
Anyone who has worked in an intensive care unit
is aware of the phenomenon commonly referred to as
the “nonthyroidal illness syndrome” or “euthyroid sick
syndrome”, observed in approximately 44% of these
patients (1). Low circulating levels of thyroid hor-
mone but seemingly inappropriately low or normal
TSH and diminished TSH pulsatility, suggesting the
presence of central hypothyroidism, characterizes this
syndrome. The low thyroid hormone levels are pre-
dictive of outcomes in the intensive care unit setting,
and perhaps even a better indicator of the severity of
illness than the APACHE II score (2). When thyrox-
ine (T4) falls to <4 µg/dl, the risk of death rises to
~50%, and when T4 falls to <2 µg/dl, mortality in-
creases even more to ~80% (3, 4). One of the dilem-
mas that physicians face when confronted with the
nonthyroidal illness syndrome, therefore, is whether
the fall in thyroid hormone levels is adaptive and sim-
ply a normal, physiologic response to conserve energy
and should not be treated other than with nutritional
support, or whether it is maladaptive and should be
vigorously treated to restore circulating thyroid hor-
mone levels to normal. Unraveling the physiological
and/or pathophysiological mechanisms involved in
precipitation of the nonthyroidal illness syndrome is
one approach that has been taken to resolve this
dilemma, and significant progress has been made.

Maintenance of normal thyroid function (euthy-
roidism) is dependent upon a complex interplay be-
tween the hypothalamus, anterior pituitary, and thy-
roid gland as well as a number other factors illustrat-

ed in Fig. 1. In addition to supporting peripheral tis-
sues through effects on protein synthesis and brain de-
velopment during fetal growth and early infancy, thy-
roid hormone has an important role in the regulation
of energy expenditure by affecting obligatory thermo-
genesis (energy expenditure necessary to sustain basal
homeostatic functions) and adaptive thermogenesis
(additional heat produced in response to triggering
signals to sustain core temperature). Indeed, basal
metabolic rate can be reduced by as much as 30% in
the absence of thyroid hormone, and adaptive ther-
mogenesis in cold exposed animals is markedly im-
paired (5). In addition, thyroid hormone has effects on
lipogenesis and appetite regulation, affecting genes
coding for lipogenic enzymes (6, 7) and exerting direct
effects on hypothalamic feeding centers (8).

So-called “hypophysiotropic” thyrotropin-releas-
ing hormone (TRH) neurons that regulate anterior
pituitary TSH secretion are located in the hypothala-
mic paraventricular nucleus (PVN), a triangular
shaped nucleus at the dorsal limits of the third ventri-
cle (Fig. 1). Axons of these neurons project to the ex-
ternal zone of the median eminence where TRH is re-
leased into the pituitary portal system. Thyroid hor-
mone selectively inhibits both the gene expression and
the posttranslational processing of TRH in hypophys-
iotropic neurons, but has no effect on other TRH-
synthesizing neuronal groups in the forebrain (9, 10).
When circulating levels of thyroid hormones fall be-
low normal values (hypothyroidism), the content of
proTRH and TRH mRNA increases in the PVN (11)
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accompanied by a decline in the content of TRH in
the median eminence due increased secretion of TRH
into the portal blood for conveyance to the anterior
pituitary (12-14). Conversely, increased circulating
levels of T4 cause marked suppression of TRH gene
expression in the PVN and a reduction in the secre-
tion of TRH into the portal plexus (9, 10, 15), estab-
lishing an inverse relationship between thyroid hor-
mone and the biosynthesis and secretion of hypophys-

iotropic TRH. The amount of hypophysiotropic TRH
secreted into the portal system is important to estab-
lish the set point for feedback regulation of anterior
pituitary TSH secretion by thyroid hormone. Thus,
when portal blood TRH concentrations are low, TSH
can be suppressed by less T4 circulating in the blood-
stream (reduced set point), while high portal blood
TRH concentrations raises the set point for feedback
regulation by thyroid hormone (16, 17).

On the basis of the normal physiology described
above, it might seem paradoxical that when circulating
thyroid hormone levels fall in association with the
nonthyroidal illness syndrome, a compensatory rise in
TSH is not observed. The explanation for this obser-
vation, however, has become clearer in recent years as
a result of extensive studies in experimental animals
and man using fasting or hypocaloric diets as models
for nonthyroidal illness. While decreased type 1
iodothyronine deiodinase (D1) and increased type 3
iodothyronine deiodinase (D3) activity in liver and/or
muscle contribute to rapid reduction in thyroid hor-
mone levels (18-20), reduced thyroid hormone output
from the thyroid gland as a result of central hypothy-
roidism is now well established (21, 22). The latter re-
sponse is orchestrated by leptin, an adipose-derived
hormone, which declines in the circulation with fast-
ing and restored to normal levels by refeeding. If lep-
tin is administered systemically or intracerebroven-
tricularly to fasting animals, the reduction in circulat-
ing levels of thyroid hormone and TSH are prevented
(23, 24). Similarly, the administration of leptin to fast-
ing or caloric-deprived healthy human subjects re-
stores thyroid hormone levels to or toward normal and
restores TSH pulsatility (25-27).

The primary action of leptin on the hypothalam-
ic-pituitary-thyroid axis appears to be the hypothala-
mus by changing the set point for feedback sensitivity
of hypophysiotropic TRH-producing neurons in the
PVN to thyroid hormone, lowering the set point when
leptin levels are suppressed during fasting (28). As il-
lustrated in Fig. 2, at least two anatomically distinct
and functionally antagonistic populations of neurons
present in the hypothalamic arcuate nucleus, α-
melanocortin-stimulating hormone (α-MSH)-pro-
ducing neurons that co-express cocaine and ampheta-
mine-regulated transcript (CART), and neuropeptide

Figure 1. Neuroregulatory control systems involved in the se-
cretion of thyroid hormone. Bold lines denote the negative
feedback loop of thyroid hormone on thyrotropin-releasing
hormone (TRH) secretion from the hypothalamus and TSH
secretion from the anterior pituitary. Both the hypothalamic
TRH neurons and anterior pituitary thyrotropes are impinged
upon by numerous other potential regulatory influences that
are activated under specific physiological or pathological con-
ditions. PVN = paraventricular nucleus; ARC = arcuate nu-
cleus, ME = median eminence; III = third ventricle (Courtesy,
Dr. Praful Singru, Tufts Medical Center)
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Y (NPY)-producing neurons that co-express agouti-
related peptide (AGRP), are responsible for the ac-
tions of leptin on hypophysiotropic TRH. Alpha-
MSH has profound activating effects on hypophys-
iotropic TRH neurons and when administered intrac-
erebroventricularly, restores fasting-induced suppres-
sion of TRH mRNA in hypophysiotropic neurons to
levels in ad lib fed animals by phosphorylating the nu-
clear transcription factor, CREB (29, 30). Conversely,
both NPY and AGRP have inhibitory effects on TRH
gene expression in hypophysiotropic neurons when
administered intracerebroventricularly, and replicate
many of the changes in the hypothalamic-pituitary-
thyroid axis observed during fasting despite continued
feeding (31, 32). It is presumed that the inhibitory ef-
fect of AGRP on TRH gene expression is the result of

antagonizing the activating effects of α-MSH at the
melanocortin 4 receptor on the surface of hypophys-
iotropic TRH neurons, whereas the inhibitory effect
of NPY occurs by reducing cAMP (33). Thus, during
fasting when circulating leptin levels decline, the si-
multaneous inhibition of α-MSH production and in-
crease in AGRP and NPY production in arcuate nu-
cleus neurons reduce CREB phosphorylation in TRH
neurons, essentially reducing the set point for feed-
back inhibition of the TRH gene by thyroid hormone.
A direct action of leptin on hypophysiotropic TRH
neurons has also been proposed (34).

Given current understanding of the elaborate and
highly regulated physiology of the hypothalamic-pitu-
itary-thyroid axis by fasting described above, it would
be difficult to argue that the associated fall in circulat-
ing thyroid hormone levels is maladaptive. Rather, this
mechanism is likely an important homeostatic re-
sponse to conserve energy, a concept in keeping with
observations by Gardner et al (35) and Burman et al
(36) that T3 administration to fasting human subjects
leads to increased urinary nitrogen excretion. The ap-
propriate treatment for fasting-induced reduction in
thyroid hormone levels, therefore, would be the re-
placement of calories, and not the administration of
thyroid hormone.

In addition to fasting, the nonthyroidal illness
syndrome can be induced by a number of different
disorders including sepsis, trauma, burns, surgery, and
cardiovascular, renal, and liver disease (3, 4), and often
several of these disorders occurring simultaneously.
The mechanisms responsible for the fall in circulating
thyroid hormone levels, however, may not be the same
as that responsible for the fall in circulating thyroid
hormone levels associated with fasting. This is sug-
gested by the observation that endotoxin administra-
tion, which simulates infection, increases rather than
decreases α-MSH gene expression and does not alter
the expression of NPY in arcuate nucleus neurons
(37), responses that would ordinarily predict increased
TRH gene expression. Nevertheless, there is strong
experimental support to indicate that like fasting, cen-
tral hypothyroidism contributes to the fall in thyroid
hormone levels observed in other disorders that give
rise to the nonthyroidal illness syndrome. Namely,
TRH mRNA is reduced in the PVN of patients dying

Figure 2. Regulation of hypophysiotropic TRH neurons by
leptin-sensitive hypothalamic arcuate nucleus neurons. Two,
major sets of neurons are noted including those that produce
AGRP/NPY, that inhibit TRH neurons through Y1 and Y5
receptors (Y1/Y5R), and α-MSH, that stimulates TRH neu-
rons through the MC4 receptor (MC4R). CART also activa-
tes TRH neurons but by an unknown mechanism(s). Recipro-
cal, inhibitory interactions between NPY/AGRP and α-MSH
neurons also occur. The location of tanycyte cell bodies in the
floor and infralateral walls of the third ventricle and their cy-
toplasmic projections are depicted in the left half of the dia-
gram (Courtesy, Dr. Praful Singru, Tufts Medical Center)
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of chronic, severe illness (38), continuous, exogenous
administration of TRH (together with a growth hor-
mone secretagogue) is effective in restoring TSH and
circulating thyroid hormone levels to normal (39), and
a rise in TSH usually heralds return of the thyroid ax-
is to normal following recovery from severe illness
(40).

Recent studies in rats, mice and rabbits have
raised the possibility that endotoxin-induced upregu-
lation of type 2 iodothyronine deiodinase (D2) in
tanycytes, specialized ependymal cells lining the floor
and infralateral borders of the third ventricle in the
mediobasal hypothalamus (Fig. 2), may explain central
hypothyroidism associated with infection (41, 42).
Endotoxin induces a 4-fold increase in D2 mRNA
and activity that is independent of the associated fall
in circulating thyroid hormone levels (42). As D2 is
the major enzyme in the brain responsible for con-
verting T4 to its more potent, biologically active
metabolite, T3 (43), it is hypothesized that the in-
crease in tanycyte D2 activity may cause tissue-specif-
ic thyrotoxicosis in the mediobasal hypothalamus by
increasing the conversion of T4 to T3, ultimately lead-
ing to direct suppression of hypophysiotropic TRH
neurons in the PVN (44). T3 released into the portal
capillary system may also inhibit the secretion of TSH
from anterior pituitary thyrotrops.

Under normal circumstances, tanycytes may par-
ticipate in feedback regulation of hypophysiotropic
TRH neurons by thyroid hormone. While both T4
and T3 are present in the circulating blood, trafficking
of the less active T4 into the brain and then conver-
sion to T3 is a necessary step in the thyroid hormone
feedback mechanism (45). As demonstrated by
Kakucska et al. (45), restoration of normal peripheral
T3 levels in hypothyroid rats by the systemic admin-
istration of T3, alone, is not sufficient to inhibit in-
creased TRH gene expression in hypothyroid rats.
Furthermore, ~80% of T3 in the brain originates from
local T4 to T3 conversion (46), primarily by D2 (43).
As the PVN contains little, if any D2 activity or D2
mRNA (47, 48), T3 must derive from another locus
within the brain where D2 is synthesized, and then be
transported to the PVN.

D2 is expressed in tanycytes in all animal species
studied thus far including man (44, 49), suggesting an

important homeostatic function. Being at the inter-
face of the cerebrospinal fluid (CSF) by nature of its
location in the third ventricle, and the vascular system,
through long cytoplasmic projections that contact
portal vessels and envelop blood vessels in the hypo-
thalamus (50), tanycytes are in strategic position to ex-
tract T4 from the bloodstream or the CSF, convert T4
to T3, and then release T3 into the hypothalamus. T3
released into the CSF could reach hypophysiotropic
TRH neurons by volume transmission, moving be-
tween ependymal cells lining the third ventricle,
and/or taken up by TRH axon terminals in the
mediobasal hypothalamus and transported retrograde-
ly to the PVN. Tanycyte D2 may also be involved in
regulating hypothalamic levels of T3, as suggested by
the large number of hypothalamic neurons that con-
tain thyroid hormone receptors (51) and evidence for
tanycyte-neuronal interactions in the arcuate nucleus
that may be involved in regulating UCP 2-dependent
mitochondrial uncoupling in NPY/AGRP neurons
(52). It remains unclear, however, whether endotoxin-
induced upregulation of tanycyte D2 is simply anoth-
er physiological, regulatory response that promotes
energy conservation under these adverse conditions,
or an epiphenomenon that leads to inappropriate sup-
pression of hypophysiotropic TRH neurons.

A number of small clinical trials have attempted
to determine whether thyroid hormone replacement
in intensive care unit patients has any beneficial or
detrimental effects on overall outcomes (3, 4, 53).
Most have shown T4 or T3 to be safe and well toler-
ated (54, 55). It could be argued, however, that be-
cause of the associated rise in D3 in these patients,
neither T4 nor T3 are appropriate therapy due to the
effects of this enzyme to increase the conversion of T4
to reverse T3 (rather than T3) or degrade T3, respec-
tively (3). Nevertheless, improvement in cardiac he-
modynamic parameters including cardiac output, end
diastolic volume and stroke volume, and a reduction in
peripheral arterial resistance have been observed in
patients receiving T3 following coronary artery bypass
surgery and/or in patients with dilated cardiomyopa-
thy (53, 56-58), but at the expense of further suppres-
sion in circulating levels of TSH. A novel approach to
the treatment of the nonthyroidal illness syndrome in
critically ill patients has recently been suggested Van
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den Berghe et al (39, 59). Using a continuous infusion
of TRH together with a growth hormone secreta-
gogue, not only were thyroid hormone levels and TSH
pulsatility restored in these patients, but catabolic pa-
rameters were also improved.

The dilemma of whether or not to treat patients
with the nonthyroidal illness syndrome with thyroid
hormone remains unresolved, but progress is being
made. With better understanding of the pathophys-
iology underlying each of the various disorders giving
rise to the fall in thyroid hormone levels in critically
ill patients, the answer to this question will ultimate-
ly be found and lead to the appropriate approach to
therapy.
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