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Abstract

Peripheral metabolism of thyroid hormones is a critical component of the impact these
hormones have on intracellular function. Thyroid hormones can be metabolized in
peripheral tissue by deiodination, conjugation, deamination, and decarboxylation
enzyme reactions. Therefore, alterations in these metabolic pathways might significantly
impact the quantity of specific thyroid hormone metabolites influencing function at the
cellular level. Available evidence also suggests that, under some circumstances, the
activity of hepatic antioxidant enzyme systems and lipid peroxidation might influence
the peripheral metabolism of thyroid hormones. Several syndromes, such as “euthyroid
sick syndrome” and “low T3 syndrome,” have been classified within the medical literature.
The common feature of these disorders is a low level of circulating T3, with generally
normal to slightly elevated blood T4 levels and either normal or slightly suppressed
TSH levels. This pattern of altered thyroid hormone levels is generally agreed to be a
result of impairment in extra-thyroidal peripheral metabolism. Hepatic and renal
pathology, as well as catabolic states such as those induced subsequent to severe
injury, illness, or trauma result in consistent shifts in the thyroid hormone profile,
secondary to their impact on peripheral enzyme pathways. Lifestyle factors, such as
stress, caloric restriction, and exercise, influence peripheral metabolism of thyroid
hormones. Exposure to toxic metals, chemical poisons, and several drugs can also
influence the peripheral fate of thyroid hormones. While the role of vitamins, minerals,
and botanical extracts in thyroid hormone metabolism requires further elucidation,
current evidence supports a role for selenium in the hepatic 5'-deiodination enzyme.
(Altern Med Rev 2000;5(4):306-333)

Introduction

Peripheral metabolism of thyroid hormonesisa critical component of the impact these
hormones have on intracel lular function. Primary hypothyroidism, which manifests as elevated
thyroid stimulating hormone (TSH) and low T4 levels, and secondary hypothyroidism, mani-
festing as a combination of low T4 levels and low TSH secondary to pituitary dysfunction, are
both well defined. However, perturbationsin thyroid hormone levels secondary to alterationsin
peripheral metabolism have received far less clinical attention. Several syndromes, such as
“euthyroid sick syndrome” (ESS) and “low T3 syndrome,” have been classified withinthe medical
literature. The common feature of these disordersisalow level of circulating T3, with generally
normal to slightly elevated blood T4 levels, and either normal or slightly suppressed TSH lev-
els. This pattern of altered thyroid hormones is now generally agreed to be a result of impair-
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ment in extra-thyroidal peripheral metabolism.

The liver, and to a lesser degree the
kidneys, play a dominant, although often un-
der-discussed role in the metabolism of thy-
roid hormones. The majority of the most meta-
bolically active thyroid hormone, 3,5,3'-tri-
iodothyronine (T3) (Figure 1), isgenerated in
peripheral tissue. Similarly, the preponderance
of its competitive inhibitor, 3,3',5'-triiodothy-
ronine (rT3; reverse T3) (Figure 1) is gener-
ated outside the thyroid gland. Further trans-
formations to T2 and T1 isomers aso occur
almost exclusively in peripheral tissue. These
transformations are all catalyzed by
deiodination enzymes which remove iodine
atomsfrom theinner tyrosyl or outer phenolic
benzene rings. This stepwise deiodination is
the major route of thyroid hormone metabo-
lism and results in both active and inactive
metabolites.!

A second pathway of thyroid hormone
metabolism involves the conjugation of the
phenolic hydroxyl group of the outer phenolic
ring with sulfate or glucuronic acid. These
conjugation reactions occur primarily in the
liver, and to alesser degreein the kidney, and
result in biotransformation of T4 and T3. The
resultant metabolites are primed for elimina-
tion and are considered relatively inactive.® It
is thought that partially deiodinated thyroid
hormone metabolites are preferred substrates
for these conjugation reactions.?3

Thyroid hormones can aso undergo
deamination and decarboxylase reactions in
theliver, resulting in theformation of so-called
acetic acid analogues. These reactions occur
at the alanine side-chain of the inner tyrosyl
ring. Although these anal ogues are thought to
be metabolically active, little is known about
the quantities produced or their contribution
to hormone activity in animals or humans.

Theroleof lipid peroxidation and other
antioxidant enzyme systems has al so received
some attention with respect to thyroid hormone
metabolism. Currently, the contribution of
these metabolic pathwaysto thyroid hormone

metabolism is not clear in humans; however,
the current associationsin animal modelswill
be discussed.

Review of Thyroid Hormones

The thyroid gland, in response to
stimulation by TSH, produces 3,5,3',5'-
tetratiodothyronine (T4) (Figure 1), T3, and
rT3. The synthesis of these hormonesrequires
the amino acid tyrosine and the trace mineral
iodine. Within the cells of the thyroid gland,
iodide is oxidized to iodine by hydrogen per-
oxide, areaction termed the “organification”
of iodide. lodine then binds to the number 3
position in the tyrosyl ring in areaction cata-
lyzed by thyroid peroxidase enzyme, a reac-
tion yielding 3-monoiodotyrosine (MIT). A
subsequent addition of another iodine to the
number 5 position of the tyrosyl residue on
MIT creates 3,5-diiodotyrosine (DIT). T4 is
created by the condensation or coupling of two
DIT molecules. Within the thyroid, smaller
amounts of DIT can aso condense with MIT
to form either T3 or IT3.

Completed thyroid hormones consist
of two benzene rings. An inner tyrosyl ring,
often also called the alpha ring, and an outer
phenolic or beta ring. After the thyroid hor-
mones are formed, lysosomal proteases sever
T4 (aswell asany T3 or rT3 formed) from the
thyroglobulin molecule, and the hormonesare
released into circulation. At the cellular level,
the activity of thyroid hormones is mediated
by interactions with nuclear T3 receptors.
Metabolic effects of thyroid hormones result
when the hormones occupy specific receptors,
evoking subsequent effects on intracellular
geneexpression. It isestimated acell needs 5-
7 times more T4 to bind to the nuclear recep-
torsto have aphysiological effect comparable
toT3.

Thebiosynthetic processesresultingin
generation of thyroid hormoneswithin thethy-
roid gland are controlled by feedback mecha-
nisms within the hypothal amic-pituitary-thy-
roid axis. The hypothalamus producesthyroid
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Figure 1: Structuresof T4, T3, and r'T3

T3

CH,
I

CH — NH,
I

COOH

rm3

Note 1: Conjugation reactions occur at the hydroxy (HO") group.
Note 2: Decarboxylation and deamination reactions occur at the alanine side chain
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Note 3: 5' Deiodination occurs at the outer phenolic ring.
Note 4: 5-Deiodination occurs at the inner tyrosyl ring.

releasing hormone (TRH) which stimulatesthe
pituitary to release TSH, thus signaling the
thyroid gland to upregulate its synthetic ma-
chinery.

Although T4, T3, and rT3 are gener-
ated within the thyroid gland, T4 is quantita-
tively the major secretory product. All T4
found in circulation is generated in the thy-
roid unless exogenously administered. Produc-
tion of T3 and rT3 within the thyroid is rel-
egated to very small quantitiesand is not con-
sidered significant compared to peripheral pro-
duction.*3

When T4 isreleased from the thyroid,
it is primarily in a bound form with thyroid
binding globulin (TBG), with lesser amounts

bound to thyroxine-binding prealbumin
(TBPA). It is estimated that only 0.03-0.05
percent of T4 within the circulatory systemis
inafree or unbound form; thisunbound T4 is
called free-T4 (fT4). In peripheral tissues, T4
iseither converted to T3 or rT3, or eliminated
by conjugation, deamination, or decarboxyla-
tion reactions. It is estimated that more than
70 percent of T4 produced in the thyroid is
eventually deiodinated in peripheral tissues,
either at the outer phenolic ring to form T3 or
at the inner tyrosyl ring to form rT73.2

T3 isconsidered to be the most meta-
bolically active thyroid hormone. Although
some T3 is produced in the thyroid, approxi-
mately 80-85 percent is generated outside the
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Figure 2: Structure of T2 Isomers
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thyroid, primarily by conversion of T4 in the
liver and kidneys.>® The pituitary and nervous
system are capable of converting T4to T3, so
are not reliant on T3 produced in the liver or
kidney. Within the liver and kidney, the en-
zyme responsiblefor peripheral production of
T3 isaselenium-dependent enzyme called 5'-
delodinase. Thisenzymeremovesiodinefrom
T4's outer phenalic ring.

Similar to T4, the mgjority of circulat-
ing T3isinabound form; however, TBPA and
albumin (not TBG) are the binding molecules
with highest affinity for T3. The free form of
T3 (fT3) found in circulation is more than an
order of magnitude greater than fT4, with es-
timates suggesting fT3 is approximately 8-10
percent of circulating T3.*

Small amountsof rT3 aremadewithin
the thyroid; however, peripheral generation
from T4 is estimated to account for 95 per-
cent of all rT3 produced.® The enzyme respon-
sible for this conversion is 5-deiodinase and
is not believed to be dependent on selenium

for its activity. This enzyme acts on the non-
phenolic ring of T4 (the inner tyrosyl ring) to
produce the hormonally inactive rT3. Under
normal conditions, 45-50 percent of the daily
production of T4 istransformed into rT3. Sub-
stantial individual variation in these percent-
ages can be found secondary to arange of en-
vironmental, lifestyle, and physiological influ-
ences.® Although an adequate understanding
of the metabolic role of rT3 issomewhat lim-
ited, it is thought to be devoid of hormonal
activity and to act as the major competitive
inhibitor of T3 activity at the cellular level .t
Experimental data also suggests rT3 has in-
hibitory activity on 5'-deiodinase,? suggesting
it might also directly interfere with the gen-
eration of T3 from T4.

Further degradation of rT3and T3 re-
sults in the formation of several distinct
diiodothyroxines. 3,5-diiodothyronine (3,5-
T2), 3,3-diiodothyronine (3,3-T2), and 3',5-
diiodothyronine (3',5-T2) (Figure 2).
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Table 1. Summary of T2 Isomer Activity

Isomer Derived from Action Human/animal data
Animal

Animal

Suppresses TSH
Greatest increase in RMR in BAT

T3 and/or rT3

Declines with age
Decreased in Hypothyroid
Increased in Hyperthyroid

Inactive

Greatest increase in RMR in muscle

Animal
Human
Human
Human

Although the metabolic role of the T2
isomersis poorly understood and the absolute
contribution of these hormonesto physiologi-
cal function in humansisunclear, experimen-
tal data raises doubts whether the various ef-
fects of thyroid hormones in different tissues
can all be attributed to T3. Theisomer 3,5-T2
has sel ective thyromimetic activity and hasan
ability to suppress TSH levels.” Inanimals, the
3,3-T2 and 3,5-T2 isomersinduce a dose-de-
pendent increase in resting metabolic rate
(RMR), an increase accompanied by a paral-
lel increasein the oxidative capacity of meta-
bolicaly active tissues such as liver, skeletal
muscle, brown adipose tissue, and heart. In
these experiments, 3,5-T2 exerted its greatest
stimulatory effect on brown adipose tissue
(BAT), while 3,3-T2 had its greatest effect on
muscle oxidative capacity. Although T3isgen-
erally considered to be the metabolically ac-
tive thyroid hormone, in contrast to these T2
isomers, T3 has only a small metabolic and
oxidative effect on skeletal muscleand no sig-
nificant stimulatory effect in heart and BAT,
irrespective of dose.?® (See Table 1 for asum-
mary of T2 isomer activity.)

Alterationsin serum concentrations of
3,3-T2 have been reported for humans under
certain conditions. As a rule this isomer
declines significantly with advancing age.

Hyperthyroidism is characterized by an
expected increase and hypothyroidism with a
decreasein 3,3-T2 concentrations.’® Of the T2
isomers, 3,5-T2 is presumed to be the most
metabolically active and can only be formed
from further deiodination of T3 by 3'-
deiodinase. Theisomer 3,3'-T2 can beformed
from the deiodination of either T3 by 5-
deiodinase or from rT3 through the same 5'-
deiodinase enzyme responsible for the
formation of T3 from T4. rT3 can also be
degraded to an inactive isomer, 3',5'-T2, by a
3-deiodinase enzyme.

Alterations in Peripheral
Metabolism: The “Euthyroid Sick
Syndrome” and “Low T3

Syndrome”

“Euthyroid sick syndrome” (ESS) and
“low T3 syndrome” are often used synony-
mously to describe non-thyroidal illness char-
acterized by low circulating T3and fT3 levels
despite normal thyroid gland function. In both
of these syndromes, T4 levels are generally
normal (although occasionally they will be
dightly elevated), fT4 isnormal, and TSH is
either normal or slightly suppressed.

Slight differencesareimplied by these
two overlapping terms. In the strictest sense,
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ESS refers to a condition of normal thyroid
gland activity with a reduced peripheral 5'-
deiodination of T4 to T3 related to hepatic or
renal disease. In ESS areciprocal increase in
rT3isaconsistent finding. Although asimilar
pattern of thyroid hormonesis found in “low
T3 syndrome,” technically this term does not
imply any underlying illness or pathology.
Despite the technical differences, both ESS
and low T3 syndrome are used interchange-
ably to describe a situation characterized by
lowered T3 levels with normal thyroid gland
activity.t

Both syndromes are thought to be a
result of impaired or decreased peripheral con-
version of T4 to T3; however, either an in-
creased conversion of T4 to rT3, and/or ade-
crease in the ability to degrade rT3 could re-
sult in ESS or low T3 syndrome. Since the
formation of T3 from T4 and the degradation
of rT3 both require 5'-deiodinase, an impair-
ment in the function of this enzyme would re-
sult in a decreased ability to form T3 and a
reduced ability to further delodinate rT3.

Many non-thyroidal illnesses are as-
sociated with the pattern of thyroid hormones
found in these syndromes. ESSismore preva-
lent with aging, and in an elderly population
undergoing surgery for acute medical condi-
tions, ESS has been associated with longer
hospital staysand higher post-operative death
rates.?

Laboratory abnormalities have been
observed in ESS, including high cortisol and
epinephrinelevels;***° low serum abuminlev-
els among the elderly;*? and a compromised
selenium status associated with both ESS and
low T3 syndrome.'6%

Alterationsin cytokine profiles appear
to have a strong association with ESS.121820 A
correlation betweenincreased rT3 and e evated
levelsof interleukin-6 (1L-6) hasbeen reported
in elderly patients undergoing emergency sur-
gery.? Elevated levels of IL-6, tumor necrosis
factor-alpha (TNF-a), and interferon-alpha
(IFN-a)) have also been reported to have a

strong association with the reduced T3 and
increased rT3 found under stressful condi-
tions.’** Administration of IL-6 to healthy
subjects results in a thyroid hormone profile
similar to ESS and low T3 syndrome: T3 lev-
elsaredecreased, rT3levelsareincreased, and
TSH levels are dlightly suppressed. IL-6 ad-
ministration also results in a significant in-
creasein cortisol levels, soitisunclear whether
this cytokine or the elevation in cortisol con-
tributed to the alteration in thyroid hormone
levels.?! Because of these observations, it has
been suggested these cytokines might act to
impair hepatic type | 5'-monodei odination; %%
however, any absolute role in the regulation
of the enzyme systemsresponsiblefor periph-
eral metabolism of thyroid hormones by the
various cytokines awaits clarification.

Metabolic Pathways Influencing
Thyroid Hormone Peripheral

Metabolism

Astheliver, and to alesser extent kid-
neys, have primary influence on the circulat-
ing levels of thyroid hormone metabolites, the
health and function of these organs play acriti-
cal and under-appreciated rolein thyroid hor-
mone function.?? Deiodination of T4 to form
T3 or rT3 and the subsequent disposal of rT3
occurs in the liver and kidneys. The
deiodination enzymes are al so responsible for
formation and elimination of T2 and T1 iso-
mers. Conjugation reactions utilizing
glucuronidation, or sulfation pathways lead-
ing to the irreversible elimination of thyroid
hormones are also primarily mediated by liver
microsomal enzyme activity. Available evi-
dence suggests that, under some circum-
stances, the activity of hepatic antioxidant en-
zyme systems and lipid peroxidation might
influence the peripheral metabolism of thyroid
hormones. Hepatic decarboxylation and
deamination enzymereactionsare also capable
of influencing the formation and elimination
of specific thyroid hormone metabolites.
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Table 2: Summary of Deiodinase Enzymes

Type | deiodinase | Liver, kidney, 5'-deiodination | Selenium increases T3
skeletal muscle degrades rT3
5-deiodination | none indentified | increases rT3

degrades T3

Type Il deiodinase | Brain, pituitary, BAT | 5'-deiodination [ none indentified | increases T3
degrades rT3

Type lll deiodinase | CNS 5-deiodination | none indentified | increases rT3
degrades T3

De'Od'nat'on L i for activity. Type Il enzyme is the major
Tissue-specific deiodination of thyroid deiodinase in the brain, pituitary, and brown

hormones determines, to a large degree, the adipose tissue. This isoform appears to carry
fate of these hormones. The mgjority of the out only 5'-deiodination; however, unliketype

activation of the prohormone T4 to the more | 5-deiodinase, this enzyme does not require

metabolically active T3 occurs through non- selenium for its activity. Since tissue equipped
thyroidal deiodination. Theinactivation of T3 with type Il isoforms are relatively indepen-

to T2 isomers, the inactivation of T4 to yield dent of circulating T3 for their metabolic de-
rT3, and the eventual degradation of rT3 to mands, type Il 5-deiodinase is particularly

T2 isomers are also catalyzed by the important for providing the T3 required to
deiodinase family of enzymes. This stepwise stimulate the pituitary to synthesize and se-
removal of iodine from the benzene ring of crete TSH.2 Typell1 deiodinaseisoformisalso
the inner tyrosyl and outer phenolic benzene found in the central nervous system and cata-
ring is currently thought to be the major route lyzes the 5-deiodination of T4, resulting in
of peripheral thyroid hormone metabolism.? generation of rT3.1322¢

Currently, threedeiodinasefamiliesare Bioactivity of thyroid hormone is de-
recognized and are termed |soform_spre!’ I, termined to a large extent by the hepatic
and 111 (Table 2). These three families differ monodei odination of the prohormone T4. The
in terms of their tissue distribution, reaction best-characterized activities of the liver with
Kinetics, efficiency of substrate utilization, and respect to thyroid hormone metabolism involve
sensitivity toinhibitors. Type | deiodinaseis deiodinase reactions. Within the liver, type |
the major enzyme in the liver, kidneys, and dei odinase activity may either resultin forma-
skeletl muscle; it can carry out both 5- and tion of T3, subsequent to the removal of an
S-getodination of T4 to produce either T3 or iodine from the outer phenolic ring by a sele-
rT3. Type| 5-deiodinaseisaselenium-depen- nium-dependent hepatic 5'-deiodinase en-
dent enzyme, with selenocysteine at the ac- zyme, or it can remove iodine from the inner

tive site of the enzyme; however, type | 5- tyrosyl ring by 5-deiodinase resulting in the
deiodinase enzyme does not require selenium formation of rT3.
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Figure 3: Liver Deiodination of Thyroid Hormones

3',5'-T2

The same 5'-deiodinase isresponsible
for degradation of rT3 and subsequent forma-
tion of 3,3-T2. Of the T2 isomers, 3,5-T2 is
presumed to be the most metabolically active
and can only be formed from further
deiodination of T3 by 3'-deiodinase. The iso-
mer 3,3-T2 appears to have some metabolic
activity in specific tissues and can be formed
from the deiodination of either T3 by 5-
deiodinase, or from rT3 through the same 5'-
deiodinase enzyme responsible for theforma-
tion of T3 from T4. Further degradation of rT3
can also be achieved by 3-deiodinase result-
ing in theformation of an inactive metabolite,
3',5-T2. (See Figure 3 for asummary of liver
deiodination of thyroid hormones.)

Inavery simplified sense, T3and rT3
levelsarereciprocally related dueto theinflu-
ence5'-delodination hasontheir formation and
degradation, respectively. Current evidence

suggests the reciprocal increase in rT3 and
decrease in T3 found in many conditions and
circumstances shown in Table 3is primarily a
result of an alteration in the 5'-deiodination
pathway. This alteration results in a ssimulta-
neous decrease in the production of T3 and a
decrease in the degradation of rT3.! The net
result is a decrease in T3 and an increase in
rT3incirculation.

It is generally accepted that type | 5'-
deiodinase has higher affinity for rT3 than it
does for T4.5% Because of this, enzyme
saturation will shift metabolic pathways away
from the generation of T3 and toward the
elimination of rT3. Inhibition of the hepatic
type | 5'-deiodinase enzyme, whether due to
selenium deficiency or some other influence,
might also act in a similar manner,
preferentially degrading rT3 to 3,3-T2 at the
expense of the generation of T3 from T4.
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Kinetic datafrom experimental model s suggest
5-deiodinase has a substrate preferencefor T3
inactivation over T4 conversionto rT3.5

Changesin 5'-deiodination occur in a
number of situations, such as stress, poor nu-
trition, illness, selenium deficiency, and drug
therapy. Toxic metals such as cadmium, mer-
cury, and lead, have been associated with im-
paired hepatic 5'-dei odination in animal mod-
€ls.2% Results suggest free radicals are also
involved in inhibition of 5-monodeiodinase
activity; however, a positive relationship be-
tween total sulfhydryl group availability and
5'-monodei odinase activity in the presence of
free radical scavengers has been observed.®
In the course of chronic liver disease such as
hepatic cirrhosis, alterations in hepatic
deiodination resulting in increased rT3 and a
simultaneous decrease in T3 levels have also
been observed.®

Glucuronidation

Enzyme activity can be modulated by
numerous foreign compounds, such as com-
mon chemicals and drugs.*® Many of these
enzyme inducers can increase the
glucuronidation of T4, resulting in adecrease
of serum T4 and a subsequent increase in
TSH.?® Animal models suggest these
glucuronidation-inducing drugs and toxins act
to preferentially eliminate T4 and rT3, with
limited effect on T3 indices.*

Some of the compounds known to in-
crease T4 glucuronidation in animal models,
resulting in decreased serum concentrations of
T4, include phenobarbital ,** chlorinated par-
affins,*® polychlorinated biphenyl,3
hexachlorobenzene,*?* 3-methylcholan-
threne, 23" 3,3',4,4'-tetrachl orobiphenyl,*
2,3,7,8-tetrachloro-p-dioxin,* and clofibrate.*
The latter five compounds aso substantially
increase r T3 glucuronidation activity.*

The impact of these compounds on
glucuronidation of thyroid hormones in ani-
mals has generally been followed for only

short-term exposure; hence, thelong-term con-
sequences of exposure on thyroid hormone
metabolism are currently unknown. Inanimals,
glucuronidation is a major thyroid hormone
metabolism pathway; however, there are spe-
cies-® and gender-dependent® variations in
glucuronidation enzyme activity and specific-
ity for thyroid hormones. Therefore, it is un-
clear to what extent animal kinetic dataisrel-
evant to humans.

Sulfation

Since it strongly facilitates the degra-
dation of thyroid hormone by type | hepatic
deiodinase enzymes, sulfationisanintriguing,
although poorly understood, pathway for thy-
roid hormone metabolism. Based on kinetic
data, asubstrate preference of 3,3-T2>rT3>
T3 > T4 has been postul ated.**

Sulfation of the phenolic hydroxyl
group blocksthe outer ring deiodination of T4
to T3, while it strongly stimulates the inner
ring deiodination of both T4torT3 and T3 to
T2.%2 Since the net affect of activation of the
sulfation pathway appears to preferentially
inhibit the formation of T3 and increase its
degradation, and sinceit can catalyze the deg-
radation of T4 to rT3, it would seem capable
of potentially exerting a profound effect on
thyroid hormone metabolites.

Specific drugsand environmental tox-
ins have been shown to influence the
sulfotransferase activity responsible for thy-
roid hormone metabolism. As examples, hy-
droxylated metabolites of polychlorinated bi-
phenyls® and phenol derivatives are potent
inhibitors of thyroid hormone sulfotransferase
activity.#%

While the role of most nutrients on
sulfation of thyroid hormones is unknown, in
rats selenium deficiency significantly increases
the mean serum concentrations of sulfated T4,
T3, and rT3 (T4S, T3S, rT3S) secondary to
reduction in 5'-deiodinase activity.*

Similar to glucuronidation, the prepon-
derance of information available on the
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sulfation of thyroid hormones was taken from
animal experiments; however, since even
among rats, species- and gender-dependent
differencesin sulfation have been observed, 4
the absolute relevance of anima models to
humansis questionable. Current data supports
a perspective that, under normal circum-
stances, sulfation isnot asimportant amecha-
nismfor T3 disposal inhumansasitisinrats,
possibly suggesting differences in kinetics
substrate preference.*®

In humans, evidence suggests that in
healthy subjects the role of sulfation of T3 is
probably insignificant since serum T3Sisvir-
tually undetectable. However, this process is
increased by drugs which inhibit type |
deiodinase activity; making elimination of T3
by sulfation amoreimportant metabolic path-
way under these circumstances.*®

Evidence also indicates the sulfation
pathway for T4 increases substantially follow-
ing exogenous T4 therapy in premenopausal
women. Although only low T4Slevelsare de-
tectable in serum both pre- and post-T4 treat-
ment, urinary T4S values increase signifi-
cantly.”® However, unlike T4, significant in-
creasesin both serum and urine T3Slevelsare
observed following T4 therapy.*

Antioxidant Enzyme Systems and

Lipid Peroxidation

As mentioned, the roles of lipid
peroxidation and antioxidant enzyme systems
have al so received some attention with respect
to thyroid hormone metabolism. An associa-
tion between hepatic lipid peroxidation and
peripheral conversion of T4 to T3 has been
observed in animal experiments. This hasled
some researchers to speculate that changesin
antioxidant status might influence functional
aspects of thyroid hormone metabolism. Be-
cause of the liver's role in thyroid hormone
metabolism, it is quite possible this might be
compromised if theliver issubjected to chemi-
cals/toxins.

Exposure to toxic metals such as cad-
mium or lead can result in an alteration in pe-
ripheral metabolism of thyroid hormones. A
substantial reduction in T3 without any sig-
nificant alteration of serum T4 concentrations
has consistently been observed in animal mod-
els.26% Activity of hepatic 5'-deiodinase has
decreased by as much as 90 percent subsequent
to exposure to toxic metals.% Antioxidant
enzyme systems, including superoxide
dismutase®®?® and catalase® are also reduced
subsequent to exposure. Coupled with the de-
clinein T3 and hepatic 5'-deiodinase activity
and the impairment in antioxidant enzyme
systems, a concomitant increase in lipid
peroxidation by as much as 200 percent has
also been reported.?62 This has led research-
ers to conclude that heavy metal-induced al-
terations in antioxidant enzyme systems and
lipid peroxidation might lead to dysfunction
in membraneintegrity and that an intact mem-
brane structure might be critical for optimal
5'-deiodinase activity.?®

Carbon tetrachloride poisoning in-
duces significant alterationsin the hepatic an-
tioxidant enzyme systems with aresultant el-
evation of lipid peroxidation. Levelsof T3 are
significantly lowered subsequent to carbon
tetrachloride exposure.®

Associ ations between hepatic antioxi-
dant enzyme system activity, lipid
peroxidation, and peripheral conversion of T4
to T3 in animal models secondary to adminis-
tration of specific botanical extracts suggest a
possibleinteraction between thisaspect of liver
function and thyroid hormone metabolism.>>
Currently, the contribution of these metabolic
pathways to thyroid hormone metabolism is
not clear in humans.

Acetic Acid Analogues

Thyroid hormones can undergo.deami-
nation and decarboxylasereactionsintheliver
resulting in the formation of so-called acetic
acid analogues of thyroid hormones. These
reactionsoccur at the alanine side-chain of the
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inner tyrosyl ring. Although these analogues
are thought to be metabolically active, littleis
known about the quantities produced or their
contribution to hormone activity in animalsor
humans.

Theeffects of tetraiodothyroacetic and
triiodothyroacetic acids on thyroid function
have been investigated in euthyroid and hy-
perthyroid subjects. At a sufficient dose,
triiodothyroacetic and tetraiodothyroacetic
acids can cause a significant reduction in se-
rumT3.%®

Although 3,3',5-triiodothyroacetic acid
(triac), the acetic acid analogue of T3, isbound
at least twice asavidly to nuclear receptors as
T3, it has limited potency in human periph-
eral tissues because of its short half-life.%®
Triac, when administered exogenously at high
doses, suppresses endogenous thyroid hor-
mone secretion, asevidenced by decreased T4,
fT4,fT3 and rT3 levels."% Triac also tempo-
rarily suppresses serum TSH concentra-
tions*"*® However, even high doses of triac did
not change basal metabolic rate, an expected
effect of thyroid hormones.>”® Triac appears
to induce hepatic 5'-dei odinase with about the
same activity as T3,% and with a markedly
stronger effect than treatment with T4.62

In human liver, both triac and
tetraiodothyroacetic acid are conjugated by
glucuronidated reactions about 1500 and 200
timesfaster than T3 and T4, respectively. This
preference of conjugation reactions for the
acetic acid analogues might partially explain
their short half-life in the body.*

Lifestyle Factors Influencing
Peipheral Conversion of Thyroid

Hormones

Specific lifestyle factors can have a
significant impact on peripheral metabolism
of thyroid hormones. In addition to these fac-
tors, anumber of physiological and pathol ogi-
cal events perturb the deiodination pathway,
leading to adecreasein T3 peripheral genesis

Table 3: Lifestyle, Environmental,
and Pathologica Events Associated
with Alterations in Peripheral
Conversion of Thyroid Hormones
(decreased T3 and increased r'T3)

Aging 12

Burns/thermal injury®3

Caloric restriction and fasting®4-66
Chemical exposure®’

Cold exposure®®

Chronic alcohol intake®®

Free radical load°

Hemorrhagic shock”
Insulin-dependent diabetes mellitus’?
Liver disease3!

Kidney disease’%73

Severe or systemic illness’
Severe injury’®

Stress’’

Surgery?15.78-80

Toxic metal exposure26-29

and reciprocal changesinthecirculating level
of T3 (which decreases) and rT3 (which in-
creases). Thebiological effectsresulting from
these changes are not currently completely
understood but are potentially important inthe
body’s adjustment to stressful or catabolic
states. Several of these circumstancesarelisted
in Table 3.

Several drugs have been associated
with aterations in thyroid hormone metabo-
lites. These drugs and their effectson T3 and
rT3 are summarized in Table 4.

In addition to the circumstances and
drugs listed in Tables 3 and 4, elevations in
cortisol,**** catecholamines,® and some
cytokines (IL-6, TNF-a, and IFN-a),’*%° and
low serum albumin levels'? have been associ-
ated with ESS or low T3 syndrome.
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Table 4. DrugsAssociated with Altered Thyroid Hormone Metabolism

Drug (use/class)

Dexamethasone (corticosteroid)81
Propylthiouracil (thiourylene)82

lopanic acid (radiographic contrast agent)83

Sodium Ipodate (radiographic contrast agent)84
Amiodarone (antiarrhythmic/antianginal)8°
Propranalol (beta blocker)86

decrease increase

Elevated Cortisol and Stress
Invirtually any type of situation char-
acterized by increased endogenous secretion
of cortisol, apredictable pattern of atered thy-
roid hormone metabolism occurs. The gener-
alized pattern is characterized by a trend to-
ward lowered TSH production and a blunted
TSH responseto TRH, adeclinein T3, and an
increase in rT3.131467.75798 Fyen changes in
serum cortisol levels within the normal range
can cause significant alterations in thyroid
hormone parameters.®’
Dexamethasone-induced increase in
corticosteroids has been found to reduce T3
and increase rT3, probably as aresult of im-
paired 5'-deiodination.®® When endogenous
hypersecretion of cortisol was induced by
ACTH, T4to T3 monodei odination decreased,
T4 to rT3 conversion increased, and TSH de-
creased due to blunting of TRH response. 4
Among critically ill men, low levels of T4,
T4, and T3 and elevated levelsof rT3 and cor-
tisol have been consistent findings. It has been
suggested that high levels of cortisol might be
responsible for the atered T4 peripheral me-
tabolism to T3 and rT3 in these patients.”™
While evidenceislimited, it appearsa
relative deficiency in cortisol might have the
opposite effect on thyroid hormone values.
Observation of patients with chronic ACTH

deficiency with low and normal cortisol lev-
elsindicated that thyroid hormone valueswere
influenced during the periods of cortisol defi-
ciency. The pattern emerged asfollows. T4 was
lower, T3 was higher, and rT3 decreased sig-
nificantly. The observed changes led the re-
searchers to hypothesize there might be “in-
creased peripheral conversion of T4to T3 dur-
ing cortisol deficiency.”®

Since cortisol appears capable of in-
fluencing thyroid hormone metabolism, it
would make sense that stress, no matter how
induced, might have asimilar effect. This ap-
pears to be the case based on available evi-
dence. People subjected to cold exposure-in-
duced stress responded with an increase in
serum rT3.% Examination anxiety is com-
monly used to measure the stress response.
Twenty-two male and 27 female medical stu-
dents were monitored before and after an aca-
demic examination. Both maleand femal e stu-
dentsexperienced anincreaseinrT3levelson
examination days. Although the reason is un-
clear, theincrease among femal e students was
substantially higher than observed inthe male
students.”

Since the stress response is non-spe-
cific in nature and can be elicited or exacer-
bated by a range of external or internal fac-
tors, it is not surprising to see other variables
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induce similar functional influences on thy-
roid hormone parameters. An expected de-
rangement in cortisol and thyroid hormone
parameters was reported among soldiers ex-
posed to chemical weapons containing sulfur
mustard. These individuals responded with a
predictableincreasein cortisol concentrations
that did not normalize until the fifth week fol-
lowing the chemical insult. Concomitant with
the sulfur mustard-induced impact on corti-
sol, both fT4 and fT3 decreased whilerT3 in-
creased. Similar to cortisol values, serum thy-
roid concentrationsdid not normalize until the
fifth week after exposure.®’

Researchersreported aconnection be-
tween stress of surgery and derangement in
thyroid hormone values. Post-surgical de-
creases in serum T3 and fT3 values and in-
crease in serum rT3 values suggest altered
peripheral conversion. Surgery-induced hyper-
secretion of cortisol was a so observed.”™

Combining several stressful situations
appears to have asynergistic and dramatic ef-
fect on altering thyroid hormone metabolism.
Military cadets subjected to a combination of
sleep deprivation, calorie deficiency, and in-
tense physical activity during atraining exer-
cise demonstrated significant and lasting
changesin endocrinefunction. Cortisol levels
increased along with abolition of circadian
rhythm. In parallel withthisincrease, T4, T4,
and T3 consistently declined. While T4 and
fT4 returned to normal levelswithin 4-5 days
following the cessation of the training exer-
cise, T3 and fT3 remained depressed.®

Calorie Restriction

Calorie restriction and energy expen-
diture appear to be capable of substantially
influencing thyroid hormone peripheral con-
version. There is a wide range of variation
between individuals, with factors like genet-
ics, obesity, and gender, as well as macronu-
trient content of the hypocaloric diet likely
intermingling to influence response. Nultri-
tional statusand caloric expenditureinfluences

thyroid function centrally at the level of TSH
secretion, at the level of monodeiodination,
and possibly elsewhere.

Since an increase of rT3 is found at
the expense of T3 during caloric restriction, it
is possible the hepatic peripheral pathways
play a substantia role in metabolic control
during energy balance. It appears the fasting-
induced increase in rT3 might be a result of
increased production of and decreased clear-
ance of this metabolite.®® The increase in T4
and rT3 seenwith caloric restriction might al'so
beinfluenced by the duration of energy restric-
tion. Evidence suggests that, when caloric re-
striction is longer than three weeks, T4 and
rT3 levelsreturn to normal values.*

The ratio of T3/rT3 was found to be
extremely sensitive to the balance between
intake and expenditure of energy. In men, se-
rum thyroid hormones were sensitive to mar-
ginal changes in energy intake and expendi-
ture. A marginally negative (-15%) energy
balance shifted theratiosof T4/T3and T3/rT3
in amanner suggestive of impaired peripheral
conversion. &

A hypocaloric, low carbohydrate diet
consisting of 800 kcal daily for four days re-
sulted in a striking decrease in both T3 and
fT3 and an increase in rT3.% However, the
percentage of calories available as carbohy-
drates influenced the set point, below which
aterations in thyroid peripheral metabolism
were significantly impacted. In a study of
obese individuals, an energy-restricted diet
consisting of 800 kcal with greater than 200
kcal as carbohydrates, sustained higher T3 lev-
els. When carbohydrate content of the diet
dipped below 200 kcal, T3 levelsfell substan-
tially. Irrespective of carbohydrate content of
the diet, when caloric content of the diet
dropped to 600 kcal/day, T3 levelswere com-
promised. Reverse T3 was not significantly
influenced by carbohydrate content of the diet
and seemed to be most impacted by caloric
content.®* Similarly, in non-obese subjects, T3
level sdecreased and r T3 level sincreased when
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carbohydrate intake was dramatically re-
duced.®? Overall, it appears both calorie and
carbohydrate restriction can negatively impact
thyroid hormone metabolism.

Fasting also exerts a powerful influ-
ence on peripheral metabolism of thyroid hor-
mones, and studies suggest mild elevationsin
endogenous cortisol levels might be partly re-
sponsible.®” Following a 30-hour fast, healthy
male subjects experienced a decrease in se-
rum TSH levels with a concurrent disruption
of its rhythm. Fasting serum T3 levels were
significantly lower than in the non-fasting
state, while rT3 levels increased during fast-
ing.® Although the decline in TSH could be
partially responsible for the observed decline
in T3 concentrations, the increase in rT3
clearly demonstrates an alteration in periph-
eral metabolism of T4. Even after re-feeding,
although TSH tended to increase and rT3 to
decrease dightly, these values remained per-
turbed when compared with values observed
prior to fasting.®®

The effect of alonger period of total
energy deprivation produced a similar alter-
ation inthyroid hormone metabolism. Follow-
ing ten days of fasting, marked reductionsin
serum levels of T3 and increasesin rT3 were
found in healthy male subjects; reductions of
blood levels of TSH and gradual increasesin
the blood levels of cortisol were also ob-
served.® Fasting for 31 +/- 10 days also de-
creased T3 and increased rT3 in obese sub-
jects. Although introduction of an 800 kcal diet
following thefasting period increased T3, this
amount of calories did not influence the fast-
ing-induced elevationsin rT3.%

Ketones generated from calorie depri-
vation did not appear to have a suppressive
effect on T3 generation and hepatic type | 5'-
deiodinase activity.®% |t is not clear whether
ketoneswould haveasimilar impact inacalo-
rie-sufficient diet.

Theroleof caloriesand energy balance
might also influence peripheral thyroid
hormone metabolism under circumstances of

increased cal oric consumption. Although on a
low-calorie diet elimination of rT3 by 5'-
deiodination isdecreased, the clearanceof rT3
by 5'-dei odination was actually increased with
ahigh caloriediet. Anincreaseinthe clearance
rate of 3,5-T2 was also found during high
calorie consumption.®” It was not clear to the
researchers whether the reported increase in
deiodination of rT3 associated with anincrease
in calories has any substantial metabolic
advantages, since it appeared to be at the
expense of alternate rT3 disposal pathways.®’

Exercise

Whiletherole of ahypocaloric dietin
producing aterationsin thyroid hormones has
been consistently demonstrated, the role of
exercise in thyroid hormone metabolism is
dlightly ambiguous, with factors such as prior
conditioning making it difficult to predict the
influence of exercise. In one study, untrained
subjects experienced reductionsin cortisol and
rT3, and anincreasein T3 after exercise. How-
ever, trained subjects had an increase in corti-
sol and rT3 and a decrease in T3 with exer-
cise; concentrations of T4 were unchanged in
both groups.®® The confounding results of thy-
roid hormone levels seen following exercise
might be mediated by elevated cortisol levels;
however, additional researchisrequired to es-
tablish this connection.

Compelling evidence also suggests
that, if exercise-related energy expenditure
exceeds calories consumed, a low T3
syndrome may beinduced. In female athl etes,
four days of low energy availability reduced
T3,fT3, increased rT3, and slightly increased
T4. Since an adequate amount of the
prohormone T4 was available throughout the
study, an alteration in the peripheral
metabolism of T4 was likely. The increasein
rT3 and decrease in T3 are consistent with a
decreased activity of hepatic 5'-deiodinase
activity, since this enzyme is responsible for
the production of T3 and the clearance of rT3.
These alterations in thyroid hormones could
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be prevented solely by increasing dietary
caloric consumption without any ateration in
the quantity or intensity of exercise.%%

Sleep Deprivation

Short-term sleep deprivation can influ-
ence thyroid hormone metabolism. The effects
of sleep deprivation appear to be both centrally
and peripherally mediated. The reported pat-
tern of thyroid hormone response to a night of
deep deprivation included significant increases
inT4, T4, T3, and rT3. This pattern was ob-
served in individuals diagnosed with depres-
sion,'® as well as among healthy, physically
fit males and females.’® The implications of
these changes and the impact of longer-term
sleep deprivation on peripheral metabolism of
thyroid hormones have not been established.

Alcohol Intake

In anima models, ethanol intake was
associated with impaired hepatic 5'-
dei odination.’® Among patients with alcohol-
induced liver cirrhosis, low T3 and T4, elevated
rT3, and normal TSH values have been ob-
served. In these subjects an abolished circa-
dian rhythm and elevated cortisol levels have
frequently been observed.®® While extremeal-
cohol-induced liver damageis apparently det-
rimental to the peripheral modulation of thy-
roid hormones, it is unclear whether moder-
ate alcohol intake has an impact.

Nutrients with Potential Influence
on Thyroid Hormone Metabolism:
Trace Minerals

lodine

It is estimated the thyroid gland must
capture approximately 60 mcg iodide (the
ionic form of iodine) daily to ensure an
adequate supply for thyroid hormone
synthesis.'® Because of the critical role of
iodine in this synthetic process, this trace
mineral has received the most attention
historically with respect to thyroid disorders;

however, available evidence does not suggest
arole for iodine in peripheral metabolism of
thyroid hormones. In fact, it has been
demonstrated the decreasesin T3and fT3 and
increase in rT3 subsequent to a low
carbohydrate, 800 calorie diet cannot be
corrected by iodine supplementation.®

Selenium

Since selenium, as selenocysteing, isa
cofactor for type | hepatic 5'-deiodinase, this
trace mineral has received the most attention
with respect to peripheral metabolism of thy-
roid hormones. If selenium were deficient, the
deiodinase activity would theoretically beim-
paired, resulting in a decreased ability to
deiodinate T4 to T3 and adecreased ability to
degrade rT3.

Inanimal experiments, deficiencies of
selenium were associated with impaired type
| 5'-deiodinase activity in the liver and kidney
and reduced T3 levels.1%1% |n an anima model
a 47-percent reduction in the activity of this
dei odinase enzyme has been reported second-
ary to selenium-deficiency.'® The 20-fold in-
creasein deiodinase activity secondary to acute
cold exposureinratswasimpaired in selenium
deficiency.’” Conversely, administration of
selenium completely reversed the effects of its
deficiency on thyroid-hormone metabolismin
animals.’**

Low T3 syndrome and ESS have been
correlated with a decrease in serum sele-
nium.'*” Evidence suggests a strong linear
association between lower T3/T4 ratios and
reduced selenium status, even among individu-
als considered to be euthyroid based on stan-
dard laboratory parameters. This association
is particularly strong in older subjects and is
thought to be a result of impaired periphera
conversion.'®1% An inverse relationship be-
tween T3 and breast cancer associated with
decreased selenium status has been reported
(although plasma T4 and TSH concentration
were similar in cases and controls).!® This
combination of factors strongly suggests that
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low T3 is secondary to the expected perturba-
tion in T4 conversion to T3 expected in sele-
nium deficiency.

Among individuals with acute renal
failure, areduction of circulating thyroid hor-
mone concentrations without evidence of pri-
mary or secondary hypothyroidism frequently
occurs. The changes in thyroid hormone con-
centrations may be due to acompromised pe-
ripheral conversion in the kidneys and liver.
Current evidence al so suggeststhat, in patients
with multiple organ failure, plasma selenium
concentrations are substantially reduced com-
pared to normal controls.” It is not clear
whether selenium supplementation would
prove therapeutically beneficial under these
circumstances.

Selenium administration has been
found to positively influence metabolism of
thyroid hormonesunder certain circumstances.
Selenium supplementation (1 mcg/kg/day for
3 weeks) decreased rT3levelsin subjectswith
phenylketonuriaand alow selenium status.*'*
In a prospective, randomized clinical trial of
24 critically-ill patients, an expected dimin-
ished fT3 level was observed in all patients
prior to selenium supplementation. Following
parenteral sel enium supplementation (sodium
selenite 500 mcg twice daily during week 1,
500 mcg daily during week 2, and 100 mcg
threetimesdaily during week 3) agradual res-
toration of fT3 was observed.'?> A double-
blind, placebo-controlled trial of selenium
supplementation among el derly euthyroid sub-
jects resulted in an improvement of selenium
indices, a decrease in T4, and a trend toward
normalization of the T3/T4 ratio in selenium-
treated subjects.!®

Sodium selenite therapy administered
to cystic fibrosis patients resulted in asignifi-
cant increase in selenium status and a parallel
increase in serum T3. A highly significant de-
crease in the serum T4/T3-ratio was aso ob-
served in these individuals subsequent to se-
lenium administration, suggesting improved
peripheral T4 to T3 conversion.!?

Available animal and human evidence
strongly supports a relationship between al-
tered thyroid hormone metabolism and sele-
nium deficiency, although evidence also sug-
gests high intakes of selenium might exert a
detrimental influence on thyroid hormone
metabolism. In animals fed a diet supple-
mented with high amounts of selenium (600
or 3,000 mecg/kg), serum T3 concentrationsare
actually reduced by 50 percent, while T4 and
fT4 remain unaffected when compared to ani-
malsfed aselenium-adequate diet.** Although
human subjects exposed to high dietary levels
of selenium typicaly have normal levels of
fT4,fT3and TSH, asignificant inverse corre-
lation has been found between fT3 and sele-
nium. Some researchers have hypothesized the
activity of hepatic type | iodothyronine 5'-
deiodinase might become depressed after a
high dietary intake of selenium,™ suggesting
a safe level of dietary selenium at or below
500 mcg daily.'*®

Zinc

The role of zinc in thyroid hormone
peripheral metabolismisstill being elucidated;
however, preliminary evidence suggests this
nutrient might play an important role. In ani-
mal experiments, zinc deficiency, although
having no impact on T4 concentrations, re-
sulted in an approximately 30-percent decrease
inlevels of serum T3 and fT4. The activity of
type | 5'-deiodinase was also reduced by 67
percent in zinc-deficient animal s.1%® Inhibition
of conversion of T4 to T3 was similarly dem-
onstrated in an independent animal experi-
ment. 116

In humans, zinc supplementation re-
established normal thyroid function in hy-
pothyroid disabled patients treated with
anticonvulsants. In a study 9 of 13 subjects
with low free T3 and normal T4 had mild to
moderate zinc deficiency. After oral supple-
mentation with zinc sulfate (4-10 mg/kg body
weight for 12 months), levels of serum T3
and T3 normalized, serum r T3 decreased, and
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the TRH-induced TSH reaction normalized.**

This study suggests zinc status influ-
ences peripheral metabolism of thyroid hor-
mones. Since zinc is not a cofactor in hepatic
type |-deiodinase enzyme, the nature of zinc’'s
influence on aspects of peripheral metabolism
in animals and humans remains unclear.

Nutrients with Potential Influence
on Thyroid Hormone Metabolism:
Vitamins
Niacin

Evidence suggests niacin supplemen-
tation can influence thyroid hormonelevelsin
at least someindividuals. One author reported
cytopenia and hypothyroxinemia with a con-
comitant decreasein thyroxine-binding globu-
lin in two patients receiving niacin. All thy-
roid function testsreturned to normal after nia-
cin supplementation was discontinued.*'

Theimpact of sustained supplementa-
tion with niacin (mean daily dose of 2.6 grams
for an average duration of 1.3 years) was ob-
served in one female and four male subjects
with hyperlipidemia. Before and after thyroid
function studiesreveal ed significant decreases
in serum levels of T4, T3, and TBG, with no
significant alterationsin fT4 and TSH levels.
Discontinuation of niacin resulted in areturn
to pretreatment levels of these parameters of
thyroid function.*®

Whileresults suggest niacin caninflu-
ence serum thyroid hormone concentrations,
itiscurrently not known whether thisisacen-
trally-mediated result, a direct result of a de-
creasein TBG, or aniacin-induced ateration
in some aspect of peripheral conversion. How-
ever, since TSH was unaltered, evidence sug-
gests an influence outside the hypothalamic-
pituitary-thyroid axis.

Vitamin B12

In animals, atissue vitamin B12 defi-
ciency was associated with a slight reduction
of typel 5'-delodinase activity in liver and with

a significant reduction of the T3 level in se-
rum.*? Studies in human subjects have not
been conducted; however, it is possible that a
vitamin B12 deficiency might provoke asimi-
lar detrimental influence on peripheral activa-
tion of T3 from T4.

Lipoic Acid

Lipoic acid appears to influence the
metabolic fate of T4 when co-administered
with T4 therapy. Administration of T4 for 22
days resulted in a substantial increase in se-
rum T3 concentrations, however, when lipoic
acid wasgiven in conjunction with T4 therapy
for nine days a 56-percent suppression of the
expected T4-induced increasein generation of
T3 was observed (although T3 levelswere el -
evated above control levels). Continuous
supplementation of lipoic acid during T4 treat-
ment resulted in acontinued lower production
of T3 than would have been expected from T4
therapy.'?

While the authors suggest lipoic acid
might exert an influence on periphera tissue
deiodinase activity, it is aso possible this nu-
trient might have influenced conjugation re-
actions. It is currently not known whether li-
poic acid supplementation influences thyroid
hormone metabolism in normal individuals
who are not receiving T4 therapy. Since it is
usually not atherapeutic advantage to decrease
peripheral activation of T3 subsequent to T4
therapy, use of thissupplement in hypothyroid
patients receiving exogenous hormonetherapy
should be approached with caution.

Antioxidant Vitamins: E and C
Administration of toxic metalssuch as
cadmium chloride or lead have resulted in
reductions in T3 and hepatic 5'-deiodianse
activity, with virtually no alteration of T4
levels,?6% suggesting the observed alterations
are mediated through impaired peripheral
metabolism. After exposure to heavy metals,
decreases in a variety of hepatic antioxidant
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enzyme systems and concomitant increasesin
lipid peroxidation have been observed.?>28

In an attempt to determine whether
antioxidants such asvitamins E or C might be
capable of preventing heavy-metal induced
perturbation in thyroid hormones, lipid
peroxidation, and hepatic antioxidant enzyme
systems, severa intervention studieswere con-
ductedinanimals. Available evidence suggests
vitamins C and E had no effect on thyroid hor-
monelevels, antioxidant enzyme systems, and
lipid peroxidation under normal circum-
stances; however, these nutrients were able to
partially restore thyroid function to normal in
cadmium- or lead-intoxicated animals.?*%®

Vitamin E at adose of 5 mg/kg of body
weight on alternate days sustained hepatic 5'-
deiodinase activity, partially prevented in-
creases in lipid peroxidation, and improved
cadmium-induced decreasesin T3.% Simulta-
neous administration of vitamin E (5 mg/kg
body weight) with lead maintained T3 levels
and hepatic 5'-deiodinase activity within nor-
mal levels, and partialy prevented increased
lipid peroxidation and alterations in antioxi-
dant enzyme systems.?®

Ascorbic acid has aso been shown to
be effective in preventing cadmium-induced
decreases in T3 and hepatic 5'-deiodination.
Administration of this antioxidant is thought
to function in a manner similar to vitamin E
sinceit was ableto act asan antioxidant buffer
against lead-induced increased lipid
peroxidation.?’

Sincevitamins E and C appear to posi-
tively influence hepatic 5'-deiodination only
under circumstances associated with increased
lipid peroxidation and decreased liver antioxi-
dant-enzyme activity, they have potential
therapeutic application.

Botanicals with Potential Influence

on Thyroid Hormone Metabolism

An adequate understanding of the in-
fluence of botanical extracts on thyroid hor-
mone metabolism and function is lacking for
human subjects. However, under experimen-
tal conditions in anima models, botanical
preparations are known to influence the meta-
bolic fate of thyroid hormones. One of the pri-
mary axes of influence for most plants stud-
ied appearsto bethrough alterationsin periph-
eral conversion and hepatic antioxidant en-
zyme systems, athough plant extracts may
affect other avenues of thyroid hormone me-
tabolism. For example, plants such as
Lithospermum officinale and Lycopus
europaeus exert some influence on the hypo-
thalamic-pituitary-thyroid axis.’?

Several plants appear to be capabl e of
influencing peripheral conversion of thyroid
hormonesin amanner consistent with decreas-
ing the conversion of T4 to T3, or in effect
inducing alow T3-like syndrome. An abstract
from an untrand ated Chinese articlefound four
plants (Aconite, Cinnamon, Cistanches, and
Epimedium) used in Traditional Chinese
Medicine (TCM) when administered indepen-
dently or in combination, reduced plasma T3
concentrations; the mechanism for this effect
was unclear.” Animal experiments indicated
that after oral administration of an ethanolic
extract of Lycopus europaeus, T3 levels were
decreased and remained low for a period of
more than 24 hours. Although reductions of
T4 and TSH were also reported, since reduc-
tionsin T4 tended to occur substantially after
the observed reductionsin T3, thisfinding was
presumably as a consequence of reduced pe-
ripheral T4 deiodination.’?* Similar to Lycopus
europaeus, Lithospermum officinal e appeared
to inhibit peripheral T4-deiodination.’” Ad-
ministration of an aqueous extract from the | eaf
of Moringa oleifera (horseradish tree) to fe-
male animalsresulted in adecreasein T3 and
a concomitant increase in T4, suggestive of
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an inhibitory effect on peripheral conversion.
In male rats no significant changes were ob-
served subsequent to administration of the
extract.’® Animal evidence found fenugreek
seed extract impaired periph-
eral conversion of thyroid

body wt.) resulted in significant increases in
serum T3 and T4 in female mice. This plant
also demonstrated antiperoxidative effects as
indicated by a decrease in hepatic lipid
peroxidation and an
increaseinthe activity of

hormones. Administration of
0.11 g/kg body weight daily
for 15 daysto male mice and
rats resulted in a significant
decrease in serum T3, with a
concomitant increase in T4
levels. Hepatic lipid

Table 5: Ayurvedic Herbal
Formulation

Capparis spinosa

antioxidant enzyme
systems.* Commiphora
muku (gugulu) also
impacted thyroid
hormone conversion in
animal models. While
administration of 0.2 g/

peroxidation was unchanged,
suggesting the observed im-
pairment in peripheral con-
version was not peroxidation-
mediated.

Chicorium intybus
Solanum nigrum
Cassia occidentalis

Terminalia arjuna
Achillea millefolium

kg body weight for 15
days produced no
significant change in
serum T4 levels, serum
T3 concentrations were

The effects of
Withania somnifera
(ashwagandha) root extract

Tamarix gallica

increased. Since a
concomitant decreasein
lipid peroxidation was

(1.4 g/kg) intheregulation of
thyroid function with special referenceto type-
| iodothyronine 5'-monodei odinase activity in
mice liver have been investigated. Increases
in T3 and T4 concentrations were observed,;
however, hepatic iodothyronine 5'-
monodeiodinase activity did not change sig-
nificantly. In this same experiment,
ashwagandharoot extract reduced hepatic lipid
peroxidation and increased the activity of the
superoxide dismutase and catal ase anti oxidant
enzyme systems.> In a subsequent animal ex-
periment, daily administration of asimilar dose
of ashwagandha root extract to female mice
resulted in an increase exclusively in T4 con-
centrations, with no alterationsobserved in T3
levels. The root extract’s effect of decreasing
hepatic lipid peroxidation and increasing the
activity of antioxidant enzyme systems was
again observed in this experiment.>® These
findings seem to suggest the effect of this plant
on thyroid hormone levels is independent of
increasing 5'-deiodinase activity.
Administration of an extract of
Bauhinia purpurea bark extract (2.5 mg/kg

observed intheliver, the
authors suggested the increased peripheral
generation of T3 might be mediated by this
plant’s anti peroxidative effects.>
Liv-52, a proprietary herbal formula-
tion consisting of a variety of herbs from the
Ayurvedic medical tradition (Table 5), has
been found to ameliorate carbon tetrachl oride-
induced alterations in thyroid hormone levels
and liver antioxidant enzyme system activi-
ties. Carbon tetrachloride administration re-
sultsin adecreasein the levelsof T3 foundin
circulation and a profound disruption in he-
patic antioxidant enzyme system activity and
aconcomitant increase in the amount of lipid
peroxidation. These effects are believed to be
secondary to the severe liver damagethiscom-
pound causes. When rats were co-administered
Liv-52 in combination with carbon tetrachlo-
ride, T3 levelsweredightly decreased but were
sustained within normal levels. A similar posi-
tive trend was seen in the case of lipid
peroxidation and liver antioxidant enzyme
systems with Liv-52 treatment.>!
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Animal evidence suggests a potential
dose-dependent dual action of Piper betel (be-
tel leaf) on thyroid hormone metabolism. Be-
tel leaf extract at adose of 0.10 g/kg daily for
15 days decreased serum T4 and increased
serum T3 concentrations. A concomitant de-
crease in hepatic lipid peroxidation was ob-
served, suggesting the potential for a
peroxidation-mediated effect on increased pe-
ripheral deiodination. However, at a dose of
either 0.8 or 2.0 g/kg daily for the same inter-
val of time, an opposite effect was observed.
At these higher doses, T4 and hepatic lipid
peroxidase were increased and hepatic cata-
lase and super oxide dismutase antioxidant
enzyme systems and T3 concentrations de-
creased.'?® This observed dose-dependent, bi-
directional impact of betel |eaf opens a
Pandora’'s box of questions regarding other
botanicals and the potential for dose-depen-
dent differencesin their influences on thyroid
hormone metabolism.

As mentioned in the discussion of se-
lenium, acuterenal failure has been associated
with a reduction of circulating thyroid hor-
mones.” Decreased thyroid hormone levels
have also been reported in patients with
chronic glomerulonephritis.” Commentary in
an untranslated abstract utilizing Fu shen De-
coction, acombination of herbsfromTCM, is
suggestive of abenefit of thiscombination for
individuals with chronic glomerulonephritis.
Administration of thisherbal combination ap-
parently increased both T3 and T4 levels, how-
ever, levels remained lower than those of
healthy individuals.” Although the primary
herb in this combination is likely to be Poria
(Fu shen isthe Chinese name given to Poria),
the other herbal ingredients, ratio of specific
herbal constituents, dose, method and dura-
tion of administration are not specified in the
abstract.

Potential Influence of Soy on

Thyroid Hormone Metabolism

The effect of soy products on thyroid
hormone function and metabolism in humans
isstill being researched; however, animal evi-
denceissuggestive of an impact on aspects of
peripheral conversion. In animal experiments
soy protein elevated plasma T4 concentra-
tions.’1° This may have been due to an in-
creased glandular production of thyroid hor-
mones or to an elevation of T4 subsequent to
inhibition of the peripheral conversion of T4
to T3. Considering the latter, evidence has
demonstrated that consumption by animal s of
roasted soy beans can result in reduced plasma
T3, possibly because of an effect on periph-
eral T4 deiodination.*®! Findingsalsoindicated
T3 was higher among casein-fed animals and
lower among animal sfed an equival ent amount
of soy protein concentrate.’* Soy protein con-
sumption also was found to contribute to age-
related aterations in thyroid hormone in ani-
mals.’®2 These aterations included a decline
inT4,fT4,T3,and 2,3'-T2 and anincreasein
rT3.1%2

Theanimal study findingsindicate soy
protein consumption might be capable of gen-
erating a thyroid hormone profile similar to
that found in low T3 syndrome and ESS; in
other words, soy protein consumption might
cause a shift in thyroid hormone profiles to-
ward unchanged or increased T4 and rT3 at
the expense of T3 production. Human data
with respect to the possible influence of soy
products on peripheral conversioniscurrently
lacking. However, a diet high in soy
isoflavones (128 mg/day) has been reported
to induce amodest decrease in fT3levelsdur-
ing the early follicular phase of the cyclein
premenopausal women.*** Whether the soy is
affecting peripheral metabolism or increasing
binding to TBPA, albumin, or TBG isunclear.

The effects of 30 grams of soybeans
fed daily for 1-3 months to 37 healthy adults
was investigated. Soybean consumption
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resultedinasignificantincreasein TSH levels,
although levelsremained within normal limits.
Other measured parametersof thyroid function
were unchanged; however, hypometabolic
symptoms suggestive of a functional thyroid
hormone deficiency (malaise, constipation,
sleepiness) and goiters appeared in half the
subjects who consumed soybeans for three
months. Symptoms disappeared one month
after cessation of soybean ingestion.®

Whileresearch has not determined the
exact effect of soy products and soy
isoflavones on the peripheral metabolic fate
of thyroid hormones, excessive soy consump-
tion might be best approached cautiously
among subjects with suspected impairment of
peripheral metabolic pathways.

Patential Influence of Flavonoids on

Thyroid Hormone Metabolism

Flavonoids, both naturally occurring
and synthetic derivatives, have the potential
to disrupt thyroid hormone metabolism in
vitro. Synthetic flavonoid derivatives have
been shown to decrease serum T4 concentra-
tions and inhibit both the conversion of T4 to
T3 and the metabolic clearance of rT3 by the
selenium-dependent type | 5'-deiodinase. 2135136
Naturally occurring flavonoids appear to have
a similar inhibitory effect. Of the naturally
occurring flavonoids, luteolin was the most
activeinhibitor of 5'-dei odinase activity when
tested in vitro; however, quercetin, myricetin,
and flavonoids with chal cone, aurone and fla-
vone structures have also been shown to have
in vitro inhibitory activity.213

It isnot known whether similar effects
occur in vivo or whether, if such effects do
occur, they arerestricted to specific flavonoid
compounds or dosages. Since isolated or con-
centrated flavonoids are increasingly utilized
astherapeutic interventions, moreresearch on
the potential influence of these substances on
thyroid hormone metabolism is desirable.

Conclusion

Thyroid hormones are metabolized in
peripheral tissues by conjugation, deamina-
tion, decarboxylation, and a cascade of
monodei odination enzymereactions. With the
exception of deiodination reactions, the cur-
rent contribution of these pathways to health
and disease isrelatively poorly understood.

Since conjugation reactions appear to
be influenced by exposure to some pharma-
cological and environmental influences, as
well as the quantity of available thyroid hor-
mones, it is quite possible that alterations in
activity of sulfation and glucuronidation path-
ways will influence the specific thyroid hor-
mone metabolitesavailableat the cellular level.
Overdll, very little is known about how de-
rangementsin these pathways might influence
anindividua at afunctional level. Nutrient and
lifestyle interactions with these metabolic
pathways with respect to thyroid hormone
metabolic fate have not been determined.

While certain acetic analogues of the
thyroid hormones appear to have limited
thyromimetic activity, the overall contribution
of deamination and decarboxylase reactions
to cellular function in health and disease are
poorly understood. Currently, no dataisavail-
able to determine a role of nutritional status
and lifestylefactorsfor these enzyme pathways
with respect to the metabolic fate of thyroid
hormones.

Theinfluence of deiodination enzyme
reactions with respect to thyroid hormone
metabolism are relatively well understood. In
addition to liver disease, awide range of vari-
ables can have an effect on thyroid hormone
function secondary to their impact on periph-
eral conversion. Theseinclude aspectssuch as
excessive stress and high levels of the stress
hormone cortisol, caloric restriction, excessive
physical activity, exposure to chemicals, sur-
gery, injury, and systemic illness.

Since type | 5'-deiodinase processes
bothT4toT3andrT3to 3,3-T2, itispossible
to deplete the enzyme, interfering with the
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conversion of T4 to T3 and the degradation of
rT3. This potential mechanism might explain
the observed derangement of thyroid hormones
following chronic stress or after a sufficiently
large acute stress. In effect, thyroid hormone
conversion gets stuck in this cycle with elimi-
nation of the excess rT3 at the expense of T3
formation becoming a self-perpetuating prob-
lem. The role of the deiodinase enzymes in
the formation and elimination of the T2 iso-
mers, particularly since some of theseisomers
appear to have capability for metabolic activ-
ity independent of T3, might also play an im-
portant metabolic role in some tissues.

Hepatic antioxidant enzyme systems
and lipid peroxidation have shown a consis-
tent association with peripheral metabolism of
thyroid hormonesin animal models. Exposure
to environmental toxins and drugs can influ-
ence these pathways. Many vitamin, mineral,
and nutritional cofactors, aswell as many bo-
tanical extracts can aso influence the activity
of these antioxidant enzymes. Although infor-
mation in human subjectsis currently unavail -
able, it is possible that many of the routinely
utilized supplements might exert an influence
on these enzyme systems under specific cir-
cumstances.

Because of its role as a cofactor for
type | 5'-deiodinase, selenium’s influence on
deiodination is the best characterized of any
nutrient. While a selenium deficiency does not
seem to result in adecrease in the production
of T4 or T3withinthethyroid gland, deficiency
substantially altersthe conversion of T4to T3
in peripheral tissues such as the liver and
kidney. This is generally accompanied by
reduced T3 and an increased rT3 in the
circulation. Zinc deficiency appearsto strongly
inhibit type | 5'-deiodinasein anima models,
however, the mechanism for this effect is not
understood and it is currently not clear if a
similar role for zinc exists in humans. The
absoluterole of other nutritional and botanical
agents is still not characterized; however,
available data suggests some supplements

might have a potential to influence
deiodination in specificindividualsunder some
circumstances.

It currently is not clear whether ESS
and low T3 syndrome represent protective
physiological mechanisms, or are in them-
selves a damaging maladaptive response. It is
certainly possiblethese syndromes are reflec-
tive of an adaptation to stress which acts to
protect the body against exaggerated catabo-
lism. However, nutritional approachesto thy-
roid disorders should not only consider the
nutrients and substances that can alter thyroid
hormone synthesis within the gland, but also
nutrients and factorswhich might influencethe
peripheral conversion of thyroid hormones.
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