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Type 2 deiodinase (D2), which is highly expressed in brown adipose tissue (BAT), is an enzyme that
amplifies thyroid hormone signaling in individual cells. Mice with inactivation of the D2 pathway
(D2KO) exhibit dramatically impaired thermogenesis in BAT, leading to hypothermia during cold
exposure and a greater susceptibility to diet-induced obesity. This was interpreted as a result of
defective acute activation of BAT D2. Here we report that the adult D2KO BAT has a permanent
thermogenic defect that stems from impaired embryonic BAT development. D2KO embryos have
normal serum T3 but due to lack of D2-generated T3 in BAT, this tissue exhibits decreased expres-
sion of genes defining BAT identity [i.e. UCP1, PGC-1� and Dio2 (nonfunctional)], which results in
impaired differentiation and oxidative capacity. Coinciding with a reduction of these T3-responsive
genes, there is oxidative stress that in a cell model of brown adipogenesis can be linked to decreased
insulin signaling and decreased adipogenesis. This discovery highlights the importance of deiodi-
nase-controlled thyroid hormone signaling in BAT development, where it has important metabolic
repercussions for energy homeostasis in adulthood. (Endocrinology 151: 4573–4582, 2010)

Brown adipose tissue (BAT) is a major site of adaptive
thermogenesis, having gained recent appreciation for

presence and activity in adult humans (1). Its capacity to
convert chemical energy into heat is used to preserve ther-
mal and caloric homeostasis. Both pathways rely on un-
coupling protein 1 (UCP1), a thyroid hormone-responsive
gene (2). While small mammals use BAT activation to
defend core temperature in the cold, hypothyroid animals
succumb within hours because of insufficient BAT ther-
mogenesis (3, 4).

Thyroid hormone signaling can be controlled in indi-
vidual cells through the selective activation or inactivation
of thyroid hormone via the deiodinases (5). Although thy-
roid hormone primarily exists as the minimally active pro-
hormone T4 (thyroxine), extrathyroidal tissues can con-

vert T4 to the biologically active T3 (3,5,3�-tri-iodo-
thyronine), which binds thyroid hormone receptor (TR) to
regulate transcription of T3-responsive genes. This reac-
tion is catalyzed by the type 2 deiodinase (D2), while both
T4 and T3 can be inactivated by the type 3 deiodinase (D3)
(Fig. 1, A and B, respectively). As a result, D2-expressing
cells have a higher T3 concentration and TR activation.
Correspondingly, D3-expressing cells can inactivate in-
coming T3, thereby reducing TR activation, such as dur-
ing myocardium hypoxia (6).

While the serum concentration of T3 is normal in mice
with targeted deletion of D2 gene (D2KO) (7), BAT ther-
mogenesis is severely impaired (8). Freshly isolated D2KO
brown adipocytes have impaired lipogenesis, generate less
cAMP, and fail to increase metabolic rate in response to
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adrenergic stimulation (8, 9). D2KO animals can only sur-
vive in the cold due to an increase in BAT sympathetic
activity and shivering, a behavior not normally observed
in cold-exposed mice. In addition, D2KO mice are more
susceptible to obesity when placed on a high-fat diet
(Castillo & Hall et al., unpublished).

Here we investigated whether insufficient D2KO BAT
thermogenesis stems from impaired BAT development or
results primarily from defective activation of the mature
tissue. We have found that absence of D2-mediated thyroid
hormone signaling in embryonic BAT contributes to a de-
crease of T3-responsive genes, such as PGC-1�, UCP1, and
Dio2. Furthermore, in D2KO embryonic BAT there is oxi-

dative stress, which in a cell model of
brownadipogenesiscanleadtodecreased
insulin signaling and impaired differenti-
ation. These data illustrate the critical
role played by D2 in BAT development,
the absence of which results in a defective
mature brown adipocyte.

Materials and Methods

Materials
Unless otherwise specified, reagents were

purchased from Sigma-Aldrich (St. Louis,
MO). BODIPY 493/503, Fungizone, Trizol,
Oil Red O, and SlowFade Gold with DAPI
were from Invitrogen (Carlsbad, CA). An-
ion exchange resin AG1-X8 was obtained
from Bio-Rad (Richmond, CA). Anti-Phos-
pho-Akt (Ser473), anti-Akt, anti-Phospho-
IRS-1 (Ser307), and anti-Phospho-I�B�
(Ser32) antibodies were obtained from Cell
Signaling (Danvers, MA). The antirabbit Al-
exa647, antirabbit Alexa488, and antirab-
bit Alexa593 antibodies were from Invitro-
gen. Outer-ring labeled 125I-T4 and -T3
were purchased from PerkinElmer (Boston,
MA) and purified on LH-20 columns
(Sigma) before use. Dithiothreitol (DTT)
was from Calbiochem (San Diego, CA).

Animals
All studies were performed according to

protocols approved by the Animal Care and
Use Committees of Harvard Medical School
and University of Miami Miller School of
Medicine. Mice with targeted disruption of
the Dio2 gene (D2KO) were backcrossed into
a C57BL/6J background for 10 generations.
Genotyping of D2KO mice was as previously
described(9).C57BL/6Jmice (wild-type,WT)
were purchased from Jackson Laboratories
(Bar Harbor, MA). For the embryo studies,
WTmicewerematedwithD2KOmice togen-
erate mice heterozygous for the D2KO allele

(D2Het mice). Timed-pregnant dams of D2Het pairs were used to
obtain littermate embryos of WT, D2Het and D2KO genotypes.
Pregnancy was determined by presence of a vaginal plug (embry-
onic d 0.5, E0.5). All mice were maintained on normal chow and
housed under a 12-h light, 12-h dark cycle at 22 C.

Histology
Hematoxylin and eosin staining was performed on paraffin-

embedded sections of embryos that had been fixed in 10% neu-
tral buffered formalin.

Deiodination assays
D2 and D3 activity was determined as previously described

(10). D2 activity was measured on 30–40 �g protein of BAT

FIG. 1. Deiodinase expression during BAT development. A and B, Schematic of D2 and D3
modulation of thyroid hormone signal. D2 converts T4 to T3 (A), increasing nuclear T3 levels,
while D3 can inactivate T3 and T4 (B), decreasing thyroid hormone signal. C, Image of H&E
section of wild-type mouse embryo at E16.5 (top) and E18.5 (bottom) with arrow indicating
interscapular BAT (iBAT). Inset shows enlarged iBAT, where a. is section of BAT dissected for
subsequent analyses. Bars, 1 mm. D, Dio2 and Dio3 mRNA levels of embryonic BAT graphed
relative to E16.5 expression. E, D2 and D3 activity of BAT sonicates from E16.5, E17.5, and
E18.5 embryos. *, P � 0.05; **, P � 0.01; and ***, P � 0.001 by one-way ANOVA with
Newman-Keuls Multiple comparison. F, Chromatogram of T4-fate, as resolved by UPLC,
when E16.5 (top) and E18.5 (bottom) BAT sonicates are incubated with 125I-T4. Deiodination
products are labeled by arrow according to retention time. Area depicting T3 peak is colored
in red; rT3 peak in blue.
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homogenates in the presence of outer-ring labeled 125I-T4, 0.1
nM T4 substrate, and 20 mM DTT for 4 h at 37 C and 125I release
quantified with a � counter (2470 WIZARD2, PerkinElmer Life
Sciences, Boston, MA). Samples treated with 100 nM T4 (satu-
rating) were used for background measurements. D3 activity was
assayed by quantification of deiodination products on UPLC
(ACQUITY, Waters Corporation, Milford, MA) after 1-h incu-
bation at 37 C with outer-ring labeled 125I-T3, 0.1 nM T3 sub-
strate, 1 mM PTU, and 10 mM DTT. For determination of T4-
fate, deiodination products were resolved by Ultra Performance
Liquid Chromatography (UPLC) after incubation for 2 h with
outer-ring labeled 125I-T4, 1 mM PTU, and 10 mM DTT.

Plasma hormone levels
Plasma levels of TSH, T4, and T3 were determined using a

MILLIPLEX rat thyroid hormone panel kit as described by the
manufacturer (Millipore, Billerica, MA) and read on a BioPlex
(Bio-Rad, Hercules, CA). Plasma from hypo- and hyperthyroid
mice (treated for 10 d with Sodium Perchlorate and Methimazole
or 80 mg/kg T4, respectively) was used to prepare mouse TSH
standards. Both rat and mouse curves were parallel and sepa-
rated by a factor of 5. Mouse embryo serum samples were diluted
1:2.5 for analysis, and settings for the BioPlex included a mod-
ified specification of 100 events per bead.

Brown preadipocyte tissue culture
Interscapular brown adipose tissue (iBAT) was dissected

from male and female mice from 4–8 wk of age and processed
as previously described (11). Unless indicated, cells were grown
in DMEM � 10% fetal bovine serum, supplemented with 10 mM

HEPES, 10�7 M sodium selenite, 3 nM insulin, 25 mg/liter tet-
racycline, 25 mg/liter streptomycin, 25 mg/liter ampicillin, and 1
mg/liter fungizone. The preadipocytes were propagated and
plated at confluence (20,000 cells/cm2), corresponding to d 0 of
differentiation. Cells were differentiated for 10 d in this media
unless noted. T3-responsiveness was performed with thyroid
hormone-depleted serum (AG1-X8 resin/charcoal-stripped) as
previously described (11). An adipogenic cocktail of indometh-
acin (125 �M), IBMX (0.5 mM), and dexamethasone (0.5 �M)
was used with or without insulin in indicated experiments. Other
treatments included Ascorbic Acid (1 mM), rT3 (200 nM), and T3
(50 nM or 100 nM).

Microscopy and cell counting
For the cell counting experiments, d 0 cultures were differ-

entiated on LabTek permanox slides (Nalge Nunc International,
Rochester, NY). Cells were fixed in 4% PFA, and immunocyto-
chemistry performed as suggested by antibody manufacturers
(Abcam and Invitrogen). Slides were imaged on a Nikon Eclipse
90i microscope (Melville, NY), with a total of 15 fields in three
different wells acquired for each sample at each time point. The
location of individual fields was kept consistent between slides
with a reference guide on the microscope stage. Nuclei or cells
were counted using the Nikon NIS-Elements imaging software
(for DAPI), or manually (for BODIPY 493/503). Identical
thresholds for fluorescent intensity were used for WT and D2KO
fields. Percent differentiation was determined as fraction of cells
staining for BODIPY 493/503.

Cellular O2 consumption
Ten-day differentiated WT and D2KO brown adipocyte cul-

tures were seeded in 24-well microplates and assayed in the XF24

instrument from Seahorse Bioscience (Billerica, MA), as de-
scribed previously (12).

Quantitative RT-PCR
For expression analyses of embryonic BAT, total RNA was

extracted using RNeasy Lipid Tissue Mini kit (Qiagen Sciences)
and contaminating DNA removed with TURBO DNA-free (Am-
bion), followed by cDNA preparation from 0.3–1 �g of total
RNA with Applied Biosystem’s High Capacity cDNA RT kit. For
cell culture samples, total RNA was extracted using the Trizol
method, and 1.5–10 �g of total RNA was used in the SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen) on a
Robocycler (Stratagene, La Rolla, CA). For mitochondrial DNA
content, DNA was recovered during the Trizol RNA isolation,
and 18 ng of total DNA used for amplification. cDNA products
were quantified by real-time PCR using the SYBR Green FastMix
(Quanta) on a MyiQ iCycler (Bio-Rad) under conditions as pre-
viously described (9). Primer sequences available upon request.
Gene expression was determined by generation of a standard
curve and normalized for the expression of Cyclophilin B.

Insulin signaling and Western blotting
For insulin signaling experiments, brown preadipocyte cul-

tures were serum starved for 20 h. Cells were stimulated with
varying insulin concentrations (0–7.5 nM) for 5 min, and then
lysed in 50 mM HEPES (pH 7.4), 137 mM NaCl, 1 mM MgCl2, 1
mM CaCl2, 10 mM sodium pyrophosphate, 10 mM NaF, 2 mM

EGTA, 2 mM Na3VO4, 2 mM phenylmethylsulfonylfluoride, 1%
NP-40, and 10% Glycerol. Extracts were sonicated, total lysates
separated on a pre-cast gel (Bio-Rad), transferred to Immo-
bilon-P transfer membranes (Millipore, Bedford, MA), and blot-
ted as directed by manufacturer. Western blots were stripped
using Restore PLUS Western Blot Stripping Buffer (Thermo Sci-
entific, Rockford, IL) as directed. Scanned images were pro-
cessed in Adobe Photoshop Elements 2.0 software and auto lev-
els used to increase brightness for publication.

Reactive oxygen species (ROS) detection by flow
cytometry

WT and D2KO preadipocyte cultures were pretreated for 30
min with 5 mm CM-H2DCFDA (Invitrogen) and subsequently
harvested and washed with PBS. Cell suspensions were imme-
diately sorted at the Dana-Farber Cancer Institute Flow Cytom-
etry Core Facility (Boston, MA) Core. Data analysis was per-
formed with the FlowJo Flow Cytometry Analysis Software
(Ashland, OR), with a lower cutoff of 1000 FL intensity for the
CM-H2DCFDA dye.

Detection of lipid peroxidation
Embryonic BAT was frozen in liquid nitrogen upon dissection

and stored at �80 C until analysis. For homogenization, tissue
was resuspended in cell lysis buffer (Cell Signaling) containing a
complete protease inhibitor cocktail from Roche (Basel, Swit-
zerland) and sonicated. Protein concentration was determined
using the Bradford method (Bio-Rad). Lipid peroxidation was
detected on 20 �g of BAT protein lysate with the OxiSelect
Malondialdehyde (MDA) Immunoblot kit (Cell Biolabs) using
a rabbit anti-MDA antibody according to the manufacturer’s
instructions.
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Statistical analysis
Data were analyzed using PRISM software (GraphPad Soft-

ware, Inc, San Diego, CA) and expressed as mean � SEM. Western
blot signal was analyzed with ImageJ software (National Insti-
tutes of Health, Bethesda, MD) and normalized to �-tubulin
signal on each blot. A two-tailed Student’s t test or one-way
ANOVA with Newman-Keuls Multiple Comparison test (or
Dunnett’s Multiple Comparison test, where indicated) was used
to compare means between groups.

Supplemental experimental procedures
For details on experiments included in Supplemental

Data, please refer to the Supplemental Experimental Pro-
cedures published on The Endocrine Society’s Journals
Online web site at http://endo.endojournals.org.

Results

Local thyroid hormone signaling increases during
brown adipogenesis

It is not known whether D2 plays its critical role during
development of BAT or exclusively during acute activa-
tion of mature BAT. To address this question, we focused
on BAT development during embryonic life, where em-
bryos are held in utero at thermoneutrality, allowing for
capture of D2-mediated events of an adipogenic nature. In
rodents, BAT develops late during the prenatal period,
such that at birth the BAT is equipped with its full ther-
mogenic potential (13). Using a mouse model of BAT de-
velopment, an interscapular BAT depot became evident at
embryonic d (E)16.5, reaching a substantial size by E18.5
(�5 mm) (Fig. 1C). With this 3-d developmental snapshot
to study in vivo adipogenesis, we then analyzed the mRNA
transcripts of D2 and D3 (Dio2 and Dio3, respectively).
Dio2 expression increased considerably from E16.5 to
E18.5, reaching levels over 5-fold greater by E18.5 (Fig.
1D). This corresponded with a decrease in Dio3, from its
highest expression level at E16.5 to 27% by E18.5. Deio-
dinase activity correlated with mRNA levels for D3, where
its highest activity was observed at E16.5. On the other
hand, D2 activity increased from E16.5 to E18.5, with
peak D2 activity at E17.5 (Fig. 1E).

We verified that these reciprocal changes in deiodinase
activity modify thyroid hormone signaling in the devel-
oping brown adipocyte by following the fate of the pro-
hormone T4 during incubation with E16.5 or E18.5 BAT
sonicates (Fig. 1F). At E16.5, almost all T4 exposed to
BAT sonicates was inactivated to rT3 (via D3), and no T3
was detected, as it was rapidly inactivated to T2 (via D3).
This indicates that early during brown adipogenesis thy-
roid hormone signaling is kept at a minimum as both T4
and T3 are inactivated by high levels of D3. On the other
hand, at E18.5, there was an identifiable peak of T3, re-

sulting from T4 activation by D2. At the same time, rT3
production decreased dramatically, and T3 inactivation to
T2 was undetected. Thus, coordinated changes in deiodi-
nase behavior mediate an increase in thyroid hormone
signaling during BAT development. These patterns of
deiodinase expression were also found by comparing in
vitro proliferating brown preadipocytes with isolated ma-
ture brown adipocytes (Supplemental Fig. 1).

Impaired expression of T3-dependent genes
disrupts D2KO brown adipogenesis

To test the hypothesis that D2-generated T3 plays a role
during BAT development, we studied D2KO embryos
from E16.5-E18.5. By breeding mice heterozygous for the
D2KO allele (D2Het), we could compare D2KO and
D2Het embryos with WT littermates. Importantly, we de-
termined that E18.5 D2KO and D2Het embryos are sys-
temically euthyroid with normal concentrations of T3 in
plasma (Fig. 2A), which is a phenotype that persists into
adulthood (7). This is further supported by an analysis of
81 E18.5 WT, D2Het, and D2KO embryos, which had
similar body weight and length (Supplemental Table 1).
Thus, differences between WT and D2KO BAT should
reflect effects based on a local (tissue-specific) decrease in
thyroid hormone signaling.

Although we were unable to find gross differences in
BAT pad appearance or size between E18.5 WT and
D2KO littermates (data not shown), we sought to detect
changes at the transcript level that would shed light on
BAT integrity. First, we looked at the expression of genes
common to both white and brown adipogenesis, including
the antiadipogenic preadipocyte factor-1 (Pref1; also
known as DLK1) and Dio3 (both genes are in the same
locus) (14–16), and the master transcriptional regulators
of adipogenesis CCAAT/enhancer-binding protein-� (C/
EBP�) and peroxisome proliferator-activated receptor-�
(PPAR�) (17). Notably, while there was a trend for lower
expression of PPAR�2 in the D2KO BAT, the expression
of the terminal differentiation marker, aP2, which is a
target of PPAR�, was significantly decreased by E18.5 in
D2KO BAT (25% lower than WT) (Fig. 2B). Second, we
looked at genes selective for the molecular signature of
brown adipocytes, where we found Cidea, which can
modulate UCP1 activity (18), to be reduced 20% in D2KO
E18.5 BAT, but other genes preferentially expressed in
brown vs. white adipocytes (PRDM16, Elovl3, PPAR�

and Cox8b) to be unaffected (Fig. 2C). Third, we exam-
ined the expression of several genes important for the ther-
mogenic function of BAT. UCP1 increased dramatically
during the course of development, but 54% of this induc-
tion was lost by E18.5 in D2KO BAT (Fig. 2D). D2KO
mice still express a nonfunctional mRNA of Dio2 (7), and
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without D2 activity, the developmental induction of Dio2
and PGC-1� were also significantly blunted (60% and
34% decreased, respectively). PGC-1� was slightly de-
creased in late prenatal D2KO BAT, but this difference did
not reach statistical significance. Long-chain acyl-CoA
synthetase (ACSL5), which plays a role in �-oxidation,
was also significantly decreased in D2KO E18.5 BAT
(38%). Moreover, BAT from D2Het embryos tended to
have an intermediate phenotype, at times behaving more
like WT BAT (i.e. expression of Cidea), and at other times
like D2KO BAT (i.e. expression of UCP1), suggesting that
BAT impairment is related to dose of the Dio2 gene. In
fact, whereas embryonic D2KO BAT has no D2 activity,
heterozygotes have �50% less D2 activity in BAT com-
pared with WT (data not shown).

Thus, targeted disruption of Dio2
selectively impairs the expression of key
molecules in brown adipogenesis in-
volved in fatty acid metabolism (aP2,
Cidea, and ACSL5) and mitochondrial
respiration (UCP1, PGC-1� and D2).
To test the hypothesis that these are T3-
responsive pathways, we turned to an
in vitro primary culture model of dif-
ferentiating brown preadipocytes, in
which differentiation is induced in 10 d
driven only by low levels (3 nM) of in-
sulin (Supplemental Fig. 2, A–C). These
cells are propagated in 10% fetal bo-
vine serum, which provides physiolog-
ical levels of thyroid hormone (19). In
this setting, induction of aP2, Cidea,
UCP1, and PGC-1� in D2KO brown
adipocytes were progressively less than
WT cultures (Supplemental Fig. 2D
and data not shown). Additionally,
C/EBP� and PPAR�2 reached levels
lower than 50% of WT by d 10. An
expanded search of several down-
stream targets of C/EBP� and PPAR�2
led to the detection of 13 additional
genes with known roles in brown adi-
pocyte function that were insufficiently
induced in D2KO cells (Supplemental
Fig. 2D). Lastly, gene responsiveness to
T3 was tested in confluent WT brown
preadipocytes exposed to T3 for 24 h,
which resulted in a 5.5-fold induction
of UCP1, and about 2-fold induction of
PGC-1� and Dio2, confirming direct
responsiveness to T3 (Fig. 2E). On the
other hand, prolonged T3 exposure (6
d) caused the additional stimulation of

PPAR�2 and CEBP� (data not shown). Taken together,
these data indicate a role for D2-generated T3 in BAT
development, where the enhanced thyroid hormone sig-
naling provided by intracellular T3 production primes
the mature tissue with molecular aspects required for
adaptive thermogenesis.

Confirming that these reductions in the expression of T3-
responsive genes were detrimentally affecting the differenti-
ation process, the phenotype of the D2KO cells included a
delay in the maturation process as assessed by lipid accumu-
lation via immunofluorescence after staining with the lipid-
specific dye BODIPY 493/503 (Fig. 3A). D2KO adipocyte
cultures contained a lower fractional number of lipid-con-
taining cells (37% lower at d 10), indicating that fewer

FIG. 2. D2-generated T3 contributes to brown fat identity. A, Plasma TSH, T4, and T3
concentrations of E18.5 WT (n � 3), D2Het (n � 8), and D2KO (n � 5) E18.5 embryos from 5
litters. B–D, Expression of selective genes in iBAT from WT, D2Het, and D2KO embryos at
embryonic d E16.5, E17.5, and E18.5. mRNA levels were determined by qRT-PCR and are
graphed relative to E16.5 WT expression. Genes are grouped into (B) genes common to both
white and brown adipogenesis, (C) genes that are specific to BAT, and (D) genes that are
involved in thermogenesis. *, P � 0.05; **, P � 0.01; and ***, P � 0.001 vs. WT of
respective day by one way ANOVA with Dunnett’s Multiple Comparison test. E, Gene
expression in confluent brown preadipocytes after 24 h in stripped serum plus vehicle or 100
nM T3. *, P � 0.05; and **, P � 0.01 by Student’s t test.
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D2KOcells terminallydifferentiate intobrownadipocytesat
each time-point analyzed (Fig. 3A). This was verified by flow
cytometry (Supplemental Fig. 3A) and oil-red-O staining in-
tensity (Supplemental Fig. 3B). Notably, these changes are
connected with a decrease in thyroid hormone signaling,
given the complete rescue of the D2KO phenotype by treat-
ment with 50 nM T3 (Fig. 3B). If not rescued, the D2KO
brown adipocytes have approximately 40% fewer mito-
chondria (Fig. 3C) and impaired cAMP-induced oxidative
capacity (Fig. 3D). Using a XF24 instrument that monitors
oxygen (O2) consumption, D2KO brown adipocyte cultures
failed to increase O2 consumption in a wide range of fors-
kolin concentrations (Fig. 3D). Collectively, these findings
indicate a defect in differentiation that results in a substantial
impairment in the mature adipocyte function, such as lipid
accumulation and oxidative capacity.

D2KO BAT has decreased antioxidant defenses
and is susceptible to oxidative stress

As an unbiased approach to elucidate additional tran-
scriptional pathways that underlie the D2KO BAT phe-
notype, we used microarray analysis of E18.5 BAT from
WT and D2KO littermates. This approach confirmed our
previous observations (Fig. 2 and data not shown) and led
to additional genes with reported roles in regulation of
ROS formation and damage, including GPx3, Mb,

Msrb2, and PKD1. The expression of these genes (with the
exception of PKD1) was greatly increased throughout the
course of BAT development (Fig. 4A). Glutathione per-
oxidase 3 (GPx3), which is an antioxidant that is highly
expressed in BAT (20), was significantly less (38%) in BAT
pads of D2KO mice. Also, reductions of approximately
30% were seen in expression of methionine sulfoxide re-
ductase B2 (MsrB2), an enzyme that repairs oxidized pro-
teins and protects against oxidative stress (21), and pro-
tein kinase D1 (PKD1), which regulates protective
signaling in response to ROS (22). Most dramatically, ex-
pression of myoglobin (Mb) was reduced by 72% in E18.5
D2KO BAT compared with WT. Mb, which is known to
increase in BAT during cold exposure (23), plays roles in
oxygen transport and scavenging of ROS (24). Impor-
tantly, this decrease in ROS defense coincided with oxi-
dative damage, as evidenced by increased lipid peroxida-
tion end products (as observed by immunoblotting for
malondialdehyde) in E18.5 D2KO BAT (Fig. 4B). These
data indicate that the absence of D2 modifies the devel-
oping BAT transcriptome, limiting defenses against ROS
accumulation and oxidative stress.

FIG. 3. Impaired D2KO brown adipocyte differentiation. A, Brown
preadipocytes were isolated from iBAT of WT and D2KO mice and
differentiated in culture. Percentage of differentiated brown
adipocytes determined by immunocytochemistry after staining with
BODIPY 493/503. B, Treatment of D2KO preadipocytes cultures with
50 nM T3 during the early stages of differentiation (d 0–4) restores the
WT percentage differentiation at d 10. C, Mitochondrial content in WT
and D2KO d 10 brown adipocytes by quantification of Cox1/2 and
Cox8 gDNA by qRT-PCR, expressed as mitochondrial/genomic DNA ratio.
D, O2 consumption of WT and D2KO d 10 brown adipocyte cultures in
response to increasing concentrations of forskolin. A–D, Values are
mean � SEM of 3–30 data points unless otherwise indicated. *, P � 0.05;
and **, P � 0.01 vs. WT (or as indicated) by Student’s t test.

FIG. 4. Oxidative stress in D2KO embryonic BAT. A, Expression of
genes related to oxidative stress response processes in iBAT from WT,
D2Het, and D2KO embryos at embryonic d E16.5, E17.5, and E18.5.
mRNA levels determined by qRT-PCR are graphed relative to E16.5 WT
expression. *, P � 0.05; **, P � 0.01; and ***, P � 0.001 vs. WT of
respective day by one-way ANOVA with Dunnet’s Multiple correction.
B, Lipid peroxidation in iBAT lysates from E18.5 WT and D2KO
littermates as indicated by immunoblotting for malonaldehyde (MDA).
�-Tubulin shown as loading control. C, Average CM-H2DCFDA
fluorescence in d 0 brown preadipocytes after quantification with flow
cytometry. ***, P � 0.001 by Student’s t test.
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To confirm that these changes in gene expression were
leading to accumulation of ROS, we incubated in vitro
differentiated D2KO brown adipocytes with the ROS sen-
sitive dye CM-H2DCFDA to quantify signal intensity. In-
deed, d 10 D2KO brown adipocytes exhibited higher lev-
els of ROS (Supplemental Fig. 4). Elevated ROS levels
were observed even in D2KO preadipocytes at d 0, a time
at which differences based solely on decreased fat cell
number could be avoided. Notably, ROS levels in D2KO
preadipocytes are already 12.5% higher than WT, sug-
gesting that defects in gene expression are present at early
stages of differentiation (Fig. 4C). In fact, microarray anal-
ysis of these preadipocytes identified decreases in genes
involved in ROS metabolic processes (Supplemental Table
2), which was determined by GeneMAPP2 evaluation to
be one of the most significantly altered biological path-
ways in D2KO brown preadipocytes (Z scores �10, P �

0.05; Supplemental Table 2). Collectively, these patterns
of altered gene expression indicate that D2KO preadipo-
cytes are at higher risk of developing oxidative stress due
to ROS accumulation.

Next, we looked for potential metabolic perturbations
downstream of oxidative stress. Specifically, we examined
insulin signaling via the PI3K/Akt pathway in D2KO
brown preadipocytes, because oxidative stress has been
reported to trigger insulin resistance in adipocytes (25).
Remarkably, insulin signaling, as determined by an active
phosphorylated form of Akt (Ser473), was much lower in
D2KO preadipocytes, when exposed to varying levels of
insulin (Fig. 5, A and B). A link between D2 activity and
insulin signaling was confirmed by chemically inactivating
D2 with rT3 in WT preadipocytes, which produced sim-
ilar defects in Akt phosphorylation (Fig. 5, C and D). Ox-
idative stress can induce insulin resistance through inhib-
itory phosphorylation of IRS1 by IKK (26, 27). Thus,
increased IRS1 Ser307 phosphorylation in D2KO preadi-
pocytes (Fig. 5E) without changing expression of key in-
sulin signaling components (Supplemental Fig. 5, A and B)
suggests that oxidative stress leads to the decreased insulin
signaling. This is corroborated by increased I�B� phos-
phorylation (Fig. 5F), which is a downstream effector of
IKK and consistent with NF�B activation upon cellular
stress. Finally, we treated WT and D2KO cells with the
anti-oxidant ascorbic acid, which rescued insulin signal-
ing in the D2KO to WT levels, indicating that elevated
levels of ROS lead to decreased insulin signaling in these
cells (Fig. 5, G and H).

Supplemental insulin (3 nM) is the predominant force
driving adipogenesis in our in vitro model, so we hypoth-
esized that the defective differentiation phenotype that is
observed in the D2KO cells could be due to disruption of

insulin signaling. In fact, this is confirmed by experiments
in which differentiation was carried out in the absence of
supplemental insulin, but rather with an adipogenic cock-
tail (IBMX, dexamethasone, and indomethacin) for two d.
In this setting, differences in the relative number of mature
brown adipocytes between WT and D2KO cells were dissi-
pated (Fig. 5I). These findings suggest that other stimuli
present during BAT development may bypass a more severe
defect inbrownadipogenesis, suchas thedifferentiationphe-
nomenon that is observed when insulin alone is pushing the
conversion of preadipocytes to brown adipocytes.

FIG. 5. ROS causes decreased insulin signaling. A and B, WT and
D2KO d 0 brown preadipocytes were serum starved for 20 h, treated
for 5 min with varying doses of insulin, and levels of pAkt (Ser473),
total Akt, and �-tubulin determined by immunoblotting. C and D,
Immunoblotting of pAkt (S473) and �-tubulin in vehicle-treated WT
and D2KO preadipocytes, as well as WT preadipocytes treated with rT3
since differentiation. Images are from different regions of same gel. E,
Immunoblot analysis of d 0 serum starved WT and D2KO brown
preadipocytes for phospho-IRS1 (S307) and �-tubulin. F, Immunoblot
of phosphorylated I�B� in extracts from d 2 WT and D2KO brown
preadipocytes. G and H, Treatment with the antioxidant ascorbic acid
restores phosporylation of pAkt (S473) in D2KO brown preadipocytes
to WT levels. I, Analysis of WT and D2KO preadipocytes differentiated
with adipogenic cocktail, as described in text. Fractional number of
brown adipocytes quantified by immunocytochemistry as previously
described. Values are mean � SEM of 2–4 data points. B, D, and H,
Quantification of Akt (Ser473) phosphorylation by normalization to
�-tubulin levels and total signal on each Western blot. Values are
mean � SEM of 3–5 data points. *, P � 0.05 by Student’s t test (B and
H). **, P � 0.01 by one way ANOVA with Newman-Keuls Multiple
Comparison (D).
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Discussion

The present study demonstrates that impaired BAT ther-
mogenesis in the D2KO mouse stems from an embryologic
defect due to a role played by D2-generated T3 in enhanc-
ing the expression of BAT-selective genes. Notably, these
changes in gene expression are observed in utero, without
a thermogenic challenge, which highlights the relevance of
D2 and its ability to amplify thyroid hormone signaling in
a developmental setting. As BAT develops, coordinated
changes in deiodinase expression (Dio2 induction and
Dio3 suppression) enhance thyroid hormone signaling
(Fig. 1, C–F), which can be linked to peak T3 concentra-
tion in developing BAT (28). A similar mechanism has
been shown in other developing tissues, including the co-
ordinated expression of D2 and D3 at a critical period of
cochlear development in mammals, where absence of ei-
ther deiodinase leads to inappropriate exposure to T3 and
results in deafness (10, 29, 30). Our data indicate that this
deiodinase-based mechanism plays a hitherto under-ap-
preciated role in the developing BAT.

The process of brown adipocyte differentiation in-
volves molecular pathways that are common to both white
and brown adipocyte lineages and pathways that are BAT-
specific, including transcriptional changes that confer its
thermogenic function (31). It is well established that thy-
roid hormone plays a role in adipogenesis per se. T3 is
frequently used in adipogenic cocktails and is absolutely
required for terminal differentiation, possibly through
regulation of PPAR� (32, 33). What is remarkable and
evidenced by our data are that the deiodinases, by increas-
ing thyroid hormone signaling, can affect BAT develop-
ment without changing the extracellular levels of thyroid
hormone. The inactivation of a single component of this
mechanism (i.e. D2), results in embryonic BAT with de-
creased expression of key thermogenic genes, without
gross impairments in the adipogenic process (Fig. 2, B–D).
Only with in vitro differentiated D2KO brown preadipo-
cytes do we find defective differentiation, suggesting the
existence of potent in vivo compensatory mechanisms.
The key aspect here is that D2 is necessary for coordinating
the expression of genes that contribute to the identity of
BAT in vivo, and, thus, plays a role in its thermogenic
capacity. In fact, when fetal D2 activity is blocked by io-
panoic acid treatment of pregnant mothers, newborn rats
show a blunted response to thermal stress upon birth (13).

Given that T3-TR modifies gene expression, we show
that brown preadipocytes exposed to T3 have increased
expression of UCP1, Dio2, and PGC-1�, transcripts
found to be decreased in D2KO embryonic BAT (Fig. 2, D
and E). In a variety of settings, UCP1, Dio2, and PGC-1�

have been shown to be T3-responsive genes (2, 11, 34, 35)

and have been independently linked to BAT function. Ad-
ditionally, PGC-1� is a partner of PPAR� and TR� in
coactivating the UCP1 promoter (36) and is necessary for
the increased expression of UCP1 and Dio2 after stimu-
lation with a cyclic AMP agonist (37). The novelty of our
findings is that the expression of these three genes is in-
terconnected during BAT development, with D2 generat-
ing T3 that will further enhance its own production and
induce PGC-1� and UCP1 in a positive feedback loop (Fig.
6). Notably, brown adipocytes deficient in PGC-1� ex-
hibit a relatively normal transcriptome with defects lying
primarily in thermogenic activation by cAMP (37). This is
a milder phenotype than that of D2KO cells, emphasizing
a predominant role for D2 in BAT development.

Embryonic BAT lacking D2-generated T3 is more sus-
ceptible to oxidative damage, which results from uncon-
trolled oxidative stress by a decrease in anti-ROS defenses
(Fig. 4, A and B). However, acute T3-responsiveness was
not found in the subset of ROS-detoxifying genes per-
turbed in the D2KO BAT (data not shown). PGC-1� has
been shown to be a critical regulator of ROS detoxifica-
tion through induction of ROS-scavenging enzymes (38).
Thus, D2 could play a role upstream of PGC-1�, where D2
generating T3 induces PGC-1�, turning on an anti-ROS
gene program. While it is not possible yet to conclude
whether oxidative damage in D2KO E18.5 BAT contrib-
utes toward decreased insulin signaling in vivo, our in
vitro D2KO brown preadipocyte data strongly suggest
that under the appropriate conditions ROS leads to de-
creased insulin signaling and impaired differentiation. It is
interesting to speculate that such mechanisms could also
play a role in other settings in which Dio2 and PGC-1� are
highly expressed, such as the brain.

Our analysis of the mechanisms underlying impaired
thermogenic function of D2KO BAT has led us to the
identification of a critical deiodinase-mediated pathway in

FIG. 6. Proposed model of positive feedback involving Dio2, PGC-1�,
and UCP1 expression during BAT development. Schematic
representation of the proposed role of D2 and D2-generated T3 in the
development of brown adipocytes. D3, which decreases thyroid
hormone signaling, is highest in the undeveloped brown preadipocyte.
As the brown preadipocyte matures, D2, by enhancing thyroid
hormone signaling, increases expression of PGC-1�, which coactivates
TR, leading to enhanced UCP1 expression. Notably, Dio2 is also up-
regulated by increased T3-signaling. These changes provide the mature
brown adipocyte with its thermogenic function and also limit oxidative
stress. If oxidative stress goes unchecked, then insulin signaling and
adipogenesis may be altered.
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BAT development. This explains the hypothermic and
obesity phenotype observed in adult D2KO mice. It is clear
that D2 acts on an important aspect of brown adipocyte
biology (i.e. BAT identity), but other pathways might also
be involved (i.e. protection from oxidative damage). Here
we identified a developmental relationship between D2-
generated T3, UCP1, and PGC-1� in the absence of a
thermogenic stimulus (Fig. 6). Uncovering this connection
illustrates how such a pathway is critical for maintenance
of energy homeostasis in adulthood.
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