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Thyroid hormone is a critical determinant of cellular metabolism and differentiation. Precise tissue-specific
regulation of the active ligand 3,5,3"-triiodothyronine (T3) is achieved by the sequential removal of iodine
groups from the thyroid hormone molecule, with type 3 deiodinase (D3) comprising the major inactivating
pathway that terminates the action of T3 and prevents activation of the prohormone thyroxine. Using cells
endogenously expressing D3, we found that hypoxia induced expression of the D3 gene DIO3 by a hypoxia-
inducible factor-dependent (HIF-dependent) pathway. D3 activity and mRNA were increased both by hypoxia
and by hypoxia mimetics that increase HIF-1. Using ChIP, we found that HIF-1a interacted specifically with
the DIO3 promoter, indicating that DIO3 may be a direct transcriptional target of HIF-1. Endogenous D3 activ-
ity decreased T3-dependent oxygen consumption in both neuronal and hepatocyte cell lines, suggesting that
hypoxia-induced D3 may reduce metabolic rate in hypoxic tissues. Using a rat model of cardiac failure due to
RV hypertrophy, we found that HIF-1a. and D3 proteins were induced specifically in the hypertrophic myo-
cardium of the RV, creating an anatomically specific reduction in local T3 content and action. These results
suggest a mechanism of metabolic regulation during hypoxic-ischemic injury in which HIF-1 reduces local

thyroid hormone signaling through induction of D3.

Introduction

During illness, humans experience a fall in serum thyroid hor-
mones termed the nonthyroidal illness syndrome (1). An inverse rela-
tionship between serum thyroxine (T4) and mortality in critically
ill patients has previously been observed (2), but several controlled
trials have reported no benefit (3) or even worsened outcome
(4) with thyroid hormone supplementation. This has led to the
hypothesis that the nonthyroidal illness syndrome is an adaptive
process that promotes survival during life-threatening illness by
reducing metabolic rate and energy cost. Because illness is heter-
ogenous, others postulate that this potential benefit is outweighed
in certain patients by the impairment of 3,5,3'-triiodothyronine-
dependent (T3-dependent) cardiac output, respiratory drive, and
renal function, and experts continue to debate the appropriateness
of thyroid hormone treatment (5).

Most research of the nonthyroidal illness syndrome has
focused on decreased T3 production as the cause of low serum
T3 (6). Another potentially important regulatory mechanism is
the peripheral inactivation of iodothyronines by deiodination.
Type 1 deiodinase (D1) and D2 activate the prohormone T4 into
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the more biologically active T3 via outer-ring deiodination (7).
In contrast, D3 is the physiologic inactivator of thyroid hor-
mones, catalyzing the conversion of T4 and T3 to the inactive
metabolites reverse T3 (rT3) and 3,3'-diiodothyronine (T2) via
inner-ring deiodination. Although D3 is normally expressed in
only a few postnatal tissues (8-10), its reactivation in the liver
and skeletal muscle of critically ill patients has recently been
reported and associated with decreases in serum T3 (11). Unlike
other mechanisms, which lower T3 systemically by reducing its
production, D3 has the unique potential to induce local hypo-
thyroidism. This ability to induce anatomically and temporally
precise hypothyroidism has been established in Xenopus laevis
metamorphosis (12), but to our knowledge, a similar effect in
postnatal D3-expressing mammalian tissues has not been previ-
ously shown. In addition, the molecular mechanisms responsible
for D3’s reactivation during illness are not known.

Because we recently discovered that the hypoxia target gene TGF-3
stimulates DIO3 transcription (13), we investigated hypoxia as a reg-
ulator of D3 expression. Several tissues that express D3 are known
to be hypoxic, including the normal tissues of the human fetus (14)
and the ischemic tissues of critically ill patients (11), but a molecu-
lar mechanism for this has not been established. Our present study
shows that hypoxia increased D3 mRNA and activity in diverse cell
types. Hypoxia-inducible factor (HIF) is the central transcriptional
mediator of the cellular response to low oxygen, and hypoxia mimet-
ics such as desferrioxamine (DFO) and CoCl, were also sufficient to
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Hypoxia induces D3 activity and mRNA. (A) Endogenous D3 activity in SK-N-AS neurons, rat neonatal cardiomyocytes, NCLP6E hepatocytes,
choriocarcinoma cells (JEG-3 cells), endometrial cells (ECC-1 cells), and AG04526 fibroblasts exposed to normoxia (21% Oy) versus hypoxia
(1% Oy) for 24 h. Values are mean + SEM of 2 or 3 cell plates; mean of 3 experiments is shown for each cell type. *P < 0.005. (B) Northern blot
analysis of total RNA obtained from SK-N-AS or NCLP6E cells exposed to hypoxia versus normoxia for 24 h. Lanes were run on the same gel
but were noncontiguous. (C) D3 activity and Northern blotting in NCLP6E cells exposed to continuous normoxia (condition A), continuous hypoxia
(condition B), or transient hypoxia for 24 h followed by normoxia (condition C). Representative experiment with mean + SEM of 2 cell plates is

shown; this experiment was reproduced.

induce D3, indicating a HIF-dependent mechanism. This D3 activ-
ity was sufficient to inhibit T3-stimulated metabolic rate in isolated
cells and to induce anatomically specific reductions in tissue T3
content and action in an in vivo model of RV hypertrophy. These
data reveal a role of D3 in the regulation of local as well as systemic
thyroid status during hypoxic-ischemic illness.

Results

Hypoxia induces sustained D3 expression. Multiple cell types were
exposed to normobaric hypoxia (1% oxygen, 5% CO,, 94% nitrogen)
versus normoxia (21% oxygen, 5% CO,, 74% nitrogen) for 24 h, and
endogenous D3 activity was measured using previously described
HPLC methods (13). Hypoxia increased endogenous D3 activ-
ity in multiple cell types (Figure 1A), including neurons (human
SK-N-AS cells; 5.6-fold), cardiomyocytes (isolated rat neonatal
cardiomyocytes; 1.7-fold), hepatocytes (rhesus monkey NCLP6E
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cells; 4.8-fold), and choriocarcinoma cells (human JEG-3 cells;
18.7-fold). In contrast, hypoxia produced no significant increase in
endogenous D3 activity in endometrial cells (human ECC-1 cells)
or fibroblasts (human AG04526 cells), illustrating the cell type
specificity of this phenomenon. To determine whether this D3
induction occurs at the level of RNA, SK-N-AS and NCLPG6E cells
were exposed to hypoxia, and after 24 h the D3 /cyclophilin ratio in
hypoxic cells was 5.2- and 7.8-fold higher, respectively, than that in
normoxic controls (Figure 1B). This experiment was repeated with
cells endogenously expressing D1 (GC-1 cells) or D2 (MSTO), and
no change in D1 or D2 enzyme activity was seen (data not shown).
This concept that the response of specific deiodinases to hypoxia is
variable between cell types is further supported by the recent report
of increased D2, but not D3, activity in hypoxic rat astrocytes (15).

To determine whether this high D3 expression could persist
with chronic hypoxia, we next exposed NCLP6E hepatocytes to
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Figure 2

The hypoxia mimetics DFO and CoCl; increase endogenous D3 in NCLP6E hepatocytes and SK-N-AS neurons. (A) D3 activity and Western
blot analysis of HIF-1a protein in NCLP6E hepatocytes 24 h after exposure to the indicated hypoxia mimetics. Hepatocytes that were exposed
to hypoxia (without hypoxia mimetics) are included in the HIF-1a Western blot as a positive control. (B) D3 activity and Western blot analysis of
HIF-1a protein in SK-N-AS neurons 6 or 24 h after exposure to DFO or CoCl,. Values are mean + SEM of 3 cell plates. *P < 0.05; **P < 0.005.
(C) Western blot analysis of HIF-1a protein in cells that increase endogenous D3 expression in response to hypoxia (JEG-3, SK-N-AS neurons,
and NCLP6E hepatocytes) and in cells with undetectable endogenous D3 activity (HepG2, HEK-293 cells, and MSTO cells). (D) ChIP analysis
of the DIO3 or the SCN3A promoter in DFO-stimulated SK-N-AS cells using antibodies directed against endogenous HIF-1a. Representative

experiments are shown and were reproduced.

continuous normoxia for 72 h, continuous hypoxia for 72 h,
or transient hypoxia for 24 h followed by normoxia. By 24 h,
D3 activity in hypoxic NCLPG6E cells was 4.8-fold higher than
in normoxic controls; with continuous hypoxia, D3 activity
remained elevated to the last time point tested (Figure 1C). This
was in contrast to the temporary peak of D3 activity previously
reported with other stimulators such as phorbol ester and the
fibroblast growth factors (13, 16). In cells transiently exposed
to hypoxia, the cessation of hypoxia was followed by the rapid
return of stimulated D3 activity and message to normoxic levels
(Figure 1C), indicating that the modulation of D3 by oxygen
tension is dynamic rather than an irreversible stimulation initi-

ated by hypoxic stress.
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Hypoxia mimetics induce D3. Hypoxia is the physiologic trigger
that activates HIF, and HIF is also upregulated in vitro by hypoxia
mimetics such as CoCl, and DFO, which inhibit HIF ubiquitina-
tion and lead to its accumulation under even normoxic conditions
(17). To assess HIF dependence, we exposed normoxic NCLP6E
hepatocytes to CoCl, and DFO, which increased endogenous D3
activity 3.0- and 26.3-fold, respectively (Figure 2A). HIF-1a accu-
mulation was confirmed by Western blot. In SK-N-AS neurons,
HIF-1a protein was detectable by Western blot as early as 6 h after
DFO administration, and D3 activity was 7.0-fold higher by 24 h
(Figure 2B). These data indicate that HIF accumulation (even
without hypoxia) is sufficient to stimulate D3 expression and is
strong evidence that hypoxia induces D3 via the HIF pathway. At
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Inhibition of endogenous D3 activity with iopanoic acid for 6 h increases metabolic rate in isolated cells. Oxygen consumption (A and C) and
extracellular acidification (B and D) in SK-N-AS neurons and NCLP6E hepatocytes that were propagated in media with (A and B) or without
(C and D) a euthyroid concentration of T3 and exposed to iopanoic acid (lop) versus vehicle control. Oxygen consumption rate (pmol/min/mg
protein) and extracellular acidification rate (mpH/min/mg protein) are expressed as relative fold change from vehicle control. Values are

mean + SEM of 10 cell plates. *P = 0.07; **P < 0.05; ***P < 0.005.

the limited time points tested, D3 activity was not consistently
proportional to mimetic-induced HIF-1 accumulation, reflect-
ing differences in the half-lives of HIF-1 versus D3 protein and
perhaps variable affinity of the antiserum for monkey (NCLPGE
hepatocytes) versus human (SK-N-AS neurons) HIF-1a protein.
D3 induction in response to either hypoxia- or DFO-induced
HIF-1 was variable across different cell types, with no measur-
able D3 activity in stimulated HepG2, HEK-293, or MSTO (18)
cells despite strong HIF-1 induction (Figure 2C). This indicates
that HIF accumulation is necessary but not sufficient to induce
D3 during hypoxia and that other cell type-specific factors are
required for high D3 expression.

HIF transactivates target genes by binding 1 or more hypoxia
response elements (HREs). To assess the possibility of HRE-
dependent Dio3 stimulation, we used ChIP analysis to examine
the association of HIF-1a with a conserved HRE in the S’ flank-
ing region (S'FR) of the DIO3 gene (-832 bp relative to the DIO3
transcription start site). Human SK-N-AS neurons were exposed
to DFO under conditions that induce both HIF-1a and endog-
enous D3 (Figure 2B). Chromatin was immunoprecipitated
with 2 different HIF-1a antibodies, using preimmune IgG as a
negative control. Notably, an appropriately sized amplicon was
amplified only from chromatin immunoprecipitated with either
HIF-1o antiserum (Figure 2D), indicating that HIF-1o interacts
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specifically with these DIO3 sequences. As an additional negative
control, PCR was repeated on these same specimens using prim-
ers directed to the promoter of an unrelated gene, the human
SCN3A sodium channel (19). As expected, no SCN3A amplicon
was observed in samples immunoprecipitated with either HIF-1a.
antisera or preimmune IgG.

Inhibition of D3 catalytic activity increases metabolic rate in isolated
cells. We next sought to determine whether the endogenous D3
expression stimulated by hypoxia could lead to cellular hypo-
thyroidism and alter a thyroid hormone-dependent phenotype.
Because T3 is known to stimulate metabolic rate, we reasoned
that D3 expression could decrease energy expenditure and, if so,
thatits induction during hypoxia could reduce oxygen consump-
tion. To test this, we exposed SK-N-AS neurons and NCLP6E
hepatocytes to iopanoic acid, a competitive inhibitor of iodo-
thyronine deiodination, or vehicle control (DMSO). These cells
were chosen because their basal D3 expression approximates the
physiologic D3 activity of a normal human tissue, term placenta.
Cells were grown in media containing charcoal-stripped FBS that
was supplemented to a euthyroid concentration (150 ng/dl) of
T3 or with vehicle without T3 prior to media preparation. The
iopanoic acid concentration used (20 uM) was optimized in prior
experiments to inhibit cellular deiodination by whole-cell in situ
deiodination assay (ref. 13 and data not shown).
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HIF-10 and D3 are selectively induced in the RV in a rat model of monocrotaline-induced RV hypertrophy. Thickening of the RV wall (A) and
increased RV weight (B) were observed as CHF developed after monocrotaline administration. Values are mean + SEM of 11-16 animals
per group. (C—F) Western blot analysis of HIF-1a (C) and HIF-2a protein (D), D3 activity (E), and quantitative real-time PCR of D3 mRNA (F)
in tissue prepared from the RV and LV of rats administered monocrotaline (CHF) versus saline control (CON). The HIF-2a. Western blot in D
depicts RV samples from control and CHF animals, with extracts of primary microvascular endothelial cells obtained from human foreskin and
cultured under hypoxic conditions (1% O,) serving as a positive control (+). Values are mean + SEM of 3-9 animals per group. (F) D3 mRNA is
expressed as the RV/LV ratio and shown as the relative fold change from the saline control group. *P < 0.05 versus control; **P < 0.05 versus
LV; ***P < 0.005 versus control. (G) Myocardial reporter activity after in vivo cardiomyocyte transfection of the pLuc-TRE T3-responsive Firefly
luciferase reporter, normalized to the expression of the pRen-C transfection control. Values are mean + SEM of 5-29 animals per group. LV
and RV reporter activity is shown in CHF versus control animals. In control animals with systemic hypothyroidism (Hypo), euthyroidism (Eu),
or thyrotoxicosis from T3 treatment (Hyper), reporter levels from pooled LV/RV homogenates are shown. *P < 0.05 versus euthyroidism or
hypothyroidism, ANOVA; **P < 0.05 versus control and LV.

Cellular energy expenditure was analyzed with a recently devel-  NCLPGE cells, respectively (Figure 3, A and B). In the absence
oped noninvasive technology that uses a fluorophore-containing  of T3 (media prepared with charcoal-stripped FBS without T3
ruthenium complex to measure O, consumption for approxi- supplementation), iopanoic acid produced no significant change
mately 20,000 intact cells during repeated 5-min intervals (20). in these same indices (Figure 3, C and D), confirming that these
The rate of extracellular pH change was measured simultaneously  effects are thyroid hormone dependent.
as an index of glycolytic flux. After only 6 h, D3 inhibition with HIF-10. and D3 are induced in a rat model of RV hypertrophy and
iopanoic acid resulted in an increase in oxygen consumption and  associated with an anatomically precise reduction in tissue T3 content
extracellular acidification. In the presence of T3, the oxygen con-  and T3-dependent transcriptional activity. We have recently reported
sumption rate increased 4.0- and 2.2-fold and the extracellular  the induction of D3 in a rat model of monocrotaline-induced RV
acidification rate increased 3.6- and 2.2-fold in SK-N-AS and  hypertrophy, but the mechanism of D3 induction in this system
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Table 1

Systemic and local thyroid status are partially discordant in a rat model of RV hypertrophy

Control CHF
Plasma T4 (nM) 55.0+7.0 (9) 21.0+0.2 (11)A
Plasma T3 (nM) 0.94£0.14 (9) 0.36 £+ 0.05 (11)A
Lv RV Lv RV
Tissue T4 (ng/g wet wt) 6.39 £ 0.52 (5) 6.34 £ 0.35 (5) 2.44 +0.17 (6) 2.86 +0.10 (6)
Tissue T3 (ng/g wet wt) 1.94 £ 0.12 (6) 1.80 £ 0.05 (5) 0.60 £ 0.06 (7)* 0.39+0.04 (7)»8

Tissue T3/plasma T3 ratio 2.04 £ 0.21 (6)

1.90+0.12 (5)

1.52 +0.27 (7)A 1.08+0.18 (7)A8

Plasma and tissue thyroid hormone concentrations are mean + SEM of the number of experiments (shown in parentheses). AP < 0.05 vs. control. BP < 0.05 vs. LV.

was unknown (21). Because myocyte hypoxia can occur in hyper-
trophic failure as myocyte diameter increases and oxygen diffu-
sion decreases (22, 23), we investigated the possibility that HIF was
involved. Rats were administered a single dose of monocrotaline
to induce pulmonary hypertension and concentric RV hypertro-
phy, which then progresses to congestive heart failure (CHF). All
animals in the monocrotaline group developed CHF, as evidenced
by weight loss, pleural effusions, and ascites. RV hypertrophy
was confirmed by thickening of the RV wall (Figure 4A) and by a
2.2-fold increase in the weight ratio of the RV to the LV and sep-
tum (Figure 4B). In the monocrotaline group, HIF-1a. protein
increased 1.9-fold (P < 0.05) in the hypertrophic RV compared
with the LV (Figure 4C). At the same time, no significant differ-
ences in HIF-1a protein were seen between the RV and LV in the
saline control group (Figure 4C), and HIF-2a was undetectable in
all samples (Figure 4D). D3 followed the same pattern of distribu-
tion as HIF-1a, with high D3 activity only in the hypertrophic RV
of rats in the monocrotaline group (Figure 4E). As in isolated cells,
the 9-fold increase in D3 activity was associated with high levels of
D3 mRNA, with a 6.2-fold increase in the RV/LV ratio detected by
real-time PCR in the monocrotaline group (Figure 4F). D2 activity
was undetectable in all specimens (data not shown).

To analyze the impact of this myocardial D3 expression on
local thyroid status, we measured tissue thyroid hormone con-
centrations (Table 1). Monocrotaline-induced CHF was associ-
ated with a 35% drop (P < 0.05) in T3 concentration in the hyper-
trophic RV relative to the LV of the same hearts, corresponding
to D3’s anatomic distribution, whereas the T4 content was the
same in both ventricles. In contrast, no difference in tissue T3 or
T4 content was observed between the RV and LV of rats in the
control group. While the decrease in plasma T3 and T4 noted
in the monocrotaline group contributes to overall lower tissue
hormone levels, it cannot explain the discordance between LV
and RV T3 concentrations in this group. This was illustrated by
a specific decrease in the tissue T3 to plasma T3 ratio in the D3-
expressing hypertrophic RV (Table 1).

We next tested the physiologic relevance of this apparent local
hypothyroidism using what we believe to be a novel method to mea-
sure T3-dependent transcriptional activity in vivo. A T3-responsive
Firefly luciferase vector (pLuc-TRE) and a normalization Renilla
luciferase vector (pRen-C) were constructed and coinjected into
the myocardium via thoracotomy to selectively transfect cardio-
myocytes (24, 25). Reporter activity was assayed in ventricular
homogenates 5 days later. The T3 responsiveness of this system
was validated by comparing myocardial pLuc-TRE activity in rats
that were euthyroid, systemically hypothyroid (KCIO4administra-
tion), or thyrotoxic (T3 administration) (Figure 4G). In monocro-
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taline-treated animals, T3-dependent transcriptional activity was
reduced by 45% (P < 0.05) only in the D3-expressing RV, to levels
that approximate those observed in the myocardium of systemi-
cally hypothyroid animals despite euthyroid reporter levels in the
LVs of the same hearts (Figure 4G). Taken together, these data
indicate that both HIF-1a and D3 are selectively induced in the
RV in this model of hypertrophic CHF and that this D3 activity is
associated with alocal anatomically precise reduction of T3 as well
as T3-dependent transcriptional activity.

Discussion
D3-mediated inner ring deiodination was originally character-
ized in the placenta (26, 27) and in embryonic tissues (28), where
D3’s highly coordinated expression permits the spatially and
temporally precise inactivation of thyroid hormone during mor-
phogenesis (12). Although D3 is not detectable in most normal
postnatal tissues, recent studies have documented D3 reactiva-
tion in various disease states and indicated that its degradation
of circulating thyroid hormone can lower serum T3 (11) or even
cause severe hypothyroidism (29). These phenomena illustrate
D3’s clinical relevance as a regulator of systemic thyroid status,
but the molecular mechanisms responsible for its reactivation and
the functional consequences to the tissue microenvironment are
largely unknown. Here we show that hypoxia induced D3 (Figure
1) via a HIF-dependent pathway (Figure 2) and demonstrate that
D3 activity was sufficient to reduce T3-stimulated energy expendi-
ture (Figure 3) and to induce anatomically specific local hypothy-
roidism in hypoxic tissue (Figure 4 and Table 1).

In cells endogenously expressing D3, both hypoxia (Figure 1)
and hypoxia mimetics (Figure 2) were sufficient to induce high
D3 activity, indicating that D3’s induction is HIF dependent. This
D3 induction was regulated at the level of RNA (Figure 1B), and
ChIP analysis of stimulated human neurons indicated that HIF-1a
interacted specifically with sequences in the DIO3 5'FR (Figure
2D), thus providing strong evidence that D3 is a direct HIF-1 tar-
get gene. HIF-1a, but not HIF-2a, was induced in the D3-express-
ing RV of monocrotaline-treated rats, indicating that HIF-1a is
the stimulating HIF isoform in this model of CHF (Figure 4, C and
D). Whether or not HIF-2a, a closely related isoform of HIF-1a
that has recently been shown to play nonredundant cell type-spe-
cific roles in hypoxic responses such as erythropoietin induction
(30, 31), can also mediate the hypoxic induction of D3 in certain
other tissues or developmental states remains to be determined.
Adding further complexity, because hypoxia has also been shown
previously to induce factors such as TGF-B3 and basic fibroblast
growth factor (32) that are also capable of stimulating D3 (13),
indirect D3 stimulation via these intermediates in certain cell
Volume 118
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types is also possible. Further characterization of these potential
signaling interactions may explain the variation in D3 response
we observed among cell types (Figure 1A), but the present study
clearly demonstrated that hypoxia stimulated D3 in a temporally
dynamic (Figure 1C) and anatomically specific manner (Figure
4 and Table 1). The ability of D3 to decrease metabolic rate and
oxygen consumption (Figure 3) is consistent with the function of
many other HIF target genes (17), and this supports the general
concept that T3 reduction during nonthyroidal illness benefits
energy balance. D3 can induce spatially precise local hypothyroid-
ism (Table 1) because it is an integral plasma membrane protein,
thus decreasing the access of T3 to the cell nucleus and consequent
binding to T3 receptors (33). As illustrated in the rat CHF model
in the present study, D3 maintained local T3 gradients across sub-
populations of cells even within the same tissue or organ (Table
1) and induced anatomically precise reductions in thyroid hor-
mone-dependent transcription (Figure 4G). The role of D3 is the
opposite of that played by D2, the key thyroid hormone-activating
enzyme present in the endoplasmic reticulum compartment (34)
that can increase T3 concentration within the nucleus and thus
saturation of T3 receptors (35).

The induction of D3 by hypoxia can explain several clinical obser-
vations. D3 is highly expressed throughout the human fetus but
falls to undetectable levels in all but a few tissues within a few days
of delivery (8, 9). This coincides with the transition from fetal to
neonatal circulation and the rapid rise in the partial pressure of
arterial oxygen from 25 mmHg in the fetus (36) to 74 mmHg in
the newborn infant (37) as the ductus arteriosus and the foramen
ovale close. Children who are chronically hypoxic from pathologic
conditions such as congenital heart disease also have a pattern of
serum iodothyronines that is consistent with the accelerated inner-
ring deiodination of T4 (high TSH, low T4, high rT3; ref. 38). Even
in patients who die in the intensive care unit, D3-specific activity
in the liver and skeletal muscle correlates positively with inotrope
requirements, suggesting that tissue ischemia stimulates higher D3
expression and a greater fall in serum T3 (11). D3 stimulation by
HIF can explain the modulation of systemic thyroid status in all of
these hypoxic-ischemic conditions. In addition, the current study
also provides insight into the impact of postnatal D3 expression on
the tissue microenvironment. Although the massive D3 reactiva-
tion in conditions such as consumptive hypothyroidism is clearly
maladaptive, the observation that D3 reduces T3-dependent oxygen
consumption suggests that D3 reactivation in certain other disease
states may benefit the patient. Using the example of hypertrophic
cardiac failure, local D3 expression could promote viability in the
most hypoxic myocytes by reducing oxygen consumption without
a global decrease in T3-dependent contractility in the healthy myo-
cardium. Further studies are needed to determine the role of D3
reactivation in clinical disease, but because SK-N-AS neurons, car-
diomyocytes, and NCLPGE hepatocytes all increased D3 in respons-
es to hypoxia (Figure 1A), we speculate that local thyroid hormone
inactivation by D3 may be an important component of the tissue
response to diverse hypoxic-ischemic injuries such as stroke, myo-
cardial infarction, and liver transplantation.

From a broad perspective, our findings are reminiscent of the
cell-specific modulation of thyroid hormone signaling by D2. It
has long been established that the expression of D2 in tissues
such as the pituitary (39), brain (40), and brown fat (41) can
amplify local thyroid hormone signaling through the intracellular
activation of T4 into T3. Here we show an opposite but comple-

The Journal of Clinical Investigation

http://www.jci.org

research article

mentary physiologic role of D3 to inactivate thyroid hormones
and mediate cell-specific hypothyroidism. It is accepted that D3
serves a homeostatic role in tissues such as the brain to coun-
teract changes in thyroid hormone supply and maintain tissue
euthyroidism during thyroid dysfunction (42). In addition, D3
inactivation disrupts thyroid hormone homeostasis and leads to
central hypothyroidism (43). Studies have shown that primary
changes in D2 can change thyroid status, and we show here that
D3 induction by the hypoxia-HIF signaling pathway decreased
local T3 concentrations (Figure 4 and Table 1) and cell-specific
thyroid hormone-dependent metabolic effects (Figure 3), thus
adding to the growing body of work that indicates a fascinating
role of deiodination in postnatal disease as well as in embryonic
development and thyroid hormone homeostasis.

Methods

Materials. CoCl, DFO, FBS, iopanoic acid, and sodium selenite were pur-
chased from Sigma-Aldrich. SK-N-AS cells were provided by R. George
(Dana Farber Cancer Institute, Boston, Massachusetts, USA). Neonatal rat
cardiomyocytes were previously generated in our laboratory (44). Fibro-
blast cultures were purchased from the Coriel Cell Repository. Studies of
human tissues were approved by the Investigative Review Boards of the
Brigham and Women’s Hospital and Children’s Hospital Boston.

Tissue culture. SK-N-AS neurons were propagated in RPMI media with 10%
FBS. Rat neonatal cardiomyocytes were grown in DMEM/F12 (Invitrogen)
supplemented with 3 mM sodium pyruvate, 0.2% BSA, 0.1% mM ascorbic
acid, 0.5% insulin-transferrin-selenium (100x), penicillin, streptomycin,
and L-glutamine (44). NCLP6E Macaca mulatta hepatocytes and AG04526
fibroblasts were propagated in MEM supplemented with 0.5%-10% FBS,
glutamine, and gentamycin. Media for all cell types was supplemented with
107 M sodium selenite. For experiments measuring metabolic rate, FBS
was charcoal stripped prior to media preparation and cells were exposed to
20 uM iopanoic acid versus DMSO vehicle. Cells were exposed to hypoxia
versus normoxia in closed hypoxia chambers (Billups-Rothenberg Inc.).

Deiodination assays. Cellular sonicates were prepared for enzyme analysis
using 0.1 M phosphate and 1 mM EDTA at pH 6.9 with 10 mM dithio-
threitol and 0.25 M sucrose. D1 and D2 assays were performed as previ-
ously described using 3,3',['%°I]5"-rT3 and 3,5,3',[1%°I]5"-T4 (Perkin Elmer),
respectively (45). D2 assays were performed in 100 nM T3 to saturate coex-
istent D3 activity. D3 activity was assayed by HPLC as previously described
using 1-150 ug cellular protein, 200,000 cpm 3,5,[!251]3"-T3 (Perkin Elmer),
1 mM 6N-propylthiouracil, 10 mM DTT, and 0-10 nM unlabeled T3 in
each reaction. Reactions were stopped by the addition of methanol, and the
products of deiodination were quantified by HPLC as described by Richard
etal. (9). D3 velocities are expressed as fmol of T3 inner-ring deiodinated
per mg of sonicate protein per minute (fmol/mg/min).

Northern blotting. Total RNA was isolated with TRIZoOL reagent
(Invitrogen). Northern blots were prepared according to standard meth-
ods and probed with a 1.9-kb fragment representing the full length of the
DIO3 cDNA (27). D3 Northern blotting was performed using 15-30 ug
total RNA exposed for 3 days on a phosphoimager. Blots then were
stripped and reprobed with a rat cyclophilin cDNA probe to adjust for dif-
ferences in sample loading and transfer. Consistent with the high degree
of homology between monkey and human D3 genes predicted from the
rhesus Macaque Genome project, D3 Northern blotting of NCLP6E cells
confirmed the presence of a single D3 mRNA band that comigrated with
transcript from human term placenta.

ChIP assay. ChIP assays were performed according to the Upstate EZ
ChIP kit protocol (Millipore). SK-N-AS cells were exposed to DFO for 24 h
and then exposed to 1% formaldehyde to crosslink the chromatin prior
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to shearing. Sheared chromatin was immunoprecipitated with rabbit
polyclonal antibodies against HIF-1a. from either Santa Cruz Biotechnol-
ogy Inc. or Abcam Inc., using preimmune rabbit IgG (Santa Cruz Biotech-
nology Inc.) as a negative control. The primer sequences used to amplify
an HRE-containing region of the DIO3 5'FR were as follows: forward,
S''TCCGGCGTTCAGGCAACAGCTA-3'; reverse, 5'-CCGTCCCATCTC-
GTTCCA-3'. Primers used to amplify the SCN3A sodium channel pro-
moter were previous described (19).

Cellular metabolic rate. An XF24 Extracellular Flux Analyzer (Seahorse Bio-
science) was used to measure oxygen consumption rates in real time. Cells
were trypsinized, counted, and then seeded in customized 24-well plates,
each with 28 mm? surface and 350 ul media. SF24 optical sensors coupled
to fiber optic wave guides were used to deliver light at various excitations
wavelengths and transmit a fluorescent signal to photo detectors. Fibers
were coupled through a set of narrow band pass optical filters to separate
the wavelengths specific to each probe’s excitation and emission character-
istics, and oxygen concentration was measured as the quenching of fluo-
rescence from a porphyrin-based fluorophore specific to oxygen embedded
in the polymer of a disposable cartridge. Analyzer probes were contained
in a vertically mobile probe head that was lowered onto the wells during
each measurement cycle. Lowering the probe head reduced the volume of’
analysis to approximately 7 ul of media. Oxygen consumption rate was
measured during 5 min, after which the probe head was lifted and the cells
exposed to fresh media. This cycle was repeated 4 times at 5-min intervals.
Simultaneous measurements of pH were obtained in parallel.

Animals. Animal care and experiments were approved by the IACUC of
the VU University Medical Center. Male Wistar rats weighing 170-190 g
(Harlan) were housed individually (250 cm?/animal) and received food
and water ad libitum. Animals were randomly assigned to the treatment
or control group. All animals received a single subcutaneous injection of
either monocrotaline (80 mg/kg body wt) or saline. At 4 weeks after treat-
ment, all animals were euthanized with a halothane overdose, and heart
and lungs were excised. Hearts were rinsed by perfusion, and the LV and
RV and septum were separated. All tissues were weighed and snap frozen
in liquid nitrogen and stored at -80°C.

In vivo determination of T3-dependent transcriptional activity. A T3-respon-
sive reporter vector containing 5 T3 receptor-binding half sites inserted
upstream of the 141-bp skeletal muscle-specific SERCA1 minimal pro-
moter (46) subcloned into the pGL3-basic Firefly luciferase reporter vector
(Promega) was created using standard procedures and designated pLuc-
TRE. The expression of a control vector containing the SERCA1 promoter
without the T3 response element subcloned into the phRL-null Renilla
luciferase reporter vector (Promega), was designated pRen-C and used in
all experiments to normalize for variation in transfection efficiency. Rats
were anesthetized with a mixture of N,O (0.2 1/min), O; (0.2 I/min), and
sevoflurane (2%-3%). Hearts were exposed through a right-lateral thora-
cotomy, and, the RV and LV free wall were each injected 3 to 4 times using a
29-gauge needle with a total volume of 100 ul saline containing 10 ug each
of pLuc-TRE and pRen-C. The thorax was then closed, and rats were given
an intraperitoneal injection of buprenorphine prior to recovery. Animals
were sacrificed 5 days after direct gene transfer. Hearts were excised and
rinsed by perfusion. The RV, LV, and septum were separated, weighed, snap
frozen in liquid nitrogen, and then stored at -80°C. Tissue samples were
homogenized in 2 volumes of luciferase lysis buffer (Promega) and cen-
trifuged at 4°C for 15 minutes at 12,000 g. The supernatant was analyzed
in the combined Firefly and Renilla luciferase assay system (Promega).
Reporter (pLuc-TRE) activity was reported as Firefly luciferase activity
normalized to Renilla luciferase activity.

This method for determining T3-dependent transcriptional activity in
the heart was validated by comparing euthyroid (control), hypothyroid,
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and T3-treated hypothyroid rats (male Wistar rats, weighing 170-190 g;
Harlan). Hypothyroidism was induced by adding 2% KCIO4to the drinking
water for a period of 6 weeks (47). Plasma T3 levels were 0.027 + 0.004 nM
(n = 6) at the time of sacrifice, and T4 levels were undetectable. T3 treat-
ment of hypothyroid rats (20 ug/100 g body weight, daily subcutaneous
injection) to induce hyperthyroidism was started 1 day before plasmid
injections. Plasma T3 levels were 118 + 13 nM (n = 6), and T4 levels were
11.8 + 1.4 nM (n = 6) at the time of sacrifice (see Table 1 for control val-
ues). Hearts were transfected as described above, and luciferase activities
were determined 5 days later. The average ventricular luciferase activity
of Luc normalized to that of Ren (mean + SEM) was 2.7 + 0.2 (n = 29)
for control, 1.2 = 0.2 (n = 5) for hypothyroid (P < 0.008 vs. control), and
20.7 + 1.4 (n=9) for T3-treated rats (P < 0.0001 vs. control). The T3-depen-
dent transcriptional activity in the RV and LV of control and failing hearts
was determined by coinjection of the plasmids into the myocardium 19
days after saline or monocrotaline administration.

Western blotting. Ventricular tissue was homogenized in Histidine/KCl
buffer (20 and 100 mM, respectively), and equal amounts of protein
(10 ug) were separated by electrophoresis (20% SDS-PAGE) and transferred
to nitrocellulose membranes. For tissue samples, equal protein transfer was
confirmed by reversible Ponceau staining, and membranes were blocked
with 5% nonfat milk and immunostained with antisera against HIF-1a
(Santa Cruz Biotechnology Inc.) or HIF-2a. (Novus Biologicals). Blots were
incubated overnight at 4°C in TBS containing 1% nonfat milk, and bands
were visualized by enhanced chemiluminescence and quantified using a
Fuji Film LAS 3000 laser densitometer (Fuji Medical Systems). Sonicates
of isolated cells were prepared in 0.1 M phosphate and 1 mM EDTA at
pH 6.9 with 10 mM dithiothreitol and 0.25 M sucrose supplemented with
Complete Mini protease inhibitor cocktail tablets (Roche), and Western
blotting was performed with the BM chemiluminescence Western blotting
kit (Roche). For NCLP6E cells, the ECL Plus Western Blotting Detection
System (GE Healthcare) was used.

Quantitative real-time PCR. PCR primers were designed using Primer
Express version 2.0 (Invitrogen). Expression levels of HPRT were used
for normalization. A total of 5 ug total RNA was used to generate cDNA
strands in a 20-ul reaction volume using the Cloned AMV First Strand Syn-
thesis Kit (Invitrogen). An equivalent of 25 ng total RNA was subsequently
used in the amplification with 50 nM gene-specific primers and 4 ul SYBR
green mix (Applied Biosystems) in a total volume of 8 ul, using standard
cycle parameters on an Applied Biosystems model 7700.

Plasma and tissue thyroid hormone levels. Plasma T4 and T3 were determined
by RIA as previously described (21). Tissue thyroid hormone concentra-
tions were determined using methanol-chloroform extraction, back extrac-
tion into an aqueous phase, and purification of heart extracts on Dowex
1X2 columns as previously described (48). T3 and T4 content of the puri-
fied extracts was determined using sensitive RIAs, and the results were cal-
culated using individual recovery data obtained by the addition of tracer
amounts of [3!]T4 and ['?°I]|T3 to the initial homogenates.

Statistics. Comparisons were performed by Student ¢ test, and multiple
comparisons were by ANOVA followed by the Student-Newman-Keuls test.
A Pvalue less than 0.05 was considered significant.
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