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ABSTRACT

Peripheral metabolism plays a significant role in maintaining thyroid hormone
expression in local tissues. The thyroid secretes thyroxine (T4) at substantially
greater levels than triiodothyronine (T3), relying on peripheral mechanisms to
convert T4 to T3. Peripheral control is exerted through a number of pathways.
These pathways include deiodination, facilitated by deiodinase enzymes, as well as
conjugation and lipid peroxidation. Factors influencing any or all of the peripherally
active pathways continue to be explored and may help explain why many patients
continue to experience symptoms consistent with hypothyroidism, including low
body temperature, even when their thyroid blood tests are normal. These factors
include liver and kidney function as well as seasonal changes. Although non-
thyroidal illness syndrome was originally defined as a condition occurring without
direct thyroid function impact, there is evidence that the thyroid itself may alter

T3 and T4 during illness via modified gene regulation in the presence of pro-
inflammatory cytokines. There are also a number of lifestyle behaviors, including
fasting, alcohol dependence, and smoking that have been shown to affect peripheral
metabolism of thyroid hormones. Zinc affects both the synthesis and mode of action
of action of thyroid hormones. For example, thyroid transcription factors, which

are essential for modulation of gene expression, contain zinc at cysteine residues.
Selenium is required for the selenocysteine moieties that confer the function of

the deiodinase enzymes. Selenium supplementation has been shown to reduce
anti-thyroid peroxidase antibodies and anti-thyroglobulin antibodies in patients
with autoimmune thyroiditis. Selenium has been shown to increase the level of
glutathione peroxidase, which contains selenocysteine. Both Withania somnifera and
Commiphora mukul have been shown to improve hypothyroidism by elevating T3
levels and increasing T3:T4 ratios through peripheral metabolic pathways.
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INTRODUCTION

Thyroid hormones play an important role in deter-
mining metabolic function. Disruption in thyroid
hormone homeostasis via under-functioning of
the thyroid gland in hypothyroidism is a com-
mon endocrine disorder characterized by clinical
symptoms such as fatigue, weight gain, decreased
memory, and dry skin. Regulating thermogenesis
is one of the major tasks of thyroid hormone in
adult humans.! Body temperature homeostasis is
under tight control and hypothermia can result
when thyroid hormone expression is too low and
hyperthermia can result when thyroid hormone
expression is too high.? Indeed, a recent study
suggests that normalizing low body temperature
be used as a therapeutic target in the treatment of
obesity.?

Inadequate thyroid hormone supply from either
endogenous or exogenous sources is confirmed with
the resultant feedback response leading to increased
thyroid stimulating hormone (TSH) production by
the pituitary gland and elevated serum TSH.*

The mechanisms and outcomes of both primary and
secondary hypothyroidism are well understood, but
the effects of extra-thyroidal peripheral metabolism
of thyroid hormones remains less clear. While the
thyroid is solely responsible for thyroxine (T4)
production, enzymes in peripheral or target tissues
metabolize T4 to triiodothyronine (T3), or T3 to
reverse T3 (rT3).° Thyroid production of T4 and
T3 occurs at a ratio of 17:1, with 80% of T3 being
produced through extra-thyroidal conversion, indi-
cating that peripheral metabolism has a significant
influence on thyroid hormone availability at target
tissues.®

T4 to T3 conversion in the target tissues occurs
intracellularly, and thus is unable to be evaluated
by serum thyroid testing. It may be that many
patients are experiencing low thyroid hormone
expression, low body temperatures, and hypometa-
bolic symptoms even when they have adequate
thyroid hormone supply and normal thyroid
hormone blood tests. The focus on altered thyroid
hormone homeostasis has broadened from a cen-
tral, thyroid-associated model to include peripheral
influences on thyroid hormone levels. This has

far reaching clinical implications. The medical
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research demonstrates a clear connection between
hypothyroidism and headaches,”® premenstrual
syndrome,’® insomnia,'® anxiety,'' obesity,'? fluid
retention,'>!* hair loss," carpal tunnel syndrome,'®
irritable bowel syndrome,!” depression,'3!° low sex
drive,? infertility,”! and many other physical and
mental complaints. The magnitude and variety of
effects of hypothyroidism result from the integral
role the thyroid system plays in DNA transcrip-
tion. Thyroid hormone activity affects every cell
and function dependent on DNA. The experience
of individuals presenting with low body tempera-
ture and low thyroid expression in the presence
of normal laboratory thyroid values suggests
serum TSH levels may be incorrectly ruling out
hypothyroidism.

NON-THYROIDAL ILLNESS
SYNDROME

The findings of non-thyroidal illness syndrome
(NTIS) are encountered most frequently in the
emergency room or intensive care unit settings.
NTIS, or sick euthyroid syndrome, is considered

to be an adaptive, asymptomatic abnormality in thy-
roid blood tests that does not benefit from treatment
and that resolves with resolution of the non-thyroid
illness.?” Laboratory hallmarks include lowered

T3 and T4 levels, with elevated rT3, and normal

or slightly decreased TSH.* Initially, elevated

T3 measurements were thought to be useful in
differentiating between NTIS and secondary hypo-
thyroidism, but recent studies have demonstrated
this strategy inaccurate.’ NTIS is an adaptive
response, slowing metabolism to counter excessive
illness associated catabolism.* While generally con-
sidered a protective adaptation early in disease, if it
persists, it may be considered clinically detrimental
later in the course of chronic illness.*®

Physiologically, NTIS is caused by changes in
thyroid hormone metabolism in hepatic, muscle,
and adipose tissues, including decreased T4 to T3
conversion and reduced liver clearance of rT3.4?
Alteration in thyroid hormone (TH) binding to
protein carriers, TH entry into cells, expression
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of TH receptors, and iodothyronine deiodinase
activity all contribute to the totality of altered tests
in the NTIS state.S Rodent models suggest that

the main mechanism influencing NTIS is likely a
cytokine-mediated response.** Cytokines released
during illness affect gene expression throughout
the hypothalamus-pituitary-thyroid (HPT) axis and
target tissues, contributing to the complexity of
findings in NTIS.* While many of the molecular
mechanisms involved in NTIS are well understood
through animal and cellular models, gaps remain
in understanding the comprehensive etiology of
NTIS.*

Interestingly, post mortem studies comparing indi-
viduals who suffered from prolonged illness versus
acute cardiac disease demonstrated a reduction

in TRH gene expression in the hypothalamus of
those in the prolonged disease group.? This finding
demonstrates that the down-regulation of the HPT
axis occurs in chronic disease but not from acute
pathological changes.

Although NTIS was originally defined as a con-
dition occurring without direct thyroid function
impact, there is evidence that the thyroid itself may
alter T3 and T4 during illness via modified gene
regulation in the presence of pro-inflammatory
cytokines.?”’

PERIPHERAL THYROID
METABOLISM OVERVIEW

The pituitary gland releases TSH in response to
thyrotropin releasing hormone (TRH) secreted from
the hypothalamus.”® TSH leads to increased cAMP
in the thyroid cell which increases iodine pumping
by sodium/iodide symporter (NIS), thyroglobulin
synthesis, iodination, thyroid peroxidase activity,
endocytosis, and hormone release (primarily in

the pro-hormone form T4 with a small amount of
active T3 produced as well).?*° Thyroid hormones
negatively feedback to both the hypothalamus and
pituitary to regulate thyroid hormone homeostasis.?!

T4 is converted to the active T3 form by deio-
dination, removal of an iodide from the outer
phenolic benzene ring by selenium-containing
enzymes, deiodinase enzymes D1 or D2.%2 T4 is
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deactivated to the inactive r'T3 by deiodination of
the inner tyrosyl benzene ring by the deiodinase
D3 (and to a lesser extent, D1).% The three types
of deiodinases have variable tissue distribution.
D1 has been found in the liver, kidneys, thyroid,
and pituitary; D2 in the central nervous system
(CNS), thyroid, pituitary, brown adipose tissues,
and skeletal muscles; and D3 has been found in
the CNS, skin, gravid uterus, placenta, and fetal
liver.*** D1 and D2 both produce T3, and D3
degrades both T4 and T3 to inactive forms.* The
particular levels of deiodinases found in cells in a
tissue control local exposure to T3 in that tissue,
providing peripheral control over thyroid hormone
action.”

Although deiodination is generally considered the
primary pathway of peripheral thyroid metabo-
lism, two alternate pathways have been identified
as contributors to thyroid hormone homeostasis.*
Conjugation occurs primarily in the liver, with
some activity in renal tissue as well. Conjugation
involves addition of sulfate or glucuronic acid to
the hydroxyl group of thyroid hormones.*3¢37 The
products of this process are inactive and easily
eliminated. Antioxidant enzyme systems including
lipid peroxidation (LPO) have garnered attention as
possible pathways regulating T3 and T4 balance.*
Several nutrient and botanical interventions are
thought to work via this system and are discussed
below.

FACTORS AFFECTING
PERIPHERAL METABOLISM

LIVER FUNCTION

Thyroid hormones regulate the basal metabolic

rate of all cells, including hepatocytes, and thereby
modulate hepatic function; the liver in turn metabo-
lizes the thyroid hormones and helps regulate their
systemic endocrine effects. Thyroid dysfunction
may perturb liver function, and liver disease can
affect thyroid hormone metabolism.*

In cases of severe hepatitis with impending liver
failure, free T3:T4 ratio correlates negatively with
the severity of the liver disease and has prognostic
value.¥



KIDNEY FUNCTION

Peripheral metabolism of thyroid hormones occurs
to a significant degree in hepatic and renal tissues.*
It is unsurprising that reduced kidney function

and chronic kidney disease (CKD) impact thyroid
hormone homeostasis. Subclinical hypothyroid-
ism with low serum T3 can occur in individuals
with CKD.*“2 Centrally, the pituitary has an
altered, decreased response to TRH in the pres-
ence of uremia occurring in CKD.* Peripherally,
T3 and T4 are displaced from protein binding sites
by competitive inhibitors present during uremia.*!
Due to reduced glomerular filtration rate, inflam-
matory cytokines are more slowly cleared in CKD
and act to inhibit T4 to T3 conversion in peripheral
tissues.* Selenium levels have been shown to be
regularly decreased in patients undergoing hemo-
dialysis, but supplementation with selenium in this
patient population has not shown any significant
impact on thyroid markers.*

ALCOHOL

Alcohol dependence (AD) has been linked to
hypothalamus-pituitary-thyroid axis disruption in
several studies.* AD is correlated with decreased
T3, T4, and TSH. In a study exploring the link
between alcohol craving in alcohol-dependent indi-
viduals and thyroid function, it was demonstrated
that elevated T3 levels were correlated with alcohol
craving, and low TSH levels were correlated with
aggression and anxiety.® Individuals who remained
in treatment and abstained from alcohol for 12
weeks saw a normalization of T3 and TSH levels.®
While there remains no established mechanism for
the relationship between thyroid function and alco-
hol dependence, the effects of alcohol dependence
on dopamine levels offer a plausible explanation for
study findings. Dopamine has an established modu-
latory effect on TSH and TRH through binding to
D2 receptors.* Alcohol exposure itself may influ-
ence thyroid hormone levels independent of AD,

as animal models have demonstrated that exposure
to alcohol blunts the response to TRH, leading to
lowered TSH and subsequent decreases in T3 and
T4.% A population study of Danish individuals cor-
related higher than average alcohol consumption
with reduced risk of goiter and thyroid nodularity.
It is unclear whether alcohol may have a direct
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protective effect on thyroid tissue, or if alcohol’s
inhibitory effect on thyroid hormones through
peripheral metabolism may reduce the need for
thyroid hormone production, subsequently prevent-
ing thyroid enlargement.*’

FLAVONOIDS

Kaempferol is a flavonoid found in apples, grapes,
tomatoes, green tea, potatoes, onions, broccoli,
brussels sprouts, green beans, squash, spinach,
blackberries, and raspberries that has been shown
to increase D2 activity. D2, an intracellular
enzyme that activates thyroid hormone (T3) for the
nucleus is upregulated three-fold by kaempferol.
Kaempferol also dramatically increases the half-life
of D2. The net effect is an approximately 10-fold
stimulation of D2 activity, which increases the rate
of T3 production by 2.6-fold.*®

HYPOXIA

Hypoxia-induced D3 activation leads to reduction
of T3 and oxygen consumption, suggesting that D3
activation is a component of cellular responses to
hypoxia and supports the idea of cell-specific regu-
lation of thyroid hormone levels by deiodinases.*
This also supports the importance of good breathing
habits and proper exercise.

FASTING AND CALORIC RESTRICTION

Fasting alters HPT axis functioning at multiple
levels, including decreasing TSH production by
the pituitary, decreased production of thyroid
hormones by the thyroid, and altered periph-

eral metabolism.* This adaptive response slows
metabolism to conserve energy during times of
food scarcity. While occurring in both human and
rodents, alterations in thyroid hormone homeosta-
sis in response to fasting is more pronounced in
rodents, as they have much smaller energy stores
and are more susceptible to the impacts of food
scarcity.®

Studies have demonstrated an association between
fasting and both reduced serum T3 and elevated
serum rT3 in rodent and human models.’*' One of
the primary drivers of this alteration of peripheral
thyroid hormone homeostasis is a reduction of T4
converting to T3 in peripheral tissues, most notably
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hepatic and renal tissues.’**! Re-feeding, either
with a balanced or carbohydrate-heavy meal fol-
lowing a fasting period has been shown to restore
pre-fasting T3 and r'T3 levels by reducing rT3
production.>

Individuals observing prolonged fasting offer a
unique opportunity to explore the effects of inter-
mittent fasting on thyroid metabolism. Studies have
shown that cycles of intermittent fasting associated
with prolonged fasting do not significantly alter
thyroid function, with only slight alterations in thy-
roid hormones noted in the final days of prolonged
fasting in female subjects.>? It is well known that
TSH values fluctuate throughout the day, and recent
studies have demonstrated that TSH is significantly
reduced in the fed state, with no significant varia-
tion in T4 levels between the fasted and fed states.™

SEASONAL CHANGES

Thyroid hormone homeostasis shows seasonal
variation related to cold exposure, with studies
demonstrating a small elevation in TSH, T3, and
thyroglobulin in healthy adults when exposed to
long periods of cold.” An increased need for thy-
roid hormones in peripheral tissues is thought to be
the primary driver of this endocrine change.>

Along with changes in the average ambient tem-
peratures, seasonal change in photoperiod has been
hypothesized as a possible contributor to variation
in thyroid metabolism.>>¢ Melatonin is known to
affect a number of neuroendocrine pathways in
mammals.”” Recent rodent studies have demon-
strated that the timing of melatonin administration
affects type 2 and type 3 deiodinase expression in
the hypothalamus, suggesting a possible mecha-
nism for light exposure affecting thyroid hormone
homeostasis.”” Despite this finding in animal
models, recent human studies have reported no
light exposure associated seasonal variation in
thyroid hormones in individuals with subclinical
hypothyroidism.>

Interestingly, seasonal affective disorder (SAD)
has been linked to symptoms closely related to
hypothyroidism. A number of small studies have
attempted to investigate a possible link between
SAD and thyroid function but have not con-
clusively established a statistically significant
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correlation.”® However, an intervention trial did
demonstrate that individuals suffering from SAD
undergoing light therapy for 1 week had reduced
TSH levels as well as significant reduction in
depressive symptoms.® Those individuals with the
most significant response in depression scoring to
light therapy also had the largest decreases in TSH
during treatment.®

SMOKING

Smoking has significant impacts on a variety of
health parameters, and should be discouraged

in all patient populations. The known impact of
smoking on risk reduction in ulcerative colitis
and increased risk of Crohn’s disease demon-
strates an immune modulatory impact of smoking
behavior.®! This behavior is similar to the impact
of smoking on thyroid conditions, with smoking
increasing the risk of Grave’s disease and
Grave’s opthalmopathy, and decreasing risk of
Hashimoto’s thyroiditis and both papillary and
follicular thyroid cancer.5¢3

In population-based studies a correlation between
smoking and both lower serum TSH levels and
elevated free thyroxine (FT4) levels was demon-
strated.®*% Following cessation, TSH levels recover
to pre-smoking levels by 5-10 years in women, and
over 18 years in men.® There appears to be a dose-
related response to smoking behavior, with heavier
smokers (8—12 cigarettes per day) having a larger
TSH reduction than light smokers (<4 cigarettes
per day).® While it is clear that smoking behavior
impacts thyroid hormone homeostasis, variables
associated with both smoking behavior and thyroid
function, including body mass index (BMI), alcohol
consumption, and iodine sufficiency may confound
population-based results.®

While the mechanism of thyroid disruption due

to smoking has not been clearly established, short
exposure to cigarette smoke (1 hour) has been
shown to increase FT3 and FT4, without an impact
on TSH.® It is possible that this short exposure
period was not long enough to note a resultant
reduction in TSH. Although more study is needed,
this finding indicates the possibility that long-term
smoking may decrease TSH levels by increasing
thyroid hormone production in a TSH-independent
pathway.%



HEAVY METAL EXPOSURE

Exposure to a variety of metals, primarily mercury,
lead, and cadmium, has been shown to have possi-
ble effects on thyroid function and thyroid hormone
metabolism.®” There are multiple challenges in
assessing the impact of environmental exposure on
thyroid hormone pathways. Challenges in assessing
exposure to metals, including standardization and
applicability of urinary or serum testing, remain
problematic. Population-based studies have estab-
lished a correlation between heavy metal exposure
and thyroid function, and animal studies have estab-
lished possible mechanisms for interaction.

Occupational and environmental mercury exposure
has demonstrated a correlation with altered thyroid
hormone metabolism. T4 to T3 conversion medi-
ated by deiodinases may be adversely affected by
methyl mercury as it can sequester selenium.
Mercury levels have been associated with lowered
T3 and T4 levels with no impact on TSH levels,
suggesting a reduction in deiodinase activity.®
Mercury also may centrally affect thyroid hormone
production by accumulating in thyroid tissues and
binding directly to iodine, reducing iodine avail-
ability for hormone synthesis.™

Cadmium levels in animal studies have been cor-
related with decreased T4 levels. It is hypothesized
that cadmium may reduce deiodination, leading

to this alteration in thyroid hormone balance.”""
Rodent models assessing thyroid hormone response
to cadmium exposure demonstrated that rats injected
with cadmium experienced significant reduction in
T4 to T3 conversion, and no change in TSH levels,
suggesting a mechanism for extra-thyroidal impact
of cadmium on thyroid hormone homeostasis.”

Along with well-established deleterious neuro-
logic, hematologic, and gastrointestinal effects,
lead exposure has garnered interest for its pos-
sible effects on thyroid metabolism. While studies
investigating correlations between lead levels and
thyroid hormone alteration have been mixed, some
studies have demonstrated a relationship between
high lead exposure (blood levels above 20 pg/dL)
and low T4, FT4, and T3.7*77 At a lower level, lead
has been shown to be associated with reduced FT4
in adolescents, and inversely associated with TSH
in adult men. Unlike with cadmium or mercury,
there is no proposed mechanism for lead interfering
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in peripheral metabolism of thyroid hormones.
Rodent models suggest lead interferes with thyroid
hormone metabolism via direct reduction in thyroid
hormone production from thyroid tissues.”

MINERALS

SELENIUM

Selenium is an important mineral in thyroid function
and thyroid hormone homeostasis through integration
in a number of selenoproteins involved in thyroid hor-
mone production, conversion of T4 to T3, protection
from oxidative damage, and immune modulation.?*

Although not discussed fully in this review,
selenium has been shown to play a complex role

in autoimmune thyroid diseases. Selenium supple-
mentation has demonstrated benefit in reducing
and reversing Grave’s associated opthalmopa-

thy, and reduces autoimmune thyroid markers in
Hashimotos.””#! The protective mechanism in auto-
immune thyroid diseases is complex, and likely
involves selenium’s role in immune regulation and
protection from oxidation in thyroid tissues.”*!

Studies investigating the role of selenium in NTIS
have demonstrated that selenium deficiency is not the
main cause of thyroid hormone alteration in NTIS,
rather it is cytokine-induced inhibition of deiodin-
ases that impacts thyroid hormone levels.®? Despite
selenium deficiency not being the primary driver

of altered thyroid metabolism, there is evidence

that selenium demand increases in the sick state.”
Selenium supplementation in critical illness has
shown benefit in both mortality reduction and clinical
outcomes.?* Although important in various mecha-
nisms involved in thyroid function, the benefit of
selenium supplementation in illness is due to altered
cytokine release not just seleno-enzyme functioning.

ZINC

Zinc is an important component in a wide variety
of enzymes and receptors involved in physiologi-
cal processes, including thyroid-related metabolic
function. The role of zinc in the body is remark-
ably complex, and its impact on thyroid function
includes thyroid hormone production, T4 to T3
conversion, and T3 receptor function.®
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Zinc deficiency has been shown to decrease thyroid
hormone availability, with correction of hormone
levels noted with zinc supplementation.” A recent
study demonstrated that 12 weeks of 30 mg zinc
supplementation alone or in combination with
selenium in overweight or obese female hypothy-
roid patients significantly increased FT3 levels,
and increased the FT3:FT4 ratio.®® These findings
confirm zinc’s integral role in T4 to T3 conversion.
Interestingly, serum zinc levels did not change
throughout the study, consistent with previous
studies,® suggesting zinc concentrations remain

in a normal range during sub-clinical deficiency.®
At initiation of the study, participants did not have
baseline zinc levels in the deficiency range.®

BOTANICALS

Despite their common use in complementary
therapies to treat thyroid conditions, there remains
limited human research into the effects of botani-
cal therapies on thyroid hormone homeostasis. A
number of plants including Lithospermum offi-
cinale, Lycopus europeaus, Withania somnifera,
Bauhinia purpurea, and Commiphora mukul, have
demonstrated potential in impacting the HPT axis
and peripheral conversion of thyroid hormones in
rodent and animal models.*

WITHANIA SOMNIFERA

Withania somnifera (Ashwaghanda) is an Ayurvedic
herb traditionally used to treat stress, and has been
shown to have immunomodulatory, antioxidant,
and anti-inflammatory functions.®® Along with

a case report of Withania-induced thyrotoxico-

sis, rodent studies have demonstrated increase in
thyroid hormone levels following administration of
Withania.**-*® A very small human study in bipo-
lar patients treated with levothyroxine confirmed
findings from animal models, demonstrating a
significant increase in T4 levels, as well as normal-
ization of TSH levels in subclinical hypothyroid
patients.® Mechanistically, it was postulated that
this effect was likely due to direct effect on the thy-
roid gland.® Adding to this possible central effect
on the thyroid, animal evidence of the impact of
Withania extract demonstrated increases in both T3
and T4, and reduced hepatic lipid peroxidation and
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increased antioxidant activity.®” In a similar study,
an extract from Bauhinia purpurea showed similar
effects in lowering hepatic lipid peroxidation and
increasing antioxidant activity.

COMMIPHORA MUKUL (GUGGUL)

Commiphora mukul (guggul), a traditional
Ayurvedic medicinal herb, has shown thyroid-stim-
ulating effects in animals and is used to treat high
cholesterol, obesity, and a lowered metabolism.***!

In a rodent study of hypothyroid-induced mice,
administration of guggul was shown to increase

T3 levels.”? Along with an increase in T3, guggul
administration decreased lipid peroxidation, and
increased superoxide dismutase and catalase, markers
used to assess tissue toxicity. This trend demon-
strated a tissue-protective effect of Commiphora.”
Hepatic deiodinase activity increased with guggul
use, suggesting the major contributor to T3 increase is
conversation of T4 to T3.%? A previous study dem-
onstrated similar results, with an increase in T3 and
T3/T4 ratio with administration of guggul extract.”®
Again, lipid peroxidation was noted in the liver,
suggesting that guggul’s effects occur via alteration in
peripheral hormone metabolism.*”

CONCLUSION

Peripheral thyroid metabolism is a complex process
involving deiodination, conjugation, and lipid
peroxidation pathways. It is clear that adequate,
symptom-free thyroid hormone expression depends
not only on adequate thyroid hormone supply

as evidenced by normal thyroid hormone blood
tests but also upon healthy peripheral thyroid
metabolism. Lifestyle practices, nutrient intake,
and botanical interventions can support thyroid
hormone physiology and expression via periph-
eral mechanisms. Assessment and intervention in
suspected cases of normal thyroid hormone supply
and low thyroid hormone expression should involve
lifestyle investigation and warrants the consider-
ation of nutrient and botanical intervention.
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