, inflammation, metabolic dysfunction,
and gastrointestinal dysregulation.Within a systems-based framework,
micronutrient deficiencies may lower physiologic resilience and amplify
upstream stressors, contributing to impaired thyroid hormone action
and the emergence of a hypothyroid phenotype.
Importantly, nutrient-related thyroid dysfunction may occur in the

absence of overt deficiency syndromes. Subclinical insufficiency-often
reflected by laboratory values within reference ranges but below optimal
thresholds-can meaningfully impair thyroid physiology, particularly
in populations with increased demands, chronic inflammation, or
impaired absorption.

14 Iron Status and Thyroid Hormone Synthesis

Iron plays a central role in thyroid hormone synthesis, serving as an
essential cofactor for TPO, the heme-containing enzyme responsible
for iodination of thyroglobulin and coupling reactions within the
thyroid gland. Inadequate iron availability can impair thyroid hormone
production even in the presence of sufficient iodine intake.
Clinical studies have demonstrated associations between low fer-

ritin levels and reduced thyroid hormone concentrations, as well as
increased symptom burden in hypothyroid patients. Iron insufficiency
is particularly prevalent among women of reproductive age, individuals
with heavy menstrual bleeding, chronic inflammatory states, or gas-
trointestinal malabsorption, and may coexist with autoimmune thyroid
disease.[18] Importantly, iron deficiency may blunt the response to
thyroid hormone replacement, contributing to persistent symptoms
despite biochemical treatment targets.
Zimmermann and colleagues have highlighted the interaction be-

tween iron status and thyroid function, noting that iron deficiency can
exacerbate hypothyroidism and impair response to iodine repletion.[18]
These findings support the assessment of iron status as a foundational
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component of thyroid evaluation, particularly in patients with unex-
plained symptoms or suboptimal treatment response.
Selenium and Redox Regulation of Thyroid Hormone Metabolism
Selenium is a critical micronutrient in thyroid physiology, serving as

an essential component of iodothyronine deiodinases and antioxidant
enzymes such as glutathione peroxidases and thioredoxin reductases.
Through these roles, selenium supports both thyroid hormone activation
and protection of thyroid tissue from oxidative stress.
Multiple randomized trials andmeta-analyses have demonstrated that

selenium supplementation can reduce TPO antibody titers in patients
with autoimmune thyroiditis, although effects on clinical outcomes and
thyroid hormone levels are variable.[19, 20] This variability underscores
the importance of contextualizing selenium status within a broader
systems framework, rather than viewing supplementation as a stand-
alone intervention.
Selenium insufficiency may impair peripheral conversion of T4 to T3

and increase susceptibility to oxidative injury within the thyroid gland,
particularly in inflammatory states.[19] However, excessive selenium
intake carries potential risks, emphasizing the need for individualized
assessment rather than indiscriminate supplementation.

15 Zinc and Thyroid Hormone Signaling

Zinc contributes to thyroid hormone physiology through multiple
mechanisms, including involvement in TRH synthesis, TSH secretion,
and thyroid hormone receptor structure and function. Zinc fingers
are integral to nuclear receptor DNA binding, and zinc deficiency may
impair transcriptional responses to thyroid hormone at the cellular level.
Observational studies have linked zinc insufficiency to hypothyroid-

like symptoms and altered thyroid hormone levels, particularly in
populations with malnutrition, chronic illness, or restrictive diets.[1]
While interventional data are limited, mechanistic evidence supports
zinc as a modulator of thyroid hormone signaling rather than a primary
driver of thyroid disease. Within a systems-based model, zinc insuffi-
ciency may amplify existing impairments in receptor responsiveness
and mitochondrial function.

16 Iodine Balance: Deficiency and Excess

Iodine is an essential substrate for thyroid hormone synthesis, and both
iodine deficiency and iodine excess can precipitate thyroid dysfunction.
While iodine deficiency remains a global public health concern, excess
iodine exposure-through dietary supplements, medications, or contrast
agents-has become increasingly relevant in iodine-sufficient regions.[22]
Excess iodine may trigger or exacerbate autoimmune thyroid disease

in genetically susceptible individuals, leading to hypothyroidism via
immune-mediated mechanisms. Conversely, inadequate iodine intake
limits hormone synthesis and can compound the effects of other
upstream stressors.[22] The U-shaped relationship between iodine
intake and thyroid function highlights the importance of balanced
exposure rather than simplistic supplementation strategies.

17 Vitamin D and Immune—Thyroid Interactions

Vitamin D plays an immunomodulatory role that is increasingly recog-
nized in autoimmune diseases, including autoimmune thyroiditis.[23]
Vitamin D receptors are expressed on immune cells, and deficiency has
been associated with increased prevalence of thyroid autoantibodies
and autoimmune thyroid disease in observational studies.
Although causality remains an area of active investigation, vitamin

D insufficiency may contribute to immune dysregulation and loss of
tolerance, indirectly influencing thyroid function.[23] Correction of

deficiency may therefore support immune balance rather than directly
altering thyroid hormone levels. As with other micronutrients, vitamin
D status should be interpreted within the broader context of immune,
inflammatory, and metabolic health.
Integrated Nutrient Insufficiency and Thyroid Resilience
Micronutrient insufficiencies rarely occur in isolation. Iron, selenium,

zinc, iodine, and vitamin D status are often interrelated and influenced
by dietary patterns, gastrointestinal health, inflammation, andmetabolic
demand. Inflammatory states may reduce nutrient absorption and
increase turnover, while mitochondrial dysfunction increases reliance
on micronutrient-dependent enzymatic pathways.
Within a systems-based framework, nutrient insufficiency can be

understood as a modifier of thyroid resilience rather than a singular
cause of hypothyroidism. Suboptimal nutrient availabilitymay lower the
threshold at which immune activation, stress physiology, or metabolic
dysfunction translates into clinically apparent thyroid hypofunction.
Addressing nutrient status therefore represents an important component
of personalized thyroid care, particularly in patients with persistent
symptoms or incomplete response to conventional therapy.

18 Clinical Phenotypes that Signal Downstream

Hypothyroidism

A systems-based understanding of hypothyroidism has important clini-
cal implications, particularly for identifying patients in whom reduced
thyroid hormone action reflects downstream dysregulation rather than
isolated thyroid gland failure. Several recurring clinical phenotypes
emerge in practice that challenge traditional classification and under-
score the limitations of a purely TSH-centric model. Recognition of
these phenotypes can guide more nuanced diagnostic evaluation and
personalized management strategies.

19 The “Normal TSH, Symptomatic Patient”

One of the most commonly encountered-and clinically challenging-
phenotypes is the patient who reports persistent hypothyroid symptoms
despite serum TSH levels within the reference range. These individuals
may experience fatigue, cognitive slowing, weight gain, cold intolerance,
mood disturbances, or reduced exercise tolerance, often leading to
frustration for both patient and clinician.
Mechanistically, this phenotype can reflect impaired peripheral

thyroid hormone activation, increased reverse T3 production, altered
cellular transport, receptor resistance, or reduced mitochondrial re-
sponsiveness, as described in prior sections. Inflammatory signaling,
chronic stress, andmetabolic dysfunction can each contribute to reduced
tissue-level T3 availability without substantially altering serum TSH
concentrations. As a result, reliance onTSH alonemay obscure clinically
meaningful thyroid hormone insufficiency at the cellular level.
Observations from non-thyroidal illness and chronic inflammatory

states provide a physiologic parallel, demonstrating that reduced thyroid
hormone action may occur as an adaptive response to systemic stress
despite preserved central regulation.[10] Recognition of this phenotype
supports a broader diagnostic lens that considers symptom burden,
contextual drivers, and complementary laboratory markers rather than
biochemical thresholds alone.
Autoimmune Thyroiditis With Early or Disproportionate Symptom

Burden
Another important phenotype includes patients with autoimmune

thyroiditis who exhibit significant symptoms despite minimal biochemi-
cal abnormality or preserved thyroid hormone levels. These individuals
may have elevated TPO or Tg antibodies with normal or mildly altered
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TSH and free hormone concentrations, yet report fatigue, cognitive
symptoms, musculoskeletal pain, or mood changes.
In this context, immune activation and cytokine signaling may

impair thyroid hormone conversion, transport, or receptor function
prior to substantial thyroid tissue destruction. Thyroid autoimmunity
frequently coexists with other autoimmune or inflammatory conditions,
amplifying systemic immune burden and increasing vulnerability to
functional hypothyroidism. Rather than representing “early primary
hypothyroidism,” this phenotype may reflect downstream effects of
immune dysregulation on thyroid hormone signaling across multiple
levels.
Clinically, this group often demonstrates fluctuating thyroid function

over time and variable response to standard replacement strategies.
Recognition of immune-mediated downstream effects highlights the
importance of addressing inflammatory drivers and monitoring disease
evolution, rather than focusing exclusively on glandular failure.
Persistent Symptoms Despite Levothyroxine Therapy
A subset of patients treated with levothyroxine continues to report

incomplete symptom resolution despite achievement of guidelinerec-
ommended biochemical targets. This phenotype has been consistently
described in observational studies and patient-reported outcome surveys
and represents a key driver of dissatisfaction with hypothyroidism
care.[4]
Multiple mechanisms may contribute to this presentation, including

impaired T4-to-T3 conversion, altered tissue transport, receptor-level
resistance, gastrointestinal malabsorption, drug-nutrient interactions,
and mitochondrial dysfunction. In some cases, levothyroxine monother-
apy may normalize serum TSH while failing to restore physiologic T3
availability at the tissue level.
This phenotype underscores the heterogeneity of hypothyroidism

and challenges the assumption that biochemical normalization equates
to physiologic restoration. It also provides a clinical rationale for
individualized assessment and, in selected cases, consideration of
alternative or adjunctive therapeutic strategies within an evidence-
informed framework.[5]

20 Perimenopausal and MenopausalWomenwith

Stress-Dominant Physiology

Women in the perimenopausal and menopausal transition represent a
population in whom downstream hypothyroid phenotypes are partic-
ularly prevalent. Fluctuating sex hormones, altered cortisol dynamics,
sleep disruption, and increased inflammatory burden can all influence
thyroid hormone regulation and tissue responsiveness.
In this population, symptoms commonly attributed to thyroid

dysfunction-such as fatigue, weight gain, cognitive complaints, and
mood changes-may occur in the setting of normal TSH and free hor-
mone levels.[5] Stress-mediated suppression of thyroid hormone action,
changes in deiodinase activity, and mitochondrial vulnerability may
contribute to a functional hypothyroid phenotype that is not readily
captured by standard testing.
Recognition of this phenotype emphasizes the importance of contex-

tualizing thyroid functionwithin broader neuroendocrine andmetabolic
changes, rather than reflexively escalating thyroid hormone doses or
dismissing symptoms as nonspecific.

21 Chronic Illness and Multisystem Dysregulation

Patients with chronic inflammatory, autoimmune, metabolic, or in-
fectious conditions frequently exhibit alterations in thyroid hormone
metabolism consistent with downstream hypothyroidism.[10] In these

settings, reduced thyroid hormone action may reflect an adaptive re-
sponse aimed at conserving energy and limiting oxidative stress.
This phenotype often overlaps with features of non-thyroidal illness

syndrome, including low or low-normal T3 levels, elevated rT3, and
blunted TSH responses. Importantly, these changes may persist beyond
acute illness and contribute to chronic symptom burden. Differentiat-
ing adaptive responses from maladaptive persistence requires careful
clinical judgment and longitudinal assessment.

22 Clinical Implications of Phenotype Recognition

Identification of downstreamhypothyroid phenotypes has important im-
plications for diagnosis and management. Rather than signaling failure
of thyroid hormone replacement or patient nonadherence, persistent
symptoms may reflect incomplete characterization of the underlying
physiologic context. Incorporating symptom patterns, immune and
inflammatory markers, metabolic status, nutrient sufficiency, and stress
physiology can improve diagnostic precision and guide more individual-
ized care.
Reframing these presentations as downstream manifestations of sys-

temic dysregulation supports a shift away from rigid classification toward
a more flexible, mechanism-informed approach. Such a framework
aligns more closely with clinical experience and provides a foundation
for personalized therapeutic strategies discussed in subsequent sections.

23 Diagnostic Implications: toward a Systems-based

Evaluation of Hypothyroidism

Reframing hypothyroidism as a downstream manifestation of multi-
system dysregulation has important diagnostic implications. While
serum TSH remains a valuable and sensitive marker of central thy-
roid regulation, exclusive reliance on TSH-centered algorithms may
fail to identify tissue-level thyroid hormone insufficiency or upstream
drivers that influence thyroid hormone action.[4, 7] A systems-based
diagnostic approach does not replace guideline-directed testing but
rather expands upon it to improve diagnostic precision in patients with
persistent symptoms or atypical clinical presentations.[11] Integrating
these elements into clinical practice requires a structured yet flexible ap-
proach. A systems-based diagnostic pathway for patients with persistent
hypothyroid symptoms is illustrated in Figure 2.

Figure 2: Systems-based Diagnostic Pathway

• Patient with hypothyroid symptoms (fatigue, weight
gain, cognitive dysfunction, cold intolerance, mood changes)

• Initial evaluation:

– TSH, free T3, free T4

– Medication adherence and interactions

– Exclude pregnancy/acute illness

• TSH normal or mildly abnormal with persistent symp-
toms

– → consider downstream hypothyroidism phenotype

• Expanded Systems Assessment:

– Reverse T3

– Thyroid peroxidase and thyroglobulin antibodies

– Ferritin, vitamin D, B12, zinc
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– Hs-CRP, inflammatory markers

– Metabolic markers (A1c, insulin)

– Stress and sleep patterns

• Identify dominant drivers:

– Immune/inflammatory

– Stress/HPA Axis

– Metabolic dysfunction

– Nutrient insufficiency

– Medication/environmental factors

• Personalized intervention:

– Address upstream drivers

– Optimize LT4 therapy

– Consider LT4 + LT3 in select patients

– Shared decision-making

• Reassess Longitudinally:

– Symptoms

– Labs in context

– Iterative adjustment

This algorithm outlines a systems-based approach to patients with persistent
hypothyroid symptoms. After appropriate initial biochemical evaluation,
clinicians are encouraged to consider downstream phenotypes when

symptoms persist despite normal or mildly abnormal TSH levels. Expanded
assessment of immune, inflammatory, metabolic, stress-related, nutrient, and
environmental contributors supports individualized therapeutic strategies and

longitudinal reassessment. (LT4 = levothyroxine, LT3 = liothyronine)

24 Limitations of a TSH-centric diagnostic paradigm

Measurement of serum TSH has long served as the cornerstone of
hypothyroidism diagnosis and management.’ Its sensitivity to small
changes in circulating thyroid hormone concentrations makes it a
practical and widely accessible screening tool. However, TSH reflects
pituitary sensing of thyroid hormone availability and does not directly
assess peripheral thyroid hormone activation, transport, receptor re-
sponsiveness, or mitochondrial utilization.[7]
In patients with chronic stress, inflammation, metabolic dysfunction,

or immune activation, TSH may remain within reference ranges
despite impaired tissue-level thyroid hormone action.” Altered TSH
pulsatility, changes in TSH bioactivity, and central adaptive responses
can further decouple serum TSH values from end-organ effects.”1 As
a result, exclusive reliance on TSH may obscure clinically meaningful
hypothyroid phenotypes and contribute to under-recognition of patients
with functional or downstream thyroid dysfunction.[4]
Expanded Thyroid Hormone Assessment
In patients with persistent symptoms or discordant clinical and

biochemical findings, assessment beyond TSH may provide additional
insight.[4] Measurement of FT4 and free FT3 allows evaluation of
peripheral hormone availability and conversion. A low or low-normal
FT3 in the context of normal TSH and FT4 may suggest impaired
T4-to-T3 conversion or increased inactivation through reverse T3
pathways.[7, 11]

While the clinical utility of rT3 measurement remains debated,
selective use may be informative in specific contexts, such as chronic
illness, significant stress burden, or unexplained symptoms despite
adequate LT4 therapy.[1] Importantly, interpretation of rT3 should
be contextual and hypothesis-driven rather than routine, recognizing
its role as a marker of altered peripheral metabolism rather than a
standalone diagnostic criterion.[7]

25 Immune and InflammatoryMarkers

Given the strong association between immune dysregulation and
downstream hypothyroidism, evaluation of thyroid autoantibodies-
including TPO and Tg antibodies-provides important prognostic and
mechanistic information.[12] The presence of autoantibodiesmay signal
active immune processes influencing thyroid hormone signaling even
before overt thyroid failure develops.[13]
Assessment of systemic inflammatory markers, such as high-

sensitivity C-reactive protein (hs-CRP), may further contextualize thy-
roid dysfunctionwithin a broader inflammatorymilieu. Elevated inflam-
matory burden can impair deiodinase activity, receptor responsiveness,
and mitochondrial function, contributing to tissuelevel hypothyroidism
independent of serum thyroid hormone concentrations.[7, 11]

26 Nutrient and Metabolic Evaluation

Evaluation of micronutrient status is an essential component of a
systems-based thyroid assessment. Iron status, particularly ferritin,
should be assessed given its role in thyroid hormone synthesis and its
frequent insufficiency in populations at risk for hypothyroidism.[7]
Additional assessment of micronutrients, including vitaminD, iodine,

zinc, and selenium, may be appropriate in selected patients, particularly
those with autoimmune disease, gastrointestinal disorders, or dietary
restrictions.[13]
Metabolic evaluation, including markers of insulin resistance,

glycemic control, and lipid metabolism, provides further insight into
thyroidmetabolic interactions. Metabolic dysfunction can impair pe-
ripheral thyroid hormone activation and tissue responsiveness, rein-
forcing the importance of integrating metabolic health into thyroid
evaluation.[7, 11]

27 Neuroendocrine and Stress-Related Context

Assessment of stress physiology and circadian health represents an often-
overlooked component of thyroid evaluation. Chronic psychosocial
stress, sleep disruption, and circadianmisalignment can suppress central
thyroid regulation and alter peripheral hormone metabolism.” While
routine measurement of cortisol is not universally indicated, careful
clinical assessment of stress burden, sleep quality, and lifestyle factors
is essential for interpreting thyroid function tests within an appropriate
physiologic context.
Incorporating neuroendocrine context into diagnostic reasoning

allows clinicians to distinguish between primary glandular failure and
adaptive suppression of thyroid hormone action driven by chronic stress
or illness.”

28 Structural and Imaging Considerations

Thyroid ultrasound provides valuable structural information that can
complement biochemical and clinical assessment. In patients with
autoimmune thyroiditis, ultrasound may reveal characteristic hypoe-
chogenicity and heterogeneity even before significant biochemical
abnormalities arise.[13] Structural assessment can aid in distinguishing
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Table 2. Evaluation framework for patients with persistent symptoms despite biochemical euthyroidism

Clinical Scenario Potential Mechanism Suggested Evaluation Clinical Considerations

Persistent symptoms with nor-
mal TSH

Impaired T4→T3 conversion; increased rT3;
altered tissue responsiveness

FT4, FT3 ± rT3 (contextual use) Consider peripheral conversion variabil-
ity; interpret in clinical context

Autoimmune thyroiditis with
minimal biochemical abnor-
mality

Immune activation affecting signaling before
gland failure

TPOAb, TgAb; inflammatory markers (hs-
CRP)

Monitor longitudinally; address inflam-
matory burden

Fatigue disproportionate to
labs

Mitochondrial dysfunction; stress physiology Ferritin, B12, vitamin D; metabolic mark-
ers; stress/sleep assessment

Consider upstream contributors rather
than dose escalation alone

Suboptimal response to LT4 Malabsorption; deiodinase variability;
receptor-level resistance

Review adherence; GI history; medication
interactions; FT3

Evaluate for individualized dosing strate-
gies

Metabolic syndrome pheno-
type

Insulin resistance impairing conversion and
tissue signaling

A1c, fasting insulin, lipid panel, waist
circumference

Address metabolic health alongside hor-
mone replacement

High stress / sleep disruption HPA axis suppression of thyroid signaling Clinical stress assessment; sleep quality
review

Lifestyle modification; avoid reflexive
overtreatment

Iatrogenic or environmental
exposure

Drug-induced or immune-mediated thyroid
dysfunction

Medication review (amiodarone, lithium,
TKIs, immune therapies)

Consider temporality and adjust therapy
accordingly

This table outlines common clinical scenarios in which thyroid-related symptoms persist despite serum TSH within reference range. It integrates potential
mechanistic contributors with suggested evaluation strategies to support a systems-based, individualized diagnostic approach.

inflammatory or autoimmune processes from nodular disease and
provide additional context for disease progression.
Importantly, structural abnormalities do not always correlate with

functional impairment, reinforcing the need to integrate imaging
findings with biochemical and clinical data rather than interpreting
them in isolation.[1]

29 Toward a Personalized Diagnostic Framework

A systems-based diagnostic approach to hypothyroidism emphasizes
pattern recognition rather than single-marker thresholds.[4, 24] By
integrating biochemical data, symptom burden, immune and inflamma-
tory status, nutrient sufficiency, metabolic health, and neuroendocrine
context, clinicians can more accurately characterize hypothyroid pheno-
types and identify upstream drivers amenable to intervention.[7, 11]
Such an approach supports earlier identification of patients at

risk for progression to overt hypothyroidism and provides a rational
framework for individualized management strategies. Importantly, this
model complements rather than replaces existing guidelines, offering a
pragmatic pathway toward more precise and patient-centered thyroid
care. Common clinical presentations and suggested evaluation strategies
are summarized in Table 2.

30 Therapeutic Implications: Treating Upstream Drivers and

Personalizing Thyroid Hormone Replacement

Reconceptualizing hypothyroidism as a downstream manifestation
of multisystem dysregulation has important therapeutic implications.
While levothyroxine monotherapy remains an effective and appropriate
treatment for many patients, a systems-based framework highlights
why a subset of individuals experiences incomplete symptom resolution
despite biochemical euthyroidism. In such cases, treatment strategies
focused exclusively on normalizing serum TSH may fail to address the
upstream drivers and mechanistic pathways contributing to impaired
thyroid hormone action.
A personalized therapeutic approach recognizes heterogeneity in hy-

pothyroid phenotypes and emphasizes alignment of treatment strategies
with underlying pathophysiology, symptom burden, and patient context.
Levothyroxine Monotherapy: Strengths and Limitations

Levothyroxine monotherapy is the standard of care for hypothy-
roidism and is supported by robust evidence demonstrating safety,
efficacy, and long-term tolerability. For the majority of patients, LT4
adequately restores biochemical euthyroidism and improves symptoms.
Current guidelines appropriately recommend LT4 as first-line therapy,
with dose titration guided primarily by serum TSH.[1]
However, LT4 therapy assumes intact peripheral conversion of T4 to

T3 and preserved tissue responsiveness to thyroid hormone. As outlined
in prior sections, chronic inflammation, stress physiology, metabolic
dysfunction, nutrient insufficiency, and mitochondrial impairment may
disrupt these processes. In such contexts, LT4 may normalize serum
TSH without restoring physiologic T3 availability or cellular thyroid
hormone action, resulting in persistent symptoms.
Recognition of these limitations does not undermine guideline-based

care but rather clarifies why a “one-size-fits-all” approach may be
insufficient for certain patients.
Addressing Upstream Drivers as a Therapeutic Foundation
A systems-based approach to hypothyroidism prioritizes identifica-

tion and mitigation of upstream drivers that impair thyroid hormone
signaling. Interventions targeting immune dysregulation, inflammation,
stress burden, metabolic health, and nutrient sufficiency may enhance
thyroid hormone responsiveness and improve symptom burden, either
independently or in conjunction with hormone replacement.
For patients with autoimmune thyroid disease, addressing inflamma-

tory load and immune triggers-such as sleep disruption, psychosocial
stress, andmetabolic dysfunction-may help stabilize disease progression
and reduce symptom severity. Correction of nutrient insufficiencies,
particularly iron and selenium, can support thyroid hormone synthesis
and metabolism when deficiencies are present. Importantly, these
interventions should be individualized and evidence-informed, avoiding
overgeneralization or excessive supplementation.
Addressing upstream factors does not replace thyroid hormone ther-

apy when indicated, but may reduce the degree of hormone replacement
required and improve overall treatment response. Personalizing Thyroid
Hormone Replacement
In patients who remain symptomatic despite optimized LT4 therapy

and correction of modifiable upstream contributors, consideration of
personalized thyroid hormone replacement strategies may be appropri-
ate. This includes careful evaluation of free T3 levels, symptom patterns,
comorbid conditions, and patient preferences.
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Combination therapy with LT4 and liothyronine (LT3) or the use of
T3-containing formulations has been explored in randomized trials
with mixed results. While population-level data do not uniformly
demonstrate superiority over LT4 monotherapy, subgroup analyses and
patientreported outcomes suggest that selected individuals may derive
benefit.[24, 25] Variability in deiodinase activity, transport, receptor
sensitivity, and mitochondrial responsiveness likely contributes to
heterogeneous treatment responses.
A recent narrative review emphasized the importance of individual-

ized thyroid hormone replacement and aligning therapywith patientspe-
cific physiology rather than relying solely on biochemical targets.[5]
Within a systems-based framework, T3-containing strategies may be
viewed not as first-line therapy, but as a rational option for carefully
selected patients with persistent symptoms and evidence of impaired
peripheral thyroid hormone action.

30.1 Clinical Safeguards and Shared Decision-Making
Personalized thyroid hormone therapy requires thoughtful clinical
judgment and shared decisionmaking. Potential benefits must be
balanced against risks, including overtreatment, cardiovascular effects,
and bone health concerns. Careful dosing, gradual titration, and close
monitoring of symptoms and laboratory values are essential.
Equally important is setting appropriate expectations. Not all symp-

toms attributed to hypothyroidism are thyroid-mediated, and improve-
ment may depend on addressing coexisting conditions such as sleep
disorders, depression, metabolic syndrome, or chronic inflammatory
disease. Transparent communication regarding therapeutic goals rein-
forces trust and supports patient-centered care.
Integrating Therapy within a Systems-Based Care Model
A systems-based therapeutic model reframes hypothyroidism man-

agement as an iterative process rather than a static prescription. Treat-
ment response should be assessed longitudinally, with attention to symp-
tom trajectories, physiologic context, and evolving clinical needs. This
approach supports flexibility in therapy while maintaining adherence
to evidence-based principles.
By integrating upstream interventions with personalized hormone

replacement strategies, clinicians can move beyond rigid classification
toward a more nuanced, mechanism-informed approach. Such a model
acknowledges the complexity of thyroid hormone physiology and aligns
treatment with the lived experience of patients whose symptoms persist
despite conventional care.

31 Future Directions and Research Priorities

Reframing hypothyroidism as a downstream manifestation of multi-
system dysregulation highlights important gaps in current knowledge
and underscores the need for research approaches that move beyond
gland-centric and TSH-centric paradigms.[4, 24] Future investigations
should aim to better characterize tissue-level thyroid hormone action,
identify clinicallymeaningful subphenotypes, and evaluate personalized
diagnostic and therapeutic strategies within a systems-based framework.
Defining functional and downstream hypothyroid phenotypes
One of the most pressing research priorities is the development

of standardized criteria to define functional or downstream hypothy-
roidism. Current classifications rely primarily on serum biomarkers that
reflect central regulation rather than tissue-level hormone action.[4]
Prospective studies are needed to delineate phenotypes characterized by
impaired peripheral conversion, altered transport, receptor resistance,
or mitochondrial dysfunction, particularly bin patients with persistent
symptoms despite biochemical euthyroidism.[6, 7, 11]
Such efforts may involve integration of biochemical markers (e.g.,

FT3, rT3), immune and inflammatory profiles, metabolic indicators,

and symptom-based assessments. Establishing reproducible phenotype
definitions would enable more precise patient stratification in both
clinical practice and research settings.
Biomarkers of Tissue-Level Thyroid Hormone action
The development of biomarkers that more accurately reflect tissue-

level thyroid hormone activity represents a critical unmet need. While
serumTSH and circulating hormone levels provide valuable information
about central regulation, they offer limited insight into intracellular
hormone availability and end-organ responsiveness.[4, 7]
Emerging approaches may include gene expression signatures of

thyroid hormoneresponsive pathways, metabolomic profiles associated
with thyroid hormone action, or imaging-based assessments of tis-
sue metabolism.[6, 7] Validation of such biomarkers could improve
diagnostic precision, facilitate earlier identification of downstream
hypothyroidism, and support more targeted therapeutic interventions.
Longitudinal studies of upstream driver modification
Another key research priority is the evaluation of interventions tar-

geting upstream drivers of thyroid hypofunction. Longitudinal studies
examining the impact of reducing inflammatory burden, improving
metabolic health, correcting nutrient insufficiencies, or mitigating
chronic stress on thyroid hormone signaling are needed to clarify causal
relationships.[7, 11]
Importantly, these studies should assess both biochemical outcomes

and patient-reported symptom measures, recognizing that clinical
improvement may precede or occur independently of changes in
traditional thyroid function tests.[4] Such data would help define the
role of upstream interventions as adjuncts to, or modifiers of, thyroid
hormone replacement therapy.
Personalized Thyroid Hormone Replacement trials
While randomized trials comparing levothyroxine monotherapy

with combination or T3-containing therapies have yielded mixed
results at the population level,[24] future studies should focus on
phenotype-specific responses rather than uniform treatment effects.
Stratifying participants based on conversion efficiency, inflammatory
status, metabolic health, or genetic factors influencing thyroid hormone
signaling may clarify which subgroups derive benefit from personalized
replacement strategies.[6, 7]
Adaptive trial designs and real-world evidence approaches may be

particularly well suited to capturing interindividual variability and in-
forming clinical decision-making in heterogeneous patient populations.
Integrating Systems Biology into Thyroid Research
Advances in systems biology, including multiomics platforms and

computational modeling, offer powerful tools for understanding the
complex interactions that govern thyroid hormone physiology.[6, 7]
Integrating genomic, transcriptomic, metabolomic, and microbiome
data with clinical phenotypes may reveal novel regulatory pathways and
therapeutic targets.
Such approaches align with a broader shift toward precision en-

docrinology and have the potential to redefine hypothyroidism as a
dynamic, contextdependent condition rather than a static glandular
disorder.[24]
Implications for Clinical Guidelines and Education
As evidence supporting systems-based models of hypothyroidism

accumulates, future guideline development may benefit from incorpo-
rating broader diagnostic and therapeutic considerations for patients
with persistent symptoms or atypical presentations.[4, 26] Educational
initiatives aimed at clinicians should emphasize the distinction between
biochemical normalization and physiologic restoration, fostering more
nuanced interpretation of thyroid function tests.[4]
Ultimately, integrating systems-based insights into clinical practice

has the potential to improve patient satisfaction, optimize therapeutic
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outcomes, and reduce the burden of unresolved symptoms in hypothy-
roidism care.

32 Conclusion

Hypothyroidism has traditionally been conceptualized as a disorder
defined by the anatomic site of dysfunction within the hypothalamic—
pituitarythyroid axis, with primary hypothyroidism attributed to intrin-
sic thyroid gland failure. While this framework has guided effective
diagnosis and treatment for many patients, it does not fully account for
the heterogeneity of clinical presentations or the persistent symptombur-
den observed in a substantial subset of individuals despite biochemical
euthyroidism.
Accumulating evidence supports a broader, systems-based under-

standing of hypothyroidism in which reduced thyroid hormone ac-
tion frequently reflects downstream effects of immune dysregulation,
chronic inflammation, neuroendocrine stress signaling, metabolic dys-
function, nutrient insufficiency, and impairedmitochondrial responsive-
ness. Within this context, the thyroid gland functions as an end-organ
responder rather than the sole origin of disease, and normalization of
serum TSH may not reliably indicate restoration of tissue-level thyroid
hormone activity.
Reframing hypothyroidism as a downstream adaptive phenotype

does not negate the importance of thyroid hormone replacement or
established clinical guidelines. Rather, it provides a physiologic rationale
for why standard approaches may be insufficient for some patients and
highlights the need for diagnostic and therapeutic strategies that extend
beyond gland-centric and TSH-centric paradigms. Integrating symptom
patterns, peripheral hormone dynamics, immune and inflammatory
context, metabolic health, and mitochondrial function offers a more
precise and patientcentered approach to care.
Recognizing hypothyroidism as a manifestation of multisystem dys-

regulation encourages earlier identification of upstream drivers, sup-
ports individualized treatment strategies, and aligns clinical practice
with the lived experience of patients whose symptoms persist despite
conventional therapy. As the field moves toward precision endocrinol-
ogy, adopting a systems-based framework may improve diagnostic accu-
racy, therapeutic outcomes, and quality of life for individuals affected
by hypothyroidism.

Key Takeaways
• Primary hypothyroidism is often downstream. In many
patients, reduced thyroid hormone action reflects immune, inflam-
matory, neuroendocrine, metabolic, nutrient, and mitochondrial
dysregulation rather than isolated thyroid gland failure.

• TSH normalization does not guarantee tissue euthyroidism.
Serum TSH reflects central regulation and may not capture
impairments in peripheral conversion, cellular transport, receptor
responsiveness, or mitochondrial utilization of thyroid hormone.

• Hypothyroidism is best understood as a phenotype, not a
single disease. Clinical presentations vary widely, with distinct
downstream phenotypes explaining persistent symptoms despite
“normal” laboratory values.

• Upstream drivers matter. Immune activation, chronic inflam-
mation, stress physiology, metabolic dysfunction, and nutrient
insufficiency can precede and perpetuate thyroid hypofunction.

• A systems-based diagnostic approach improves precision.
Integrating symptoms, peripheral thyroid markers, immune and

inflammatory context, metabolic health, and nutrient status allows
more accurate characterization of hypothyroid phenotypes.

• Levothyroxine monotherapy is effective for many—but not
all—patients. Persistent symptoms should prompt reassessment
of underlying mechanisms rather than reflexive dose escalation or
dismissal.

• Personalized therapy requires shared decision-making. Ad-
dressing upstream contributors and, when appropriate, individu-
alizing thyroid hormone replacement may improve outcomes for
selected patients.

• Reframing hypothyroidism aligns care with patient experi-
ence. Viewing hypothyroidism as a downstream adaptive response
supports more patient-centered, mechanism-informed manage-
ment strategies.
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