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Nutrient-Sensing Hypothalamic TXNIP Links Nutrient
Excess to Energy Imbalance in Mice
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Nutrient excess in obesity and diabetes is emerging as a common putative cause for multiple deleterious effects across diverse cell types,
responsible for a variety of metabolic dysfunctions. The hypothalamus is acknowledged as an important regulator of whole-body energy
homeostasis, through both detection of nutrient availability and coordination of effectors that determine nutrient intake and
utilization, thus preventing cellular and whole-body nutrient excess. However, the mechanisms underlying hypothalamic nutrient
detection and its impact on peripheral nutrient utilization remain poorly understood. Recent data suggest a role for thioredoxin-
interacting protein (TXNIP) as a molecular nutrient sensor important in the regulation of energy metabolism, but the role of
hypothalamic TXNIP in the regulation of energy balance has not been evaluated. Here we show in mice that TXNIP is expressed in
nutrient-sensing neurons of the mediobasal hypothalamus, responds to hormonal and nutrient signals, and regulates adipose
tissue metabolism, fuel partitioning, and glucose homeostasis. Hypothalamic expression of TXNIP is induced by acute nutrient
excess and in mouse models of obesity and diabetes, and downregulation of mediobasal hypothalamic TXNIP expression prevents
diet-induced obesity and insulin resistance. Thus, mediobasal hypothalamic TXNIP plays a critical role in nutrient sensing and the
regulation of fuel utilization.

Introduction
The hypothalamus is a major center of convergence and integration
of multiple nutrient-related signals important in the regulation of
energy homeostasis. In response to nutrients, and adiposity and gut
hormones, subsets of specialized nutrient-sensitive hypothalamic
neurons engage a complex set of neurochemical and neurophysio-
logical responses to regulate behavioral and metabolic effectors of
energy balance (Morton et al., 2006), glycemic control (Parton et al.,
2007), and lipid metabolism (Nogueiras et al., 2007; Buettner et al.,
2008). These hypothalamic neurons are critical in determining
whole-body nutrient availability, utilization, and partitioning, thus
limiting nutrient excess, a common feature of obesity and diabetes.
However, our current understanding of the mechanisms underlying
hypothalamic nutrient detection and its impacts on peripheral me-
tabolism remains incomplete.

Thioredoxin-interacting protein (TXNIP) is an endogenous
negative regulator of thioredoxin (Nishiyama et al., 1999), a
major ubiquitously expressed thiol-reducing non-enzymatic an-
tioxidant. Hcb-19 mice, bearing a naturally occurring loss-of-

function mutation of the TXNIP gene, were first described as a
model for familial combined hyperlipidemia, sharing multiple
features of impaired lipid metabolism with this human pathology
(Bodnar et al., 2002; Hui et al., 2004; Sheth et al., 2005). Both
HcB-19 and engineered TXNIP-null mice are also hypoglycemic,
hyperinsulinemic, ketotic, and exhibit a 40% increase in their fat
to muscle ratio, suggesting a role for TXNIP in glucose homeo-
stasis, nutrient utilization, and partitioning (Sheth et al., 2005;
Chen et al., 2008; Hui et al., 2008), but the mechanisms underly-
ing this phenotype remain elusive. Interestingly, thioredoxin is
densely expressed in selective regions of the hypothalamus and
brainstem critically involved in metabolic control (Lippoldt et al.,
1995), suggesting the possibility that neuronal TXNIP in these
regions may play a heretofore unexplored role in the regulation of
energy balance. Consequently, in this study, we assessed the role
of mediobasal hypothalamic TXNIP in the regulation of energy
balance and in the response to nutrient excess.

Materials and Methods
Animals. All studies were performed on male mice of 10 weeks of age at
the beginning of the experiments, unless otherwise stated, and housed as
described previously (Blouet et al., 2009). Male C57BL/6 and NONc-
NZO10/LtJ mice were obtained from The Jackson Laboratory. C3H con-
genic TXNIP-deficient Hcb19 and control C3H/DiSnA (C3H) mice (Hui
et al., 2004) were obtained from Dr. A. Shalev (University of Wisconsin,
Madison, WI). All experimental protocols were approved by the Institute
for Animal Studies of the Albert Einstein College of Medicine.

Lentiviral tools. Human TXNIP (hTXNIP), C247S hTXNIP, and en-
hanced green fluorescent protein (EGFP) plasmids (a gift from Prof. R. T.
Lee, Brigham and Women’s Hospital at Harvard Medical School) were
packaged into lentiviruses by System Bioscience. LacZ lentivirus was pur-
chased from Genecure. Functional validation of lentiviral tools was per-
formed in vitro on N41 embryonic hypothalamic cells (Cellutions
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Biosystems) and plated in DMEM with 4500 mg/L glucose 24 h before
transduction with hTXNIP, LacZ, TXNIP short hairpin RNA (shRNA),
or control shRNA lentivirus. Forty-eight hours later, cells were harvested
and processed for TXNIP expression as described below.

Stereotaxic surgery and viral injections. Stereotaxic surgery to target the
mediobasal hypothalamus (MBH) was performed under ketamine/xyla-
zine anesthesia as described previously (Blouet et al., 2009). Mice were
injected with lentivirus particles (1 � 10 9 pfu/ml, 500 nl/side over a 10
min period, injection rate of 50 nl/min). At the end of the experiment, all
mice were killed by decapitation, and hypothalamic nuclei were system-
atically dissected as described previously (Blouet et al., 2009) to perform
Western blot or reverse transcription (RT)-PCR analyses and confirm
successful TXNIP overexpression or downregulation.

Metabolic phenotyping. One week before lentivirus injection, mice
were adapted to individual feeding chambers (Med Associates) equipped
with 20 mg pellet dispensers and fed ad libitum with a standard chow diet
or a high-fat diet (Bioserv precision pellets F05524, 15.8 kJ/g and Bioserv
precision pellets F06294, 22.8 kJ/g, respectively). Food intake was mon-
itored continuously from 4 d before to 20 –25 d after virus administra-
tion, and body weight (BW) was assessed daily. Meal patterns were
determined as described previously (Azzara et al., 2002). Body compo-
sition was determined by magnetic resonance spectroscopy using an
ECHO MRS instrument (Echo Medical Systems). To determine energy
expenditure, mice were adapted to individual metabolic chambers. Met-
abolic measurements (oxygen consumption, carbon dioxide production,
food intake, and locomotor activity) were obtained continuously using a
CLAMS (Columbus Instruments) open-circuit indirect calorimetry sys-
tem for 7 consecutive days. Glucose tolerance was assessed with a 1 g/kg
BW oral glucose challenge after a 6 h daytime fast with tail blood sam-
pling. Insulin sensitivity was assessed using a 0.75 U intraperitoneal in-
sulin challenge after a 6 h daytime fast with tail blood sampling.

CL316243 challenge. After blood collection for basal measurements, mice
received an intraperitoneal injection of 1 mg/kg BW CL316243 (5-[(2R)-2-
[[(2R)-2-(3-chlorophenyl)-2-hydroxyethyl]amino]propyl]-1,3-benzodi-
oxole-2,2-dicarboxylic acid disodium salt) (Sigma), a �3 adrenergic agonist.
Blood was collected 15 min later for plasma non-esterified free fatty acid
(NEFA) measurement, and plasma NEFA change over that time period was
calculated. Brown fat temperature was monitored as described below, over
the 60 min after the CL316243 injection, and brown fat temperature change
over that time period was calculated.

Brown fat temperature monitoring. Mice were implanted with radiofre-
quency impedance temperature probes (MiniMitter) under the intras-
capular brown fat pad, under isoflurane anesthesia, and allowed a 1 week
recovery. Brown fat temperature was recorded using MiniMitter ER-
4000 receivers. For the cold challenge experiment, mice were exposed for
2 h to 4°C, and brown fat temperature was recorded continuously.

Euglycemic hyperinsulinemic clamp. Mice were injected with hTXNIP,
C247S hTXNIP, TXNIP shRNA, or the control shRNA lentiviruses into
the MBH 3 weeks before vascular surgery was performed. Catheters were
placed in the internal jugular vein and the carotid artery, and, 1 week
later, insulin euglycemic pancreatic clamp procedures were performed
on conscious, freely moving animals. The protocol consisted of a 90 min
tracer equilibration period (0 –90 min), followed by a 120 min experi-
mental period (90 –210 min). On the day of the experiment, mice were
fasted for 4 h before the beginning of the tracer infusion. At 0 min, a
primed, continuous intravenous infusion of [ 3H]glucose (5 �Ci bo-
lus, 0.1 �Ci/min; PerkinElmer Life and Analytical Sciences) was be-
gun and maintained throughout the study. Ninety minutes after the
beginning of the tracer infusion, a continuous infusion of insulin
(2.5 mU � kg �1 � min �1 for hTXNIP and C247S TXNIP mice, 2
mU � kg �1 � min �1 for TXNIP shRNA and control shRNA mice; Humu-
lin R; Eli Lilly) was started and tracer infusion was increased to 0.3 �Ci/
min to minimize changes in specific activity from the equilibration
period. At 100 min, a variable infusion of a 45% glucose solution, which
was adjusted periodically to clamp the plasma glucose concentration at
the basal level measured in the first part of the procedure, was begun.
Samples for determination of [ 3H]glucose-specific activity were ob-
tained at 70, 80, and 90 min for the basal period and then at 170, 180, 190,
200, and 210 min for the clamp period. From 70 to 210 min, plasma

glucose levels were determined every 10 min using a GM7 Micro-Stat
(Analox Instruments). Plasma for the determination of insulin levels
were collected at 90, 170, and 210 min. Erythrocytes collected from each
blood sample were saline washed and reinfused into the mice to prevent
a fall in hematocrit. Plasma [ 3H]glucose radioactivity was determined as
described previously (Ross et al., 2010). Whole-body glucose appearance
(Ra) and disappearance (Rd) were determined using Steele non-steady-
state equations (Steele et al., 1956). Endogenous glucose production
(endo Ra) was determined by subtracting the glucose infusion rate from
total glucose appearance.

MBH leptin, insulin, and glucose infusions. Overnight food-deprived
mice equipped with bilateral cannulae targeting the MBH received an
MBH injection of artificial CSF (aCSF), leptin (recombinant mouse lep-
tin, 150 ng in 150 nl/side over 5 min; R & D Systems), insulin (human
insulin, 250 �U in 100 nl/side over 5 min; Actrapid), or glucose (1 �l of
20% glucose over 4 h; Sigma), and MBH extracts were collected 30 min
later for signaling studies or 4 h after the beginning of the infusion to
assess TXNIP expression. Hypothalamic leptin sensitivity was assessed by
measuring 24 h food intake and body weight change after a local leptin
injection in the MBH (150 ng in 150 nl/side) after a 6 h fast 1 h before the
onset of the dark.

Analytical procedures. Blood glucose levels were determined using a
Glucometer (Precision Xtra; MediSense), plasma insulin levels using
ELISA (Linco Mouse Insulin kit), and plasma triglycerides, NEFA, and
�-hydroxybutyrate using a colorimetric assay (Sigma, Wako, and Biovision,
respectively). Fasted levels were assessed after an overnight food deprivation
and refed levels after a 4 h refeeding period. For NEFA and triglycerides
analysis, blood was collected on para-oxon ethyl (lipase inhibitor) and
EDTA-coated tubes, and for insulin and �-hydroxybutyrate, blood was col-
lected on EDTA-coated tubes.

Streptozotocin treatment. Mice received a single intraperitoneal injec-
tion of streptozotocin (0.175 g/kg body weight in 0.1 mol/L citrate; Pro-
mega). Blood glucose levels were measured daily, and animals were killed
for TXNIP expression experiments 4 d later.

Real-time PCR. RNA extraction, preparation, and real-time PCR ex-
periments were performed as described previously (Blouet et al., 2008).
Quantitative real-time RT-PCR was run using LC-Fast Start DNA SYBR
Green I chemistry (Roche Diagnostics) on a LightCycler 2.0 platform
(Roche Diagnostics). For hTXNIP measurements, quantitative real-time
RT-PCR was run using FastStart Universal Probe Master on a 480 Light-
Cycler (Roche Diagnostics). Forward and reverse primer pairs were as
listed (Table 1). Relative quantification of each transcript compared with
�-actin was determined as reported previously (Blouet et al., 2008).

Immunoblot analysis. White adipose tissue was homogenized in 50
mM Tris, 1 mM EGTA, 1 mM EDTA, 50 mM sodium fluoride, 10 mM

�-glycerophosphate, 20 mM sodium pyrophosphate, 2 mM orthovana-

Table 1. Primer sequences

Actin Forward CTGGAGAAGAGCTATGAGCTGCCT
Actin Reverse CTCCTGCTTGCTGATCCACATCTG
ATGL Forward GGAGACCAAGTGGAACATCTCA
ATGL Reverse AATAATGTTGGCACCTGCTTCA
Caveolin Forward ACCTCTCTGGACTGGCAGAA
Caveolin Reverse TCCCTGGAGGTTCACTCATC
F4/80 Forward CTTTGGCTATGGGCTTCCAGTC
F4/80 Reverse GCAAGGAGGACAGAGTTTATCGTG
HSL Forward GCTTGGTTCAACTGGAGAGC
HSL Reverse GCCTAGTGCCTTCTGGTCTG
PGC1� Forward TAGGCCCAGGTACGACAGC
PGC1� Reverse TGCATTCCTCAATTTCACCA
Plin Forward GATCGCCTCTGAACTGAAGG
Plin Reverse CTTCTCGATGCTTCCCAGAG
mTXNIP Forward GTGCAGAAGATCAGACCATCC
mTXNIP Reverse AGCCAGGGACACTGACGTA
UCP1 Forward GCCTTCAGATCCAAGGTGAA
UCP1 Reverse CGAGATCTTGCTTCCCAAAG
hTXNIP Forward TTCGGGTTCAGAAGATCAGG
hTXNIP Reverse GGATCCAGGAACGCTAACAT
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date, 2 mM PMSF, and Complete phosphatase inhibitor cocktail (Roche),
without Triton X-100. After low-speed centrifugation (2600 � g at 4°C),
the fat layer was removed and Triton X-100 was added to a final concen-
tration of 1%. Hypothalamic wedges and brown adipose tissue were
directly homogenized in the Triton X-100-containing buffer. After incu-
bation at 4°C for 30 min, the extracts were cleared by centrifugation at
20,000 � g for 15 min. Protein concentration was measured with a BCA
protein quantification kit (Pierce Biotechnology). Protein extracts were
run on Criterion gels (Bio-Rad) and blotted onto nitrocellulose mem-
branes (Millipore). After blocking for 1 h at room temperature, immu-
noblots were incubated overnight at 4°C in primary antibodies against
phospho-STAT3 (Tyr705), STAT3, phospho-Akt (Ser 473), Akt, phospho-
�-AMP-activated protein kinase (AMPk) (Thr 172), �AMPk, phospho-
hormone-sensitive lipase (HSL) (Ser563), HSL, phosphor-acetyl-CoA
carboxylase (ACC) (Ser79), ACC (Cell Signaling Technology), TXNIP
(MBL International), thioredoxin (Abcam), or �-actin (Santa Cruz Bio-
technology). Blots were then incubated for 1 h in fluorescent [Alexa
Fluor 680-conjugated anti-mouse IgG (Invitrogen) or IR Dye 800-
conjugated goat anti-rabbit IgG (Rockland Immunochemicals)] or
HRP-linked (anti-rabbit or anti-mouse HRP-linked IgG; Cell Signaling
Technology) secondary antibodies, and proteins were detected using ei-
ther the fluorescence-based Odyssey Infrared Imaging System (LI-COR
Biosciences) or enhanced chemiluminescence (ECL Plus; GE Health-
care). Quantification was performed as described previously (Blouet et
al., 2009).

Thioredoxin activity assay. Thioredoxin “insulin-reducing assay” was
performed as described (Holmgren and Björnstedt, 1995), with some
modifications. MBH wedges were homogenized in 20 mM HEPES, pH
7.9, 100 mM KCl, 300 mM NaCl, 10 mM EDTA, 0.1% Triton X-100, 2 mM

sodium orthovanadate, and anti-protease cocktail (Roche). One hun-
dred micrograms of protein in 102 �l were incubated for 15 min at 37°C
with 3 �l of DTT activation buffer (50 mM HEPES, pH 7.6, 1 mM EDTA,
1 mg/ml BSA, and 2 mM DTT). Sixty microliters of reaction mixture (200
�l of 1 M HEPES, pH 7.6, 40 �l of 0.2 M EDTA, 40 �l of NADPH at 40
mg/ml, and 500 �l of insulin at 10 mg/ml) was then added to each
sample. Forty microliters of each sample was then transferred to a 96-well
plate, and 0.25 U of thioredoxin reductase or water (negative control)
was added, followed by incubation at 37°C for 20 min. The reaction was
stopped by addition of 187.5 �l of stop buffer [6 M guanidine HCl, 1 mM

5,5�-dithio-bis(2-nitrobenzoic acid) in 0.2 M Tris-HCl, pH 8]. Absor-
bance at 412 nm was read against a thioredoxin standard curve.

Tissue collection for immunostaining and immunostaining. Mice were
anesthetized using pentobarbital. Brains were perfused transcardially
and processed as described previously (Blouet et al., 2009). Coronal hy-
pothalamic sections of 25–35 �m thickness were prepared on a freezing
microtome, and free-floating sections were with 0.3% hydrogen perox-
ide for 15 min and washed three times for 10 min with PBS before the
following treatments. Sections were blocked 2 h with 5% normal goat
antiserum (NGS) and incubated in TXNIP antiserum (1:500; MBL In-
ternational) with 0.3% Triton X-100 and 5% NGS in PBS for 24 h with
gentle agitation. For light microscopy, sections were then incubated
overnight at 4°C using biotinylated goat anti-mouse IgG (1:400) and then
incubated in avidin– biotin–peroxidase complex (Elite Vectastain kit;
Vector Laboratories). For immunofluorescence, sections were exposed
for 2 h to cyanine 3-conjugated goat anti-mouse (1:400; Jackson Immu-
noResearch), washed in PBS, floated onto gelatinized slides, and cover-
slipped with Vectashield (Vector Laboratories). Fluorescence was
visualized with the appropriate lasers and emission filters on an LSM 510
NLO multiphoton confocal microscope (Carl Zeiss).

Image analysis. Images of tissue sections were digitized, and areas of
interest were outlined based on cellular morphology. Brain regions eval-
uated were lateral hypothalamus (LH) (0.7–1.4 mm caudal, 0.75–1.5 mm
mediolateral, and 4.5–5.5 mm dorsoventral to bregma), paraventricular
hypothalamus (PVN) (0.7– 0.9 mm caudal, 0 – 0.5 mm mediolateral, and
4.5–5 mm dorsoventral to bregma), arcuate nucleus (1.5–1.9 mm caudal,
0 – 0.45 mm mediolateral, and 5.6 – 6 mm ventromedial to bregma), and
dorsomedial hypothalamus (1.7–1.9 mm caudal, 0 – 0.7 mm ventrome-
dial, and 4.9 –5.4 mm dorsoventral to bregma), corresponding to the
coordinates in the brain atlas of Paxinos and Franklin (2001).

Statistical analysis. All data, presented as means � SEM, have been
analyzed using GraphPad Prism 5. For all statistical tests, an � risk of 5%
was used. All kinetics were analyzed using a mixed model for repeated
measurements. Multiple comparisons were tested with an ANOVA and
adjusted with Tukey’s post hoc tests. Single comparisons were made using
one-tail Student’s t tests.

Results
TXNIP expression in the hypothalamus and nutritional
regulation in normal physiology
We first localized TXNIP protein in the mouse brain using an
antibody specific for TXNIP (Fig. 1A,B,D). TXNIP was densely
expressed in the arcuate, the ventromedial, the lateral, and the
paraventricular nuclei of the hypothalamus (Fig. 1C). TXNIP was
also expressed in the brainstem in the nucleus of the solitary tract,
the area postrema, and the dorsal motor nucleus of the vagus.
TXNIP was moderately expressed in the hippocampus, central
thalamus nuclei, paraventricular thalamus nucleus, medial pre-
optic area, and cortex, with minimal expression outside these
areas. Thus, TXNIP is expressed in hypothalamic nuclei rich in
nutrient-sensing neurons and involved in the control of energy
homeostasis. To begin to assess the physiological relevance of
hypothalamic TXNIP in the regulation of energy homeostasis, we
investigated whether acute changes in nutrient availability affect
hypothalamic TXNIP expression. In the MBH, there was a signif-
icant decrease in both TXNIP mRNA and protein expression in
mice refed for 4 h after a 24 h fast compared with non-refed
controls, whereas nutritional status did not significantly affect
TXNIP expression in the paraventricular and lateral nuclei of the
hypothalamus (Fig. 1 E). Consistently, thioredoxin activity
tended to be higher in refed mice compared with fasted controls.
We then assessed the effect of the adiposity hormones insulin and
leptin, long-term signals of energy availability, on MBH TXNIP
expression using MBH parenchymal administration. The vol-
umes used for these injections (100 –150 nl/side) were sufficiently
low to ensure site specificity, as reported previously (Blouet et al.,
2009), and did not induce any changes in circulating glucose,
leptin, or insulin (data not shown). We found that acute admin-
istration of both insulin and leptin decreased MBH TXNIP
expression (Fig. 1F). Thus, in healthy mice, MBH TXNIP expres-
sion is suppressed both by signals reflecting acute and long-term
energy availability.

MBH TXNIP expression in nutrient excess and metabolic
diseases
TXNIP expression has been shown to be upregulated by high
glucose levels in pancreatic �-cells, and this induction has been
implicated in glucotoxic �-cell loss (Chen et al., 2008). Thus, we
explored the effect of nutrient excess, a condition that promotes
the onset of metabolic diseases, on MBH TXNIP expression. In
mice acutely exposed to hypothalamic glucose excess, achieved
through a 4 h MBH glucose infusion, we found a 45% increase in
MBH TXNIP protein expression (TXNIP protein expression cor-
rected to actin in the MBH: 1.71 � 0.20 vs 2.39 � 0.28 in aCSF vs
glucose perfused mice; p � 0.05, n � 5), indicating that glucose
excess increases MBH TXNIP expression. To extend this finding
to pathologic conditions associated with chronic glucose excess,
we measured MBH TXNIP expression in mouse models of obe-
sity and/or diabetes with overt hyperglycemia. In 3-month-old
NONcNZO10/LtJ mice, a polygenic model of obesity and type 2
diabetes with adult onset diet-induced hyperglycemia and obe-
sity, MBH TXNIP expression was dramatically increased in refed
mice, and MBH TXNIP nutritional regulation was reversed (Fig.
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2A). In streptozotocin-treated mice, a pharmacological model of
pancreatic failure-induced hyperglycemia, we found a 2.5-fold
increase in MBH TXNIP expression (Fig. 2B). Together, these
data indicate that, in both acute and chronic conditions of hyper-
glycemia, TXNIP expression in the MBH is increased and TXNIP
nutritional regulation is disrupted.

Metabolic phenotype of mice overexpressing TXNIP in
the MBH
To determine the specific role of MBH TXNIP in the regulation
of energy homeostasis and assess a putative role for increased

MBH TXNIP expression in the pathophysiology of metabolic
dysfunction associated with nutrient excess, we overexpressed
TXNIP in the mouse MBH: we stereotaxically targeted the MBH
with lentivectors expressing hTXNIP, a mutant of hTXNIP
[C247S hTXNIP, mutation of a single cysteine, Cys-247, that
abolishes the ability of TXNIP to bind thioredoxin and inhibit
thioredoxin activity (Patwari et al., 2006)], or LacZ and evaluated
the effects of these manipulations on multiple behavioral and
metabolic effectors of energy balance. Lentivirus functional va-
lidity was verified in both N41 hypothalamic cells (data not
shown) and MBH extracts from injected mice. MBH infection
with the hTXNIP lentivirus led to a twofold increase in total
TXNIP protein expression in the MBH, without altering TXNIP
expression in the PVN or the LH (Fig. 3A), and induced a twofold
decrease in thioredoxin activity in the MBH (99.8 � 8.9 vs 50.8 �
6.1 expressed as percentage of controls in C247S hTXNIP and
hTXNIP mice, respectively; p � 0.05). Consistently, this decrease
in thioredoxin activity promoted an impairment in intracellular
redox status, as evidenced by significant increased levels of oxi-
dized glutathione in hTXNIP mice relative to controls (0.86 �
0.03 vs 1.18 � 0.05 �mol/mg protein in hTXNIP and C247S
hTXNIP mice, respectively; p � 0.05).

Although MBH TXNIP overexpression did not significantly
affect food intake, body weight gain, or body composition when
mice were maintained on a normal chow diet (data not shown),
under high-fat feeding, TXNIP overexpression in the MBH in-
creased body weight gain and adiposity compared with expres-
sion of both C247S hTXNIP and LacZ control vectors (Fig. 3B).
These changes occurred in the absence of any effect on feeding

Figure 1. TXNIP is expressed in the hypothalamus and is suppressed by nutritional and hormonal signals of energy availability. Immunohistochemistry showing TXNIP in the MBH and the PVN
of a C3H wild-type control (A) and a Hcb-19 TXNIP-deficient mouse (B). C, Immunohistochemistry showing TXNIP expression in the arcuate (Arc), the ventromedial (VMH), the PVN, and the LH nuclei
of the hypothalamus in a C57BL/6 mouse. D, Western blot analyses of MBH TXNIP expression in C3H and Hcb-19 mice. E, TXNIP mRNA and protein expression corrected to actin, and thioredoxin
activity in the MBH, PVN, and/or LH of 24 h fasted (F) and 4 h refed (RF) mice (n�4 – 6). F, MBH TXNIP protein expression corrected to actin after an acute intra-MBH infusion of aCSF, leptin, or insulin
(n � 5). All data are means � SEM. *p � 0.05, **p � 0.01 versus controls.

Figure 2. MBH TXNIP expression in mouse models of diabetes. MBH TXNIP protein expres-
sion corrected to actin in 24 h fasted (F) and 4 h refed (RF) NONcNZ10/LtJ mice (NONc; A) and
streptozotocin (STZ)-treated mice (B). All data are means � SEM. *p � 0.05, **p � 0.01,
***p � 0.001 versus controls.
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behavior (Fig. 3B). Oxygen consumption, respiratory quotient,
physical activity, and brown fat temperature were decreased
in MBH hTXNIP-expressing mice compared with C247S-
expressing controls (Fig. 3C), suggesting that lower energy ex-
penditure in MBH hTXNIP-expressing mice accounted for their
higher rate of body weight gain. MBH TXNIP overexpression in
animals maintained on a high-fat diet also led to postprandial

hyperglycemia, fasting and postprandial hyperinsulinemia, im-
paired glycemic response to intraperitoneal insulin, and oral glu-
cose intolerance (Fig. 4A–C). Clamp studies revealed both a
higher hepatic glucose production and a lower peripheral glucose
uptake under euglycemic hyperinsulinemic conditions in hTX-
NIP expressing mice compared with controls (Fig. 4D). Last,
overexpression of TXNIP in the MBH resulted in hypertriglycer-

Figure 3. MBH TXNIP overexpression increases body weight and body fat and decreases energy expenditure. A, TXNIP protein expression corrected to actin in the MBH, PVN, and LH of mice
infected with hTXNIP (hT) or LacZ (LZ) lentivirus (n � 4), and viral infection spread (as shown by EGFP immunofluorescence) after MBH stereotaxic infection with an EGFP lentivirus. Body weight,
daily food intake, fat mass (FM), and fat free mass (FFM) (n � 6 –10) (B) and oxygen consumption, respiratory exchange ratio, total spontaneous locomotor, and brown fat temperature (n � 4) (C)
in mice fed a high-fat diet after MBH injection of C247S hTXNIP, LacZ, or hTXNIP lentivirus. All data are means�SEM. *p�0.05, **p�0.01 versus controls. ARC, Arcuate nucleus; DMN, dorsomedial
hypothalamus; HFD, high-fat diet; RER, respiratory exchange ratio; BAT, brown adipose tissue.

Figure 4. MBH TXNIP overexpression impairs glycemic control and nutrient utilization. Mice were injected with the C247S hTXNIP, LacZ, or hTXNIP lentivirus into the MBH, fed a high-fat diet after
the viral injections, and studied in the 24 h fasted (RF) or 3 h fed (F) state between 4 and 6 weeks after the viral injection. Blood glucose and plasma insulin (n � 10) (A), blood glucose during an
intraperitoneal insulin sensitivity test (n � 10) (B), blood glucose and plasma insulin during an oral glucose tolerance test (n � 10) (C), endo Ra, Rd, and percentage suppression of hepatic glucose
production (HGP) during the basal and hyperinsulinemic (clamp) period of a euglycemic clamp (n � 4 –5) (D), and plasma triglycerides (TG), plasma �-hydroxybutyrate (�-HB), and plasma
non-esterified free fatty acids (n � 10) (E). All data are means � SEM. *p � 0.05, **p � 0.01 versus controls.
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idemia, hyperketosis, and decreased fasting levels of plasma
NEFA (Fig. 4E). Together, these data indicate that overexpres-
sion of MBH TXNIP impairs the control of energy balance, nu-
trient partitioning, fuel utilization, and both hepatic and
peripheral insulin sensitivity.

The impairment in glycemic control observed in MBH
hTXNIP-expressing mice could result in part from a decrease in
MBH insulin sensitivity in these mice. In fact, we found a 30%
reduction in MBH Akt phosphorylation after an acute intra-
MBH insulin administration in hTXNIP-expressing mice com-
pared with controls (0.49 � 0.09 vs 0.68 � 0.02 in C247S hTXNIP
and hTXNIP mice, respectively; n � 5, p � 0.05). Alternatively,
glucose intolerance and insulin resistance after MBH TXNIP
overexpression might be secondary to elevated body weight
and adiposity. To address this possibility, we restricted MBH
hTXNIP-expressing mice to achieve a body weight gain similar to
that of C247S hTXNIP controls and compared their body com-
position, oral glucose, and insulin sensitivity to that of ad libitum
fed hTXNIP-expressing mice. Baseline characteristics of these
mice and mice from the original experiment are presented in
Table 2. Restricted mice were leaner and displayed better glyce-
mic control than ad libitum fed hTXNIP-expressing mice (Fig. 5).
These results suggest that the higher body weight and adiposity of
MBH TXNIP-overexpressing mice contribute to their impaired
glycemic control. Consequently, we further investigated the

mechanisms underlying increased fat deposition after overex-
pression of TXNIP in the MBH.

MBH TXNIP overexpression and sympathetic control of
adipose tissue metabolism
A remarkable aspect of the metabolic phenotype obtained in mice
overexpressing TXNIP in the MBH is their increased fat mass in
the absence of an effect on food intake, suggesting alterations in
the regulation of adipose tissue metabolism. Because sympathetic
tone has been importantly implicated in adipose tissue metabo-
lism, we tested the degree to which MBH TXNIP overexpression
impaired sympathetic controls of adiposity. Intraperitoneal ad-
ministration of the highly selective �3 adrenergic receptor ago-
nist (CL316243) activates brown fat thermogenesis and lipolysis,
leading to an acute rise in circulating NEFA (Himms-Hagen et
al., 1994; Grujic et al., 1997). In mice expressing hTXNIP in the
MBH, CL316243-induced NEFA release and brown fat thermo-
genesis were lower than in C247S hTXNIP controls (Fig. 6A).
Cold exposure-induced sympathetic activation, as assessed by
brown fat temperature change during a cold challenge, was also
significantly decreased in hTXNIP-expressing mice (Fig. 6B).
Additionally, fasting-induced lipolysis, known to be partly driven
through sympathetic activation (Hücking et al., 2003), was
blunted in hTXNIP-expressing mice compared with C247S
hTXNIP controls, as measured by the fasting-induced increase in
circulating NEFA (Fig. 4E), the fasting-induced weight loss, and
the amount of food ingested during the refeeding phase after the
fast (Fig. 6C). Together, these data indicate a decreased response
to sympathetic stimuli in mice expressing hTXNIP in the MBH,
which could be accounted for by decreased sympathetic tone
and/or impaired adipocyte responses to sympathetic outflow. We
further evaluated putative mechanisms underlying the impaired
brown and white fat sympathetic responses in hTXNIP mice and
found decreased brown fat expression of �3 adrenergic recep-
tor, peroxisome proliferator-activated receptor-� coactivator-1�
(PGC1�), and uncoupling protein 1 (UCP1) in hTXNIP mice
(Fig. 6D), consistent with the impaired temperature response
reported above in different situations. In the epididymal adipose
tissue, �3 adrenergic receptor expression was downregulated, as
well as the expression of �3 adrenergic targets promoting lipoly-
sis, such as HSL and perilipin (Fig. 6E), whereas caveolin and
adipose triglyceride lipase (ATGL) expression were not affected
(data not shown). Fasting-induced phosphorylation of epididy-
mal fat AMP-activated protein kinase (AMPk) and HSL, each
involved in the activation of lipolysis in response to increased
sympathetic tone, were blunted in mice expressing hTXNIP in
the MBH (Fig. 6F). Interestingly, higher expression levels of tu-
mor necrosis factor (TNF) and F4/80 ( p � 0.1) in epidydimal fat
of MBH hTXNIP-expressing mice indicated increased adipose
tissue inflammation in this group (Fig. 6G). Together, these re-
sults demonstrate that TXNIP overexpression in the MBH im-
pairs thermogenesis and lipolysis through reductions in the
response of brown and white fat cells to sympathetic output and
promotes white adipose tissue inflammation.

MBH TXNIP overexpression and MBH leptin sensitivity
Because hypothalamic leptin signaling contributes to the central
control of adiposity (Buettner et al., 2008) and regulates sympa-
thetic tone (Nogueiras et al., 2007), we next assessed the effect of
MBH TXNIP overexpression on hypothalamic leptin sensitivity.
We found that expression of hTXNIP in the MBH impaired
leptin-induced STAT3 phosphorylation (Fig. 7A). Consistent
with impaired MBH leptin signaling in mice expressing hTXNIP,

Table 2. Baseline characteristics of mice injected with the C247S hTXNIP and
hTXNIP lentivectors (original experiment) and mice injected with the hTXNIP
lentivector and energy restricted or fed ad libitum 3 weeks after viral injections

C247S hTXNIP hTXNIP
hTXNIP
restricted hTXNIP ad libitum

Body weight (g) 25.13 � 0.94 28.10 � 0.42* 24.82 � 0.66 27.14 � 0.70**
BW gain after injection 1.27 � 0.24 3.40 � 0.77* 1.23 � 0.24 3.36 � 0.55**
Fat mass (%BW) 15.87 � 0.97 22.35 � 0.26* 15.12 � 1.28 21.99 � 1.54**
Fat-free mass (%BW) 78.69 � 1.11 72.41 � 0.58* 80.58 � 1.34 73.95 � 1.47**
Fasting glucose (mg/dl) 181.14 � 4.72 196.60 � 12.68 126.20 � 2.69* 185.00 � 14.32**
Fasting insulin (ng/ml) 0.50 � 0.05 0.68 � 0.05* 0.45 � 0.10 0.61 � 0.09

*p � 0.05 versus C247S hTXNIP mice; **p � 0.05 versus hTXNIP restricted mice.

Figure 5. Increased adiposity during MBH TXNIP overexpression contributes to the impair-
ment in glycemic control. Body weight, fat mass (FM), fat free mass (FFM), blood glucose during
an oral glucose tolerance test (OGTT), and an intraperitoneal insulin sensitivity test (IST) in
hTXNIP-expressing mice fed ad libitum or restricted to match the body weight of C247S hTXNIP-
expressing controls for 4 weeks. All data are means � SEM; n � 6. *p � 0.05, **p � 0.01
versus controls.
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intra-MBH leptin-induced anorexia and body weight loss were
significantly blunted in this group compared with C247S
hTXNIP controls (Fig. 7B). Thus, MBH TXNIP overexpression
blunts the intracellular signaling, behavioral, and metabolic ac-
tions of MBH leptin.

Downregulation of MBH TXNIP expression protects against
the adverse metabolic effects of high-fat feeding
Because overexpression of TXNIP in the MBH favored the devel-
opment of obesity and insulin resistance in high-fat fed mice, we
asked whether the converse was true and evaluated the ability of
decreased MBH TXNIP expression to prevent diet-induced obe-
sity and insulin resistance. We targeted the MBH with lentivi-
ruses expressing an shRNA directed against TXNIP or a control
shRNA in mice fed a high-fat diet. TXNIP shRNA lentivirus func-
tional validity was confirmed in both N41 hypothalamic cells
(data not shown) and MBH extracts from injected mice. MBH
infection with the TXNIP shRNA led to a 40% decrease in TXNIP

protein expression in the MBH (Fig. 8A)
and induced a 50% increase in thiore-
doxin activity in the MBH (100.2 � 12.3
vs 151.3 � 15.6 expressed as percentage of
controls in control and TXNIP shRNA
mice, respectively; p � 0.05). This manip-
ulation decreased the rate of body weight
gain and fat deposition in mice expressing
the TXNIP shRNA in the MBH compared
with controls without significantly affect-
ing energy intake (Fig. 8B). Oxygen con-
sumption was significantly higher in
the TXNIP shRNA group, without any
change in respiratory quotient and loco-
motor activity (Fig. 8C). In addition,
downregulation of MBH TXNIP expres-
sion improved glucose tolerance and the
glucose response to an intraperitoneal in-
sulin challenge (Fig. 8D,E). Euglycemic

clamp experiments revealed that both a decrease in hepatic glu-
cose production and an increase in peripheral glucose uptake
under hyperinsulinemic conditions accounted for the improve-
ment in glycemic control in this group compared with controls
(Fig. 8F). These data indicate that downregulation of MBH
TXNIP expression is an effective strategy to prevent diet-induced
body weight gain, fat mass deposition, and insulin resistance.

Discussion
We have identified a novel contributor to hypothalamic nutrient
sensing, TXNIP, selectively expressed in hypothalamic neuronal
areas relevant to the control of energy homeostasis. We show that
MBH TXNIP expression is nutritionally regulated, suppressed by
anorexigenic signals (refeeding, insulin, and leptin), and acti-
vated during fasting in healthy lean mice. Importantly, in patho-
physiological conditions of nutrient excess, TXNIP expression in
the MBH is elevated, both acutely in the absence of obesity and

Figure 7. TXNIP overexpression in the MBH impairs MBH leptin action. A, Mediobasal hypothalamic leptin-induced STAT3 Y705
phosphorylation in mice expressing hTXNIP or C247S hTXNIP in the MBH (n � 5). B, Leptin-induced anorexia and body weight
change in mice expressing hTXNIP or C247S hTXNIP in the MBH after an intra-MBH leptin (L; 150 ng) or aCSF (A) injection (n � 4).
All data are means � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 versus controls.

Figure 6. MBH TXNIP overexpression impairs sympathetic activity to white and brown fat and adipose tissue metabolism. Plasma NEFA and brown fat temperature changes after an intraperi-
toneal administration of CL316243, a �3 receptor agonist (A), cold sensitivity during a 2 h cold challenge at 4°C (B), body weight loss during a 24 h fast and food intake during the subsequent 4 h
refeeding in mice injected with C247S or hTXNIP lentivirus into the MBH (n � 5) (C). Brown fat PGC1�, UCP1, and �3 adrenergic receptor mRNA expression corrected to actin (D), visceral fat �3
adrenergic receptor, HSL, and perilipin (Plin) mRNA expression corrected to actin (E), visceral fat AMPk� Thr172 phosphorylation and HSL Ser 563 phosphorylation (F ), and visceral fat F4/80 and TNF
mRNA expression corrected to actin in fasted mice injected with C247S hTXNIP, LacZ, or hTXNIP lentivirus into the MBH (G). All data are means � SEM. *p � 0.05, **p � 0.01 versus controls. BAT,
Brown adipose tissue; WAT, white adipose tissue.
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diabetes, as well as in various mouse mod-
els of obesity and diabetes. Using a viral
strategy to selectively overexpress TXNIP
in the MBH, we demonstrate that this
process affects the MBH regulation of en-
ergy balance, substrate utilization, and
glucose homeostasis, supporting a role for
TXNIP induction in the MBH as a mech-
anism by which nutrient excess affect en-
ergy homeostasis in metabolic diseases.
Last, using lentivectors to downregulate
MBH TXNIP expression, we reveal a role
for endogenous MBH TXNIP in the regu-
lation of energy balance and glycemic
control during diet-induced obesity.

The increased rate of body weight gain
and fat mass resulting from TXNIP over-
expression in the MBH are primarily
explained by (1) a decrease in energy ex-
penditure, as evidenced by decreased ox-
ygen consumption, physical activity, and
brown fat thermogenesis, and (2) a reduc-
tion in white fat lipolytic activity in the
fasted state, in the absence of any effect on
feeding behavior. The impaired medio-
basal insulin and leptin sensitivity likely
contribute to the impaired responses to
sympathetic challenges we report in mice
overexpressing TXNIP in the MBH. Inter-
estingly, decreased �3 adrenergic receptor
expression in both brown and white fat
accompanied decreased expression and/
or activity of cAMP-regulated targets,
such as PGC1� and its target UCP1 in the
brown fat (Collins et al., 2004), and perili-
pin, HSL, and AMPk in the white fat
(Haystead et al., 1990; Moule and Denton,
1998; Collins et al., 2004). Thus, decreased
sympathetic outflow to both brown and
white adipose tissue in mice overexpress-
ing TXNIP in the MBH likely represents a
major outcome accounting for their adi-
pose tissue metabolic phenotype.

In addition to increasing fat mass, TXNIP overexpression in
the MBH also impaired glucose tolerance, hepatic, and peripheral
insulin sensitivity. Our data suggest that this effect on glycemic
control is in part secondary to increased adipose tissue deposition
and could be a consequence adipose tissue inflammation, as evi-
denced by increased epidydimal fat TNF expression. However,
one cannot rule out a direct contribution of altered central
nutrient-sensing pathways on the impaired glycemic control of
MBH TXNIP-overexpressing mice. In particular, central leptin
and insulin resistance, a consequence of MBH TXNIP overex-
pression, lead to diabetes (Bence et al., 2006; Ono et al., 2008) and
likely contribute to the impaired glycemic control in mice over-
expressing TXNIP in the MBH. Together, our data identify in-
creased TXNIP expression in the MBH as a mechanism linking
overnutrition to impairments in glycemic control and energy
balance.

The present results reveal that all of the physiological out-
comes directly related to glycemic control, in terms of glucose
and insulin tolerance, glucose stimulated insulin secretion, the
endogenous rate of glucose appearance, and the rate of glucose

disposal during hyperinsulinemic– euglycemic clamps, are in op-
posite directions after the gain and loss of function of MBH
TXNIP. However, because the MBH TXNIP knockdown strategy
targets endogenous TXNIP, subsequent metabolic compensation
after knockdown may mitigate against observing changes in be-
havioral effectors of energy balance such as locomotor activity,
with a resulting lack of change in resting energy requirement.

The use of the C247S TXNIP mutant as a control demon-
strates that the ability of TXNIP to bind thioredoxin is a require-
ment for its effect on energy homeostasis. Together with the
bidirectional changes in thioredoxin activity obtained through
MBH TXNIP gain and loss of function and the finding of an
impaired intracellular redox state in mice overexpressing TXNIP
in the MBH, these data support the emerging view that the redox
state within hypothalamic neurons is involved in the response to
nutritional signals and the regulation of energy metabolism (An-
drews et al., 2005; Leloup et al., 2006; Benani et al., 2007) and
involve for the first time the thioredoxin redox buffer in this
regulation. We show not only that it is involved in acute nutrient
sensing but also in the long-term regulation of energy storage and

Figure 8. Downregulation of MBH TXNIP expression protects from diet-induced obesity and insulin resistance. TXNIP protein
expression corrected to actin in MBH of mice infected with TXNIP or control shRNA lentiviruses (n � 4) (A), body weight, fat mass
(FM), fat free mass (FFM), and food intake (B), respiratory quotient, oxygen consumption, and locomotor activity (C), blood glucose
and plasma insulin during an oral glucose tolerance test (D), blood glucose during an intraperitoneal insulin sensitivity test (E), and
endo Ra, Rd, and percentage suppression of hepatic glucose production (HGP) during a euglycemic hyperinsulinemic clamp (D) in
HFD-fed mice expressing TXNIP shRNA or a control shRNA in the MBH (n � 5– 8) (F ). All values are means � SEM. *p � 0.05,
**p � 0.01 versus control.

6026 • J. Neurosci., April 20, 2011 • 31(16):6019 – 6027 Blouet and Schwartz • Hypothalamic TXNIP and Energy Homeostasis



utilization, an original finding. In summary, our work provides
the first evidence in favor for a role of increased MBH TXNIP
expression in obesity and diabetes as a mechanism linking nutri-
ent excess to energy imbalance.
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Hammond C, Hui DY, Woods SC, et al. (2007) The central melanocor-
tin system directly controls peripheral lipid metabolism. J Clin Invest
117:3475–3488.

Ono H, Pocai A, Wang Y, Sakoda H, Asano T, Backer JM, Schwartz GJ,
Rossetti L (2008) Activation of hypothalamic S6 kinase mediates diet-
induced hepatic insulin resistance in rats. J Clin Invest 118:2959 –2968.

Parton LE, Ye CP, Coppari R, Enriori PJ, Choi B, Zhang CY, Xu C, Vianna CR,
Balthasar N, Lee CE, Elmquist JK, Cowley MA, Lowell BB (2007) Glu-
cose sensing by POMC neurons regulates glucose homeostasis and is
impaired in obesity. Nature 449:228 –232.

Patwari P, Higgins LJ, Chutkow WA, Yoshioka J, Lee RT (2006) The inter-
action of thioredoxin with Txnip. Evidence for formation of a mixed
disulfide by disulfide exchange. J Biol Chem 281:21884 –21891.

Paxinos G, Franklin KBJ (2001) The mouse brain in stereotaxic coordinates,
Ed 2. New York: Academic.

Ross RA, Rossetti L, Lam TK, Schwartz GJ (2010) Differential effects of
hypothalamic long-chain fatty acid infusions on suppression of hepatic
glucose production. Am J Physiol Endocrinol Metab 299:E633–E639.

Sheth SS, Castellani LW, Chari S, Wagg C, Thipphavong CK, Bodnar JS,
Tontonoz P, Attie AD, Lopaschuk GD, Lusis AJ (2005) Thioredoxin-
interacting protein deficiency disrupts the fasting-feeding metabolic tran-
sition. J Lipid Res 46:123–134.

Steele R, Wall JS, De Bodo RC, Altszuler N (1956) Measurement of size and
turnover rate of body glucose pool by the isotope dilution method. Am J
Physiol 187:15–24.

Blouet and Schwartz • Hypothalamic TXNIP and Energy Homeostasis J. Neurosci., April 20, 2011 • 31(16):6019 – 6027 • 6027


