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TXNIP in Agrp Neurons Regulates Adiposity, Energy
Expenditure, and Central Leptin Sensitivity
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Thioredoxin interacting protein (TXNIP) has recently been described as a key regulator of energy metabolism through pleiotropic actions
that include nutrient sensing in the mediobasal hypothalamus (MBH). However, the role of TXNIP in neurochemically specific hypotha-
lamic subpopulations and the circuits downstream from MBH TXNIP engaged to regulate energy homeostasis remain unexplored. To
evaluate the metabolic role of TXNIP activity specifically within arcuate Agrp neurons, we generated Agrp-specific TXNIP gain-of-
function and loss-of-function mouse models using Agrp-Ires-cre mice, TXNIP flox/flox mice, and a lentivector expressing the human TXNIP
isoform conditionally in the presence of Cre recombinase. Overexpression of TXNIP in Agrp neurons predisposed to diet-induced obesity
and adipose tissue storage by decreasing energy expenditure and spontaneous locomotion, without affecting food intake. Conversely,
Agrp neuronal TXNIP deletion protected against diet-induced obesity and adipose tissue storage by increasing energy expenditure and
spontaneous locomotion, also without affecting food intake. TXNIP overexpression in Agrp neurons did not primarily affect glycemic
control, whereas deletion of TXNIP in Agrp neurons improved fasting glucose levels and glucose tolerance independently of its effects on
body weight and adiposity. Bidirectional manipulation of TXNIP expression induced reciprocal changes in central leptin sensitivity and
the neural regulation of lipolysis. Together, these results identify a critical role for TXNIP in Agrp neurons in mediating diet-induced
obesity through the regulation of energy expenditure and adipose tissue metabolism, independently of food intake. They also reveal a
previously unidentified role for Agrp neurons in the brain-adipose axis.

Introduction
Thioredoxin interacting protein (TXNIP) was first described as a
protein that binds with high affinity to thioredoxin, a major ubiq-
uitously expressed thiol-reducing nonenzymatic antioxidant,
and that inhibits thioredoxin’s ability to reduce sulfhydryl groups
via NADPH oxidation (Nishiyama et al., 1999). Structurally,
TXNIP belongs to the poorly characterized �-arrestin protein
family, a subgroup of the arrestin clan proteins (Alvarez, 2008;
Aubry et al., 2009).

Recent findings provide evidence for a role for TXNIP as an
important regulator of glucose and lipid metabolism through
pleiotropic actions that include regulation of �-cell function, he-
patic glucose production, peripheral glucose uptake, adipogene-
sis, and substrate utilization (Bodnar et al., 2002; Hui et al., 2004,
2008; Sheth et al., 2005; Parikh et al., 2007; Chutkow et al., 2008;

Shalev, 2008). TXNIP expression is induced in conditions of nu-
trient excess, and this induction has been implicated in the patho-
genesis of diabetes both in rodent models and in humans (Hui et
al., 2004; Parikh et al., 2007; Chen et al., 2008b; Chutkow et al.,
2008). Underlying mechanisms were first thought to depend on
TXNIP’s well described ability to negatively regulate the bioavail-
ability of thioredoxin, but emerging evidence suggests that some
of TXNIP’s effects rely on a thioredoxin-independent �-arrestin-
conserved role in metabolism, potentially through the regulation
of endosome formation and protein ubiquitination (Patwari et
al., 2009, 2011; Chutkow and Lee, 2011).

Our recent data indicate that TXNIP’s diverse physiological
roles in the regulation of metabolism include nutrient sensing in
discrete brain areas relevant to the central control of energy
homeostasis, including the mediobasal hypothalamus (MBH),
which comprises the arcuate nucleus of the hypothalamus (ARH)
and the ventromedial nucleus of the hypothalamus. TXNIP is
minimally expressed outside these discrete nutrient-sensing nu-
clei, and TXNIP expression responds to signals of acute and
chronic energy availability exclusively in the MBH (Blouet and
Schwartz, 2011). In this brain nucleus, similarly to what has been
reported in the pancreas, liver, and adipose tissue (Chen et al.,
2008a; Chutkow et al., 2008, 2010), TXNIP expression is sup-
pressed by acute signals of energy availability (refeeding) but in-
duced in conditions of chronic overnutrition (high-fat feeding)
(Blouet and Schwartz, 2011). Virally mediated, bidirectional
modulations of MBH TXNIP expression in adult mice main-
tained on a high-fat diet produced complementary consequences
on body weight, adiposity, and glycemic control, supporting a
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role for MBH TXNIP in the mechanisms by which signals of
energy availability affect whole-body energy metabolism (Blouet
and Schwartz, 2011).

While implicating MBH TXNIP in the regulation of energy
homeostasis and the etiology of diet-induced obesity, these stud-
ies thus far have not provided insight into the function of TXNIP
in neurochemically specific hypothalamic subpopulations and in
the circuits activated downstream from MBH TXNIP to regulate
energy homeostasis in high-fat fed animals.

In the current work, we hypothesized that TXNIP in Agrp neu-
rons, a subpopulation of MBH neurons strongly implicated in the
regulation of energy balance (Cone, 1999), contributes to the meta-
bolic phenotype induced by MBH-wide TXNIP manipulations. To
test this hypothesis, we developed Agrp-specific TXNIP gain-of-
function and loss-of-function mutants and assessed the effects of
Agrp-specific TXNIP upregulation and loss of function on multiple
behavioral and metabolic contributors to energy balance.

Materials and Methods
Animals. All experimental protocols were approved by the Institute for
Animal Studies of the Albert Einstein College of Medicine. Mice were
single-housed or group-housed in a temperature-controlled environ-
ment at 22–24°C under a 12 h light/12 h dark cycle, and fed either stan-
dard chow or 35% high-fat diet (D12450B and D12451B respectively,
Research Diets). Water was provided ad libitum.
Transgenic mice. Agrp-Ires-cre mice, in which a DNA cassette containing
an internal ribosome entry site (IRES) followed by the coding sequence
for Cre recombinase inserted at a site located 3 bp after the Agrp stop
codon, were kindly provided by Dr. Joel Elmquist (University of Texas
Southwestern Medical Center) and obtained as described previously (Fu-
kuda et al., 2008). Agrp-Ires-cre mice were genotyped with the following
primers: 5�-GGGCCCTAAGTTGAGTTTTCCT-3�, 5�-GATTACCCAA
CCTGGGCAGAA C-3�, and 5�-GGGTCGCTACAGACGTTGTTT G-3�.

Txnipflox/flox mice, with an exon1 loxP-flanked Txnip locus, were
kindly provided by Drs. William Chutkow and Richard Lee (Brigham
and Women’s Hospital and Harvard Medical School) and obtained as
described previously (Yoshioka et al., 2007). Txnipflox/flox mice were
genotyped using the following primers: F1-sense 5�-TTTCGTTTGGGT
TTTCAAGC-3�; F2-sense, 5�-CTTCACCCCCCTAGAGTGAT-3�; and
R-antisense, 5�-CCCAGAGCACTTTCTTGGAC-3�, to detect wild-type,
flox, and deleted TXNIP alleles.

LepR-GFP mice were obtained as previously described (van de Wall et
al., 2008).

NPY-GFP mice [B6.FVB-Tg(Npy-hrGFP)1Lowl/J; stock number
006417] were obtained from The Jackson Laboratory.

NPY-GFP;Agrp-Ires-Cre mice were obtained by crossing NPY-GFP
mice with Agrp-Ires-cre mice.

Generation of Agrp-TXNIP knock-out mice. To selectively knock out
TXNIP in Agrp neurons, we used the Cre/Lox technology. Agrp-Ires-cre mice
show a high Cre activity restricted to Agrp neurons in the arcuate nucleus of
the hypothalamus (Fukuda et al., 2008) where TXNIP is highly expressed
(Blouet and Schwartz, 2011). We bred Txnipflox/flox mice to Agrp-Ires-cre
mice to obtain double heterozygotes that were bred to each other to obtain
Txnipflox/flox; Agrp-Ires-cre mice. Both males and females were used for the
subsequent studies. Mice detected to be homozygous deleted for Txnip in
tissues used for genotyping were excluded. Txnipflox/flox; Agrp-Ires-cre mice
were born with the expected Mendelian ratio, had no detectable develop-
mental defects, and were fertile (average litter size, eight pups).

Likewise, NPY-GFP;Agrp-Ires-Cre;Txnipflox/flox mice were obtained by
crossing NPY-GFP;Agrp-Ires-Cre mice with Txnipflox/flox mice.

hTXNIP lentiviral particles. Human TXNIP (hTXNIP) and C247S
hTXNIP (mutant that does not bind to thioredoxin, used as control)
plasmids (provided by Drs. William Chutkow and Richard Lee, Brigham
and Women’s Hospital and Harvard Medical School), were prepared as
previously described (Blouet and Schwartz, 2011).

hTXNIP-flox lentiviral plasmid. A lentiviral construct previously devel-
oped to express hTXNIP (Patwari et al., 2006) and provided by Drs.

William Chutkow and Richard Lee (Brigham and Women’s Hospital and
Harvard Medical School) was modified for conditional expression. The
lentiviral vector (pCDH-CMV-MCS-EF1-Puro, System Biosciences)
had the hTXNIP cDNA cloned between the NheI and EcoRI sites, part of
the multiple cloning sequence after the CMV promoter. A transcrip-
tional blocking sequence flanked by loxP sites was amplified with T3 and
T7 primers from a construct MC4R-loxTB provided by Dr. Joel Elmquist
(Balthasar et al., 2005). The amplicon was digested with SalI and XhoI
followed by a fill-in reaction for blunt-end ligation into the XbaI site of
the hTXNIP plasmid, similarly filled in to generate a blunt end. Several
loxTB-containing plasmids were screened and verified by sequencing the
amplified segment. Plasmids were subsequently used for packaging
reactions to generate viral stocks suitable for transfection by System
Bioscience.

Generation of Agrp TXNIP overexpressing mice. To selectively overex-
press TXNIP in Agrp neurons, we used the Cre/Lox technology. Using
stereotaxic surgery, we injected the hTXNIP-flox lentivirus into the me-
diobasal hypothalamus of male Agrp-Ires-cre mice and wild-type male
littermates. Under ketamine/xylazine anesthesia, mice were injected with
lentiviral particles (1–2 � 10 9 pfu/ml, 500 nl/side over a 10 min period;
injection rate, 50 nl/min) as previously described (Blouet et al., 2009). At
the end of the experiment, all mice were killed by decapitation and me-
diobasal hypothalamic wedges were systematically dissected as previ-
ously described (Blouet et al., 2009). Total RNA was isolated from frozen
MBH wedges using RNeasy Mini Kit (Quiagen) according to the manu-
facturer’s instructions. Extracted RNA was quantified using a NanoDrop
ND-1000 (Nanodrop) and RNA integrity was confirmed with ethidium
bromide staining. Following treatment with DNase I (Invitrogen), puri-
fied RNA was used as template for first-strand cDNA synthesis using
SuperScript III (Invitrogen). 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). Samples contained 2
�l of Fast Start DNA Master SYBR Green I, 4 mM MgCl2, and 0.5 �M of
each primer in a 20 �l final volume. To ascertain deletional activation of
hTXNIP expression, we chose a forward primer in the sequence between
the CMV transcription start site and the LoxTB cassette (CGC-
CAAGCTCGAAATTAACCCTCA), and a reverse primer in the hTXNIP
coding sequence (TCTCGCCACTGCCGTACACCT; expected product
size of the hTXNIP deleted transcript, 386 bp). PCR products were ana-
lyzed on agarose gel.

Stereotaxic cannula implantation. Stereotaxic surgery to target the
MBH was performed under ketamine/xylazine anesthesia as previously
described (Blouet et al., 2009). Briefly, mice were stereotaxically im-
planted with a steel guide cannula (Plastics One) into the third ventricle
(coordinates from bregma: anteroposterior, �0.3 mm; dorsoventral, �3
mm), or with a bilateral cannula targeting the MBH (coordinates from breg-
ma: anteroposterior, �1.1 mm; dorsoventral, �5.9 mm; center–center, 0.8
mm). Animals were allowed 1 week to recover. Correct cannula placement
was confirmed histologically postmortem by India ink injections of 50 nl
(MBH) or 500 nl (intracerebroventricular).

Metabolic phenotyping. Body weight was measured weekly. Body com-
position was determined by magnetic resonance spectroscopy (MRS)
using an echo MRS instrument (Echo Medical Systems). To determine
energy expenditure, mice were adapted to individual metabolic cham-
bers. Metabolic measurements (oxygen consumption, carbon dioxide
production, food intake, and locomotor activity) were obtained contin-
uously using a CLAMS (Columbus Instruments) open-circuit indirect
calorimetry system for 7 consecutive days.

Glycemic control. Glucose tolerance was assessed with a 1 g/kg �1 body
weight oral glucose challenge after a 6 h daytime fast with tail blood
sampling. Insulin sensitivity was assessed using an intraperitoneal 0.75 U
insulin challenge after a 6 h daytime fast with tail blood sampling.

Intracerebroventricular leptin sensitivity test. After a 2 h food depriva-
tion, mice received an intracerebroventricular injection of 0.5 or 1 �g of
leptin (R&D Systems) or vehicle (saline) in 1 �l, 1 h before the onset of
the dark period, in a cross-over design, and we measured 24 h body
weight change in food intake.

Intracerebroventricular melanotan II challenge. Central melanotan II
(MTII) challenges were adapted from (Shrestha et al., 2010). After a 2 h
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food deprivation in the morning, mice received an intracerebroventric-
ular injection of 1 �g of MTII (Bachem) or vehicle (saline) in 1 �l, in a
cross-over design. Blood samples were collected at 0, 30, 60, 90, and 120
min for biochemical analyses.

Analytical procedures. We determined blood glucose levels using a glu-
cometer (Precision Xtra, MediSense), plasma insulin using an ELISA
(Alpco), and plasma nonesterified fatty acid (NEFA) and glycerol using
colorimetric assays (Wako and Cayman, respectively).

Tissue collection for immunostaining and immunostaining. Mice were
anesthetized using pentobarbital. Brains were perfused transcardially
and processed as previously described (Blouet et al., 2009). Coronal hy-
pothalamic sections of 30 �m thickness were prepared on a freezing
microtome and free-floating sections were incubated with 1% hydrogen
peroxide for 10 min and washed 3 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. Sections were exposed for 2 h to cy3-conjugated goat
anti-mouse (1:400; Jackson Immunoresearch), washed in PBS, floated
onto gelatinized slides, and coverslipped with Vectashield (Vector Labo-
ratories). For pSTAT3 immunofluorescence, we used mice implanted
with a bilateral cannula into the MBH. Mice were perfused 30 min after
an intra-MBH leptin treatment (100 ng/side in 100 nl in 1 min). Follow-
ing H2O2 treatment, slices were rinsed 10 min in 0.3% glycine, 10 min in
0.03% SDS, and 10 min in methanol with 0.3% glycine and 0.03% SDS.
Sections were blocked 2 h with 5% NGS and incubated in pSTAT3 anti-
serum (1:500, Tyr705, Cell Signaling Technology #9145) with 0.3% Tri-
ton X-100 and 5% NGS in PBS for 48 h with gentle agitation. Sections
were exposed for 2 h to Alexafluor 594 goat-anti-rabbit (1:1000; Invitro-
gen) washed in PBS, floated onto gelatinized slides, and coverslipped
with Vectashield (Vector Laboratories). Because the native GFP signal
from the NPY-GFP and LepR-GFP mice we used is very bright, GFP
fluorescence was visualized without antibody staining. Fluorescence was
visualized with the appropriate lasers and emission filters on a Leica SP2
confocal microscope. Images were analyzed using ImageJ software and
plugins from Montpellier RIO Imaging (http://www.mri.cnrs.fr).

RT-PCR analysis. RNA extraction, preparation, and real-time PCR
experiments were performed as previously described (Blouet et al.,
2008). Quantitative real-time RT-PCR was run using FastStart Universal
Probe Master on a 480 Lightcycler (Roche Diagnostics). Primers and
hydrolysis probes used were as follows: Agrp, forward primer TTTGTC
CTCTGAAGCTGTATGC, reverse primer GCATGAGGTGCCTCCC
TA, Roche hydrolysis probe #32; NPY, forward primer CCGCTCTGCG
ACACTACAT, reverse primer TGTCTCAGGGCTGGATCTCT, Roche
hydrolysis probe #9; POMC, forward primer AGTGCCAGGACCTCAC
CA, reverse primer CAGCGAGAGGTCGAGTTTG, Roche hydrolysis
probe #62; actin, forward primer CTAAGGCCAACCGTGAAAAG, re-
verse primer ACCAGAGGCATACAGGGACA, Roche hydrolysis probe
#64. Relative quantification of each transcript compared with �-actin
was determined as previously reported (Blouet et al., 2008).

Slice preparation. Transverse brain slices were prepared from mice at
postnatal age 8 –9 weeks. Animals were anesthetized with a mixture of
ketamine and xylazine. After decapitation, the brain was transferred into
a sucrose-based solution bubbled with 95% O2 and 5% CO2 and main-
tained at �3°C. This solution contained the following (in mM): 248
sucrose, 2 KCl, 1 MgCl2, 1.25 KH2PO4, 26 NaHCO3, and 10 glucose.
Transverse coronal brain slices (200 �M) were prepared using a Vi-
bratome (Leica VT1000S). Slices were equilibrated with an oxygenated
artificial CSF (aCSF) for �1 h before transfer to the recording chamber.
The slices were continuously superfused with aCSF at a rate of 2 ml/min
containing the following (in mM): 113 NaCl, 3 KCl, 1 NaH2PO4, 26
NaHCO3, 2.5 CaCl2, 1 MgCl2, and 5 glucose in 95% O2 and 5% CO2 at
room temperature.

Electrophysiological recordings. Brain slices were placed on the stage of
an upright, infrared-differential interference contrast microscope
(Olympus BX50WI) mounted on a Gibraltar X-Y table (Burleigh) and
visualized with a 40� water-immersion objective by infrared microscopy
(Dage-MTI camera). Membrane potentials were recorded at 28°C to a
PC after being filtered at 2 kHz by a Multiclamp 700B and analyzed using

pClamp10 (Axon). The external solution contained the following (in
mM): 113 NaCl, 3 KCl, 1 NaH2PO4, 26 NaHCO3, 2.5 CaCl2, 1 MgCl2, and
5 glucose in 95% O2 and 5% CO2. The internal solution contained the
following (in mM): 115 potassium acetate, 10 KCl, 2 MgCl2, 10 EGTA, 10
HEPES, 2 Na2ATP, 0.5 Na2GTP, and 10 phosphocreatine. Pipette resis-
tance ranged from 3– 4 M�. We measured the membrane potential be-
fore, during, and after application of leptin (50 nM) in current-clamp
mode. After at least 5 min of stable recording, leptin was applied to the
NPY neurons via bath application.

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 repeated-measures two-way
ANOVAs and adjusted with Bonferroni’s post hoc tests. Multiple com-
parisons were tested with one-way ANOVAs and adjusted with Tukey’s
post hoc tests. Single comparisons were made using one-tail Student’s t
tests.

Results
TXNIP is expressed in NPY/Agrp neurons of the ARH
Agrp and NPY are coexpressed in the ARH (Hahn et al., 1998;
Haskell-Luevano et al., 1999; Grove and Smith, 2003). We first
confirmed that TXNIP is expressed in NPY/Agrp neurons of the
ARH using immunofluorescence labeling and confocal micros-
copy in NPY-GFP mice. We found that �90% of NPY neurons
express TXNIP (Fig. 1A).

Overexpression of TXNIP in Agrp neurons predisposes
toward diet-induced obesity
To selectively overexpress TXNIP in Agrp neurons, we used ste-
reotaxic surgery to inject male Agrp-Ires-cre mice and their wild-
type littermates with an hTXNIP-flox lentivirus bilaterally into
the MBH. This manipulation led to the expression of the hTXNIP
mutant selectively in Agrp neurons of adult Agrp-Ires-cre mice.

Induction of hTXNIP expression in Agrp neurons signifi-
cantly increased body weight gain when animals were maintained
on a high-fat diet (1.68 � 0.61 g/d vs 2.68 � 0.84 g/d, respectively
in WT and Agrp-Ires-cre mice injected with the hTXNIP-flox
virus; main effect of genotype, p � 0.01) (Fig. 1B). Body weights
significantly differed beginning 4 weeks after the viral injection
(p � 0.04) due to increased fat mass (p � 0.02 at 6 weeks; p �
0.01 at 18 weeks) and without any difference in fat-free mass (Fig.
1C,D). TXNIP overexpression in Agrp neurons did not affect
daily food intake (data not shown). Instead, nighttime energy
expenditure was dramatically reduced, as evidenced by the lower
oxygen consumption rate (p � 0.0008) and the decreased loco-
motor activity level (p � 0.0008) in Agrp-Ires-cre mice injected
with the hTXNIP-flox virus (Fig. 1E,G). In addition, nighttime
respiratory quotient was significantly lower in Agrp-Ires-cre mice
than in controls (p � 0.0009) (Fig. 1F). NPY, Agrp, and POMC
mRNA expression did not significantly differ between groups 3
weeks after the viral injection (data not shown). Together, these
results indicate that overexpression of TXNIP selectively in Agrp
neurons predisposes to diet-induced obesity and adipose tissue stor-
age by decreasing energy expenditure and spontaneous locomotion,
without affecting food intake.

We next assessed the effect of Agrp TXNIP overexpression on
glycemic control. In Agrp-Ires-cre mice and wild-type controls
tested 12 weeks after the hTXNIP-flox virus injection, we found
that TXNIP overexpression in Agrp neurons significantly
impaired glucose tolerance and insulin sensitivity during an in-
traperitoneal insulin sensitivity test (main effect of genotype, p �
0.03, data not shown). Because at this stage, fat mass significantly
differed between groups, we repeated these tests in a separate
cohort 3 weeks after the virus injection, when body weight and fat
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mass did not yet significantly diverge. Glucose tolerance and intraperi-
toneal insulin sensitivity did not differ between groups at 3 weeks post-
viral injection (Fig. 1H,I,J). Together these results indicate that TXNIP
overexpression in Agrp neurons does not primarily affect glycemic
control.

Loss of TXNIP in Agrp neurons
protects against diet-induced obesity
High-fat diet maintenance promotes the
development of obesity, and strongly in-
duces TXNIP expression in the MBH of
wild-type mice (Blouet and Schwartz,
2011). To further evaluate the role of
TXNIP in Agrp-expressing neurons dur-
ing high-fat diet maintenance, we bred
Txnipflox/flox mice to Agrp-Ires-cre mice.
Because Agrp-Ires-cre mice show high Cre
activity restricted to Agrp neurons in the
ARH (Fukuda et al., 2008), this manipu-
lation leads to TXNIP-specific deletion in
Agrp neurons of the ARH (Fig. 2A).

At birth, Txnipflox/flox; Agrp-Ires-cre
mice had body weights similar to those of
their wild-type counterparts. As shown in
Figure 2, deletion of TXNIP in Agrp neu-
rons decreased the rate of body weight
gain in both males and females (main ef-
fect of genotype, p � 0.01 in males and
p � 0.04 in females). Consequently,
Txnipflox/flox; Agrp-Ires-cre mice had lower
body weights than controls beginning at
12 weeks of age (Fig. 2B,E). This body
weight difference was due to differences in
fat mass (week 14, p � 0.02 in males and
p � 0.04 in females) (Fig. 2C,F), and lean
body mass did not significantly differ be-
tween groups (Fig. 2D,G). In males, Agrp
neuronal TXNIP deletion did not signifi-
cantly affect 24 h food intake (data not
shown). In contrast, energy expenditure
was markedly increased. At 10 weeks of
age, when body weight and body fat mass
did not yet differ between groups, oxygen
consumption and nighttime locomotor
activity were higher in Txnipflox/flox; Agrp-
Ires-cre males compared with controls
(p � 0.01 and p � 0.03, respectively) (Fig.
2H, J). Substrate utilization, as deter-
mined by whole-body respiratory quo-
tient, did not differ between groups (Fig.
2 I). Together, these results indicate that
Agrp neuronal TXNIP deletion protects
against diet-induced obesity and adipose
tissue storage by increasing energy ex-
penditure and spontaneous locomo-
tion, without affecting food intake.

Because MBH TXNIP knockdown
improved glucose tolerance and insulin
sensitivity (Blouet and Schwartz, 2011),
we assessed glycemic control in 10-
week-old Txnipflox/flox; Agrp-Ires-cre
mice. We found a modest but significant
decrease in 5-h-fast blood glucose levels
in Txnipflox/flox; Agrp-Ires-cre mice com-

pared to Txnipflox/flox mice ( p � 0.046) (Fig. 2 K, M ). Although
blood glucose did not significantly differ between groups fol-
lowing an oral glucose challenge, plasma insulin levels at 15
min were lower in Txnipflox/flox; Agrp-Ires-cre mice than in
Txnipflox/flox mice ( p � 0.048) (Fig. 2 L). Blood glucose levels

Figure 1. Overexpression of TXNIP in Agrp neurons predisposes toward diet-induced weight gain and adiposity. A, Colocaliza-
tion (right, orange) of TXNIP (left, red) and NPY (middle, green) in the arcuate nucleus of the hypothalamus of NPY-GFP mice. B–J,
Body weight gain (B), fat mass (C), fat-free mass (D), oxygen consumption (E ), respiratory quotient (F), spontaneous locomotor
activity (G ), blood glucose and plasma insulin during an oral glucose tolerance test (H, I ), and blood glucose during an intraperi-
toneal insulin sensitivity test (J ) in male Agrp-Ires-cre and wild-type mice injected with the hTXNIP-flox lentivirus into the medio-
basal hypothalamus. Data are mean � SEM, n � 4 –7. *p 	 0.05; ***p 	 0.001.
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during an intraperitoneal insulin chal-
lenge did not differ between groups
(Fig. 2 M). These data indicate that Agrp
TXNIP deletion improves glycemic con-
trol independently of its effects on body
weight and adiposity.

TXNIP in Agrp neurons modulates
central leptin sensitivity
Previous evidence indicates that MBH
TXNIP regulates hypothalamic leptin’s
molecular, behavioral, and metabolic ac-
tions (Blouet and Schwartz, 2011). Leptin
receptors are expressed in NPY/Agrp neu-
rons within the arcuate nucleus of the hy-
pothalamus (Mercer et al., 1996), and we
confirmed that TXNIP is expressed in
leptin-receptor-expressing neurons in the
MBH (Fig. 3A), raising the possibility that
TXNIP in Agrp neurons regulates the lep-
tinergic control of energy balance. To test
this hypothesis, we assessed the effects of
Agrp-specific TXNIP gain or loss of func-
tion on central leptin action at stages
where adiposity phenotypes were not yet
present (3 weeks after the viral injection
for Agrp-Ires-cre mice and wild-type con-
trols injected with the hTXNIP-flox, and
in 10-week-old Txnipflox/flox; Agrp-Ires-cre
mice and controls). The feeding and meta-
bolic responses to intracerebroventricular
leptin were blunted in Agrp-Ires-cre mice in-
jected with the hTXNIP-flox lentivirus
compared controls (genotype effect for food
intake and body weight gain, p � 0.01 and
p � 0.02, respectively) (Fig. 3B,C). Con-
versely, Txnipflox/flox; Agrp-Ires-cre mice
were more sensitive than controls to the be-
havioral and metabolic actions of centrally
administered leptin (genotype effect for
food intake and body weight gain, p � 0.044
and p � 0.028, respectively) (Fig. 3D,E).
Together, these data indicate that TXNIP
specifically in Agrp neurons bidirectionally
modulates the behavioral response to cen-
tral leptin.

To confirm these results in the context
of TXNIP overexpression, we performed
whole-cell patch-clamp recordings from
NPY neurons of the ARH of NPY-GFP mice
expressing hTXNIP or C247S hTXNIP
(mutant used as a control) in the MBH. We
found that MBH TXNIP overexpression
blunts the electrophysiological impact of
leptin on NPY neurons. Treatment with
leptin (50 nM) to NPY neurons via bath ap-
plication significantly hyperpolarized NPY
neurons in controls, whereas leptin had no
effect on NPY neurons in hTXNIP mice (Fig. 3F ). Last, we
measured leptin-induced p-STAT3 expression in Agrp neu-
rons using NPY-GFP and NPY-GPF; Agrp-Ires-cre mice in-
jected with the hTXNIP-flox virus and acutely treated with
leptin directly into the MBH. pSTAT3 immunoreactivity was

assessed 30 min after the leptin treatment. We found that, in
controls, 98.32 � 0.25% of NPY neurons expressed pSTAT3,
whereas in NPY-GFP;Agrp-Ires-cre mice, 71.00 � 3.54% of
NPY neurons expressed pSTAT3 ( p 	 0.001, Fig. 3G,H ). To-
gether, these data indicate that overexpression of TXNIP in

Figure 2. Knock-out of TXNIP in Agrp neurons protects against diet-induced weight gain and adiposity. A, Colocalization (right,
yellow) of NPY (left, green) and TXNIP (middle, red) in Agrp-Ires-cre;NPY-GFP;TXNIPflox/flox mice. B–M, Body weight (B–E), fat mass
(C–F ), fat-free mass (D–G), oxygen consumption (H ), respiratory quotient (I ), locomotor activity (J ), blood glucose and plasma
insulin during an oral glucose tolerance test (K, L ), and blood glucose during an intraperitoneal insulin sensitivity test (M ) in
TXNIPflox/flox; Agrp-Ires-cre and TXNIPflox/flox mice. Data are means � SEM, n � 4 – 8. *p 	 0.05.
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Agrp neurons impairs the electrophysiological and molecular
responses to leptin in Agrp neurons.

TXNIP in Agrp neurons contributes to the central control of
adipose tissue metabolism
We then asked whether the above changes in leptin sensitivity fol-
lowing TXNIP gain and loss of function in Agrp neurons might alter
the central melanocortinergic control of adipose tissue metabolism

(Song et al., 2005; Brito et al., 2007; Noguei-
ras et al., 2007), and thereby contribute to
our observed changes in adiposity in the
Agrp TXNIP loss-of-function and gain-of
function mutations. To address this ques-
tion, mice received a central MTII challenge,
and MTII-induced changes in circulating
NEFA and glycerol levels were measured.
Tests were performed at stages at which ad-
iposity did not yet differ between groups.
Central administration of MTII signifi-
cantly increased plasma NEFA and glycerol
levels in control mice as early as 30 min after
the injection (time effect, p 	 0.0001 for
both NEFA and glycerol curves) (Fig. 4). In
Agrp-Ires-cre mice injected with the
hTXNIP-flox lentivirus, the MTII-induced
NEFA and glycerol release was more robust
than in controls (main effect of genotype,
p � 0.012 for the NEFA curves and p �
0.015 for glycerol curves) (Fig. 4A,B). Con-
versely, in Txnipflox/flox; Agrp-Ires-cre mice,
the lipolytic responses to MTII were blunted
(main effect of genotype, p � 0.032 for the
NEFA curves and p � 0.048 for the glycerol
curves) (Fig. 4C,D).

To extend this result to a physiological
situation of energy mobilization, we then
tested whether TXNIP gain and loss of func-
tion in Agrp neurons also affected lipolysis
during a 24 h period of food deprivation, a
challenge known to activate Agrp neurons
and induce lipolysis through sympathetic
activation of adipose tissue (Hücking et al.,
2003). In Agrp-Ires-cre mice injected with
the hTXNIP-flox lentivirus, fasting-induced
NEFA release and body weight loss were
blunted compared with controls ( p �
0.03 and p � 0.05, respectively) (Fig.
4 E). In contrast, TXNIP deletion in Agrp
neurons increased fasting-induced NEFA
release and body weight loss (p � 0.01 and
p � 0.02, respectively) (Fig. 4G). These data
confirm that TXNIP in Agrp neurons regu-
lates the central control of lipolysis.

Last, because leptin signaling in Agrp
neurons has been shown to regulate fasting-
induced locomotor activity (Mesaros et al.,
2008; van de Wall et al., 2008), we measured
nighttime spontaneous locomotion follow-
ing a 24 h fast. In Agrp-Ires-cre mice injected
with the hTXNIP-flox lentivirus, the
fasting-induced increase in nighttime loco-
motor activity was blunted (p � 0.05) (Fig.
4F). Conversely, in Agrp TXNIP knock-out

mice, the fasting-induced increase in nighttime locomotor activity
was increased (p � 0.02) (Fig. 4H). These results indicate that TX-
NIP in Agrp neurons also regulates the behavioral response to a fast.

Discussion
Our previous work identified TXNIP in the MBH as a novel
contributor to hypothalamic nutrient sensing, and showed that
MBH TXNIP activation in diet-induced obesity contributes to a

Figure 3. TXNIP in Agrp neurons bidirectionally regulates central leptin sensitivity. A, Colocalization (right, orange) of TXNIP (left, red)
and NPY (middle, green) in the mediobasal hypothalamus of LepR-GFP mice. B, C, Food intake and body weight gain in wild-type mice
injected with the hTXNIP-flox lentivirus into the mediobasal hypothalamus. D, E, Food intake and body weight gain in TXNIPflox/flox;
Agrp-Ires-cre and TXNIPflox/flox mice following a central injection of aCSF or leptin into the third ventricle. F, Electrophysiological recordings
from arcuate NPY neurons of animals expressing hTXNIP or controls in response to leptin stimulation. G, H, Colocalization (right, yellow) of
pSTAT3 (left, red) and GFP (middle, green) in NPY-GFP (G) and NPY-GFP;Agrp-Ires-cre (H ) mice infected with the hTXNIP-flox lentivirus into
the MBH. Data are means � SEM, n � 7– 8. *p 	 0.05.

Blouet et al. • TXNIP in Agrp Neurons Regulates Energy Balance J. Neurosci., July 18, 2012 • 32(29):9870 –9877 • 9875



cluster of diet-induced metabolic dysfunctions, including in-
creased body weight gain, adiposity, and impaired glycemic con-
trol. These findings left unresolved the roles of TXNIP in
neurochemically specific subpopulations of the MBH. Here we
(1) show that TXNIP colocalizes with NPY in the arcuate nucleus
of the hypothalamus; (2) demonstrate that bidirectional changes
in TXNIP expression in Agrp neurons produce complementary
changes in body weight, adiposity, oxygen consumption, loco-
motor activity, and central leptin sensitivity; and (3) provide ev-
idence supporting the conclusion that TXNIP in Agrp neurons
bidirectionally regulates the central control of adipose tissue li-
polysis. Together these results identify a critical role for TXNIP in
Agrp neurons in mediating diet-induced obesity through the reg-

ulation of energy expenditure and adipose tissue metabolism,
independently of food intake. They also reveal that the major
whole-body metabolic phenotypes arising from MBH TXNIP
loss and gain of function can be accounted for by its actions in
Agrp neurons.

Our results indicate that increased Agrp TXNIP expression is
sufficient to produce energy imbalance in high-fat fed mice
through a decrease in energy expenditure, evidenced by de-
creased oxygen consumption and physical activity, and in the
absence of any effect on feeding behavior. Conversely, Agrp
TXNIP knock-out provides resistance against diet-induced obe-
sity through an increase in oxygen consumption and physical
activity, without affecting food intake, supporting a role for en-
dogenous Agrp TXNIP in the regulation of energy expenditure.
Importantly, these changes have been measured before the onset
of body weight and adiposity phenotypes, suggesting that TXNIP
in Agrp neurons directly regulates oxygen consumption and lo-
comotor activity, leading to changes in adiposity.

Agrp TXNIP gain and loss of function also induced reciprocal
changes in central leptin sensitivity before the onset of adiposity
phenotypes. Interestingly, leptin receptor knock-out in Agrp
neurons increases body weight gain and adiposity through a de-
crease in energy expenditure and locomotor activity, without af-
fecting food intake (van de Wall et al., 2008). Conversely,
constitutive activation of STAT3 signaling in Agrp neurons
reduces body weight gain and adiposity, increases oxygen con-
sumption, and promotes spontaneous locomotor activity with-
out changing feeding behavior (Mesaros et al., 2008). Therefore,
we propose that changes in leptin sensitivity account for the
changes in body weight gain, adiposity, energy expenditure, and
locomotion following Agrp TXNIP gain and loss of function.

Leptin resistance has been shown to impair endogenous mela-
nocortin tone, leading to compensatory hypersensitivity of mela-
nocortin receptors to exogenous melanocortin activation
(Scarpace et al., 2003). Because central melanocortin signaling is
an important regulator of adipose tissue lipolysis (Song et al.,
2005; Brito et al., 2007; Nogueiras et al., 2007), we used an MTII
challenge to test whether changes in central leptin sensitivity fol-
lowing Agrp TXNIP gain and loss of function were associated
with changes in the melanocortinergic regulation of adipose tis-
sue lipolysis. As anticipated, overexpression of TXNIP in Agrp
neurons increased the lipolytic response to central MTII admin-
istration, indicating decreased endogenous melanocortin input
to adipose tissue in these mice and compensatory hypersensitiv-
ity to exogenous MTII. Consistently, fasting-induced lipolysis
was lower in this group. Conversely, the decreased lipolytic re-
sponse to central MTII administration in Agrp-Ires-cre; TXNIP
flox/flox mice indicates increased endogenous melanocortin in-
put to adipose tissue and compensatory hyposensitivity to exog-
enous MTII. Consistent with this conclusion, fasting-induced
lipolysis was increased in this group. We propose that changes in
central leptin sensitivity following Agrp TXNIP gain and loss of
function account for these changes in the melanocortinergic con-
trol of adipose tissue lipolysis. These results implicate for the first
time Agrp neurons in the brain–adipose axis. We propose that
reduced lipolysis in situations of energy mobilization promotes
adiposity in Agrp TXNIP-overexpressing mice, whereas in-
creased lipolysis reduces adipose tissue storage in Agrp TXNIP
knock-outs.

In summary, our work provides strong evidence favoring a
role of increased Agrp TXNIP expression in diet-induced obesity
through the regulation of central leptin sensitivity, energy expen-
diture, and adipose tissue metabolism.

Figure 4. TXNIP in Agrp neurons bidirectionally mediates the melanocortinergic and fasting-
induced controls of adipose tissue metabolism. A–D,
plasma NEFA (A, C) and
plasma glycerol (B,
D) following central administration of MTII into the third ventricle in male Agrp-Ires-cre and wild-type
mice injected with the hTXNIP-flox lentivirus into the mediobasal hypothalamus (A, B), and following
central administration of MTII into the third ventricle in male TXNIPflox/flox; Agrp-Ires-cre and TXNIPflox/

flox mice (C, D). Data were corrected for values obtained after a vehicle injection. E–H, Effects of a 24 h
fast on plasma NEFA, body weight loss (E, G), and nighttime locomotor activity (F, H ) in male Agrp-
Ires-cre and wild-type mice injected with the hTXNIP-flox lentivirus into the mediobasal hypothala-
mus (E, F ) and in male TXNIPflox/flox; Agrp-Ires-cre and TXNIPflox/flox mice (G, H ). Data are means �
SEM, n � 6 – 8. *p 	 0.05.
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