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Ubiquitin-specific protease 2 (USP2) participates in glucose metabolism in peripheral tissues such as the liver and skeletal muscles.
However, the glucoregulatory role of USP2 in the CNS is not well known. In this study, we focus on USP2 in the ventromedial hypo-
thalamus (VMH), which has dominant control over systemic glucose homeostasis. ISH, using a Usp2-specific probe, showed that Usp2
mRNA is present in VMH neurons, as well as other glucoregulatory nuclei, in the hypothalamus of male mice. Administration of a
USP2-selective inhibitor ML364 (20ng/head), into the VMH elicited a rapid increase in the circulating glucose level in male mice, sug-
gesting USP2 has a suppressive role on glucose mobilization. ML364 treatment also increased serum norepinephrine concentration,
whereas it negligibly affected serum levels of insulin and corticosterone. ML364 perturbated mitochondrial oxidative phosphorylation
in neural SH-SY5Y cells and subsequently promoted the phosphorylation of AMP-activated protein kinase (AMPK). Consistent with
these findings, hypothalamic ML364 treatment stimulated AMPKa phosphorylation in the VMH. Inhibition of hypothalamic AMPK
prevented ML364 from increasing serum norepinephrine and blood glucose. Removal of ROS restored the ML364-evoked mitochon-
drial dysfunction in SH-SY5Y cells and impeded the ML364-induced hypothalamic AMPKa phosphorylation as well as prevented the
elevation of serum norepinephrine and blood glucose levels in male mice. These results indicate hypothalamic USP2 attenuates pertur-
bations in blood glucose levels by modifying the ROS–AMPK–sympathetic nerve axis.
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Significance Statement

Under normal conditions (excluding hyperglycemia or hypoglycemia), blood glucose levels are maintained at a constant level.
In this study, we used a mouse model to identify a hypothalamic protease controlling blood glucose levels. Pharmacological
inhibition of USP2 in the VMH caused a deviation in blood glucose levels under a nonstressed condition, indicating that
USP2 determines the set point of the blood glucose level. Modification of sympathetic nervous activity accounts for the USP2-
mediated glucoregulation. Mechanistically, USP2 mitigates the accumulation of ROS in the VMH, resulting in attenuation of
the phosphorylation of AMPK. Based on these findings, we uncovered a novel glucoregulatory axis consisting of hypothalamic
USP2, ROS, AMPK, and the sympathetic nervous system.

Introduction
Hypothalamic nuclei regulate glucose metabolism by modifying
the autonomous nervous system and endocrine system (Berthoud
and Morrison, 2008; Seoane-Collazo et al., 2015). When certain
hypothalamic nuclei are electrically stimulated, sympathetic nerve
fibers promote glycogenesis and glycogenolysis in the liver (Dubuc
et al., 1982; Atrens et al., 1984). Sympathetic activation by the
hypothalamus also positively and negatively influences circulating
levels of glucoregulatory hormones, such as glucagon and insulin,
respectively (Kalsbeek et al., 2010). Among several nuclei present
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in the hypothalamus, the ventromedial hypothalamus (VMH) acti-
vates sympathetic nerves that innervate the liver and brown adi-
pose tissue (Shimazu, 1981). Accordingly, photogenetic activation
of VMH neurons potentiates sympathetic activity, resulting in an
acceleration of glycogenolysis in the liver (Meek et al., 2016;
Coutinho et al., 2017). Despite these previous studies, the mole-
cules involved in the VMH-modulated sympathetic activation are
still relatively unknown.

In eukaryotic cells, AMP-activated protein kinase (AMPK) is
a key regulatory enzyme for cellular energy usage (Carling,
2017). Phosphorylation of AMPK is tightly modulated by the cel-
lular nutritional state. When intracellular ATP is excessively con-
sumed, accumulated AMP and ADP bind to the cystathionine
b -synthase domain of AMPKg and trigger phosphorylation of
AMPKa (Jeon, 2016). In addition to this cellular role, hypothala-
mic AMPK is also known to be a regulator of systemic energy me-
tabolism (Hirschberg et al., 2020; Liu et al., 2020). In VMH
neurons, AMPK facilitates depolarization by opening and closing
cystic fibrosis transmembrane conductance regulator channels and
two-pore-domain potassium channels, respectively. Eventually, the
depolarization of VMH neurons yields sympathetic activation in a
voltage-gated calcium-channel-dependent manner (Coutinho et al.,
2017). In accordance, blockage of hypothalamic AMPK causes
hypoglycemia because of aberrant activation of the sympathetic
nervous system (Fryer and Carling, 2005). Thus, adequate AMPK
activation in the hypothalamus appears to be required for the main-
tenance of normal blood glucose levels. Previously, AMPK was
postulated to be activated by ROS in hypothalamic neurons (Finley,
2019). ROS potentially decreases the mitochondrial membrane
potential (Shanmughapriya et al., 2015), leading to decrements
in ATP biosynthesis and the resultant AMPK phosphorylation
(Hinchy et al., 2018). Additionally, ROS accelerates oxidation and
S-glutathionylation at the C299 and C304 residues of AMPKa,
resulting in an augmentation of the phosphorylation at T172 of
AMPKa (Zmijewski et al., 2010).

Ubiquitination and deubiquitination are reversible processes
that modulate the function of target proteins (Swatek and
Komander, 2016). Ubiquitin-specific protease 2 (USP2), one of
the deubiquitinating enzymes (DUBs), is expressed in a wide vari-
ety of tissues (Gousseva and Baker, 2003; Kitamura et al., 2013;
Hashimoto et al., 2021) and plays a pivotal role in various cellular
responses (Kitamura and Hashimoto, 2021), such as proliferation
(Shi et al., 2011; Magiera et al., 2017), cell death (Priolo et al.,
2006), and cytokine production (Kitamura et al., 2013, 2017).
With regard to the function of USP2 in the CNS, Usp2 knock-out
mice had impaired brain-associated responses, including motor
coordination, formation of working memory, and sensory-motor
gating (Srikanta et al., 2021). In the hypothalamus, USP2 is one of
the core components of the clock/brain and muscle Arnt-like pro-
tein 1 (BMAL1) complex in the suprachiasmatic nucleus (SCN;
Scoma et al., 2011). In this nucleus, USP2 modulates circadian
rhythm by digesting polyubiquitin chains on BMAL1 and the
clock modulator, which is period (Scoma et al., 2011). Despite
these pioneer studies, there is limited information about other reg-
ulatory roles of hypothalamic USP2. Because USP2 is upregulated
in the hypothalamus of hypoglycemic mice (Mastaitis et al., 2005),
a putative glucoregulatory role of USP2 can be postulated.

To date, several chemical inhibitors of USP2 have been identi-
fied (Davis et al., 2016; Chuang et al., 2018; Tomala et al., 2018).
ML364 is currently the only commercially available USP2 inhibitor.
Additionally, ML364 is applicable for in vivo studies (Zhao et al.,
2018; He et al., 2019). In this study, we attempt to uncover the
glucoregulatory roles of USP2 in VMH neurons using ML364
treatment.

Materials and Methods
Animals. Male C57BL/6N mice were purchased from Japan SLC

(http://www.jslc.co.jp/english/animals/mouse.php#mouse-cat-01). Mice
were maintained under a 12 h light/dark cycle and allowed to obtain
food and water ad libitum.

VMH cannulation was performed as previously described (Toda
et al., 2016). At 8–12weeks old, mice were intraperitoneally injected
with medetomidine (300mg/kg; Meiji Seika Pharma), midazolam (4
mg/kg; Fuji Pharma), and butorphanol (5mg/kg; Meiji Seika Pharma)
for anesthesia and then placed on a stereotaxic instrument (Narishige
International). A guide cannula (P1 Technologies) was inserted 1.4
mm posteriorly, 0.4 mm laterally, and 5.8 mm ventrally from the
bregma. In some experiments, we inserted cannula into regions adja-
cent to the VMH. Meloxicam (4mg/kg; Boehringer Ingelheim) was
used for analgesia. After 7 d of recovery, 200 nl of ML364 (20 ng/head;
MedChemExpress) or vehicle (PBS containing 5% BSA) was adminis-
tered through the internal cannula (P1 Technologies). In some experi-
ments, 200 nl of trolox (50 ng/head; Fujifilm Wako Pure Chemical) or
vehicle (PBS containing 5% BSA) were administrated to the VMH
30min before the ML364 or vehicle treatment. Two hundred nanoliters
of Compound C (CC; 8 pg/head; MedChemExpress) or vehicle (PBS
containing 5% BSA) was injected into the VMH 1 h before the ML364
or vehicle treatment. To elicit hypoglycemia, mice were given insulin
(1 unit/kg, i.p.; Eli Lilly). Food intake per unit time was calculated by
measuring the amount of pellets in the vessel before and after the
ML364 or vehicle treatment. The location of the cannula was verified
by injection of 200 nl of Hoechst 33342 (5 mg/ml; Thermo Fisher
Scientific) through the cannula. The brains were immediately collected
and frozen on powdered dry ice to prepare 20-mm-thick frozen sec-
tions. Images of the sections were captured using an IX71 fluorescence
microscope (Olympus) connected to a DP73 cooling charged-coupled
device camera (Olympus).

All animal experiments were approved by the Animal Experimentation
Committee of Rakuno Gakuen University (Approval Nos. VH17A27,
VH21A14, and VH21A15). Care and management of experimental animals
and experimental operations were conducted in compliance with the guide-
lines for animal experiments of Rakuno Gakuen University.

Cell culture. The human neuroblastic cell line SH-SY5Y was obtained
from the European Collection of Authenticated Cell Cultures. The cells
were grown in DMEM-Ham F12 medium mixture (1:1; Nacalai Tesque)
supplemented with 4.5 g/L glucose and 15% FBS. The cells were incu-
bated with ML364 (final concentration 10 mM or 5.2mg/ml) or vehicle
(DMSO; final concentration 2 mM) for 2 h. In some experiments, we
treated the cells with the ROS scavenger trolox (final concentration 100
mM or 25mg/ml), N-acetyl cysteine (NAC; final concentration 20 mM or
2.72mg/ml) or vehicle (PBS) for 2 h before ML364 or vehicle treatment.

Histologic analysis. For chromogenic ISH, brains were fixed with 4%
paraformaldehyde by transcardial perfusion under sodium pentobarbital
(100mg/kg i.p.; Kyoritu Seiyaku) anesthesia. After extraction from the
skull, the brains were immersed in 4% paraformaldehyde for 3 d and
then immersed in 30% sucrose. The tissues were then embedded in opti-
mum cutting temperature compound (Sakura Finetek) and sectioned
into 50-mm-thick slices by cryostat. For fluorescent ISH, freshly isolated
brains were frozen on powdered dry ice to prepare 5-mm-thick frozen
sections.

To generate Usp2 cRNA probes, a mouse Usp2 cDNA fragment
(accession no. NM_198091, GenBank; corresponding with the 44 000,429-
44 005,159 bp of the mouse genome version GRCm 38.p2) was cloned
into a pBluescriptII plasmid vector (Addgene). For sense and antisense
probes for Usp2 mRNA, the plasmid was digested with BamHI (New
England Biolabs) or HindIII (New England Biolabs). DIG-labeled Usp2
cRNA probes and fluorescein-labeled Usp2 cRNA probes were generated
by in vitro transcription using DIG RNA Labeling Mix (Roche
Diagnostics) and Fluorescein RNA Labeling Mix (Roche Diagnostics),
respectively. The excitatory amino acid transporter 1 (Eaat1) probe has
been described previously (Castañeda-Cabral et al., 2020).

Chromogenic and fluorescent ISH were performed as previously
reported (Konno et al., 2014). Sections were processed as follows: acetylation
with 0.25% acetic anhydride in 100 mM triethanolamine-hydrochloride, pH
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8.0, for 10min and prehybridization for 1 h in hybridization buffer
(50% formamide, 50 mM tris-hydrochloride, pH 7.5, 0.02% Ficoll,
0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, 600 mM
sodium chloride, 200 mg/ml of tRNA, 1 mM EDTA, and 10% dextran
sulfate). Hybridization was performed at 63.5°C for 12 h in hybridiza-
tion buffer supplemented with cRNA probes at a dilution of 1:1000.
Posthybridization washing was done at 61°C successively with 5�
standard sodium citrate (SSC) for 30min, 4� SSC containing 50%
formamide for 40min, 2� SSC containing 50% formamide for
40min, and 0.1� SSC for 30min. Sections were incubated at room
temperature in NaCl-Tris-EDTA (NTE) buffer (500 mM sodium chlo-
ride, tris-hydrochloride, pH 7.5, and 5 mM EDTA) for 20min, 20 mM

iodoacetamide in NTE buffer for 20min, and TNT buffer (100 mM

tris-hydrochloride, pH 7.5, 150 mM sodium chloride, and 0.1% Tween
20) for 20min. Subsequently, the sections were blocked with a block-
ing solution [100 mM tris-hydrochloride, pH 7.4, 1% blocking reagent
(Roche Diagnostics), 4% sheep serum, 150 mM sodium chloride, and
0.5% Tween 20] for 30min.

For chromogenic detection, the sections were treated with alka-
line phosphatase-conjugated sheep anti-DIG antibody (1:500;
Roche Diagnostics) for 90 min and incubated in a detection buffer
(100 mM tris-hydrochloride, pH 10.5, 100 mM sodium chloride, 50
mM magnesium chloride) containing 200 mM nitro blue tetrazo-
lium/5-bromo-4-chloro-3’-indolyl phosphate (Roche Diagnostics)
for 12 h. Images of chromogenic ISH results were captured using
an optical microscope (BZ-9000; Keyence).

For fluorescence detection, the sections were incubated with peroxi-
dase-conjugated anti-fluorescein antibody (1:1000; Roche Diagnostics)
for 1 h and then incubated with fluorescein isothiocyanate-conjugated
tyramide signal amplification plus solution (PerkinElmer) at 40°C for
30min. After vigorous washing with TNT buffer, the sections were
immersed in 1% hydrogen peroxide solution for 30min. Subsequently,
the sections were sequentially treated with peroxidase-conjugated anti-
DIG antibody (1:1000; Roche Diagnostics) for 1 h and cyanine 3-tyra-
mine signal amplification plus amplification solution (PerkinElmer) for
10min. After halting the amplification by washing with TNT buffer, the
sections were blocked with 10% donkey serum for 20min and incubated
with a NeuN antibody (1:1000; catalog #MAB377, Merck Millipore) for
2 h. After extensive washing with PBS, the sections were treated with
Alexa Fluor 647 conjugated donkey anti-mouse IgG (1:200; Thermo
Fisher Scientific) for 2 h. The images were captured using a confocal
laser scanning microscope (FV1000, Olympus). In some experiments,
we calculated the proportion of Usp2 mRNA1 area in NeuN1 or Eaat1
mRNA1 areas in four microscopic views (magnification, 200-fold) of
parenchymal region of the VMH for each mouse.

Blood tests. Blood was collected from the tail vein at 0, 30, 60, 90, and
120min after intra-VMH administration of ML364 or vehicle. Blood
glucose was measured using the Test Wako Kit (Fujifilm Wako Pure
Chemical). Serum was isolated from blood samples by centrifugation at
3000 � g for 15min. Serum norepinephrine, insulin, and corticosterone
concentrations were measured using a Norepinephrine ELISA kit
(ImmuSmol), a Mouse Insulin ELISA kit (Fujifilm Wako Pure Chemical),
and a Corticosterone ELISA kit (Arbor Assays), respectively.

Hepatic glycogen phosphorylase activity. The livers were homoge-
nized in an extraction buffer containing the following (in mM): 20 tris-
hydrochloride, pH 7.2, 250 sucrose, 50 sodium fluoride, 4 EDTA, and
0.5 dithiothreitol, using a dounce tissue homogenizer. After centrifuga-
tion at 3300 � g for 7min, the supernatant was diluted 100-fold in a
dilution solution of 40 mM sodium citrate, pH 6.5, and 40 mM b -mer-
captoethanol. An equal volume of substrate solution (1% glycogen and
2 mM adenosine monophosphate; Fujifilm Wako Pure Chemical) was
added to the samples, which were then incubated at 37°C for 2min.
Subsequently, an equal volume of 40 mM disodium D-glucose 6-phos-
phate (Fujifilm Wako Pure Chemical) was added to the samples and
further incubated at 37°C for 10min. After the addition of a 10-times
volume of a molybdate solution (750 mM sulfurous acid and 100 mM

ammonium molybdate) and a 10-times volume of 1-amino-2-naphthol-
4-sulfonic acid solution containing the following (in mM): 40 sodium
sulfite, 3 1-amino-2-naphthol 4-sulfonic acid, 700 sodium bisulfate, the

reaction mixture was incubated for 10min. The reaction was stopped by
adding an equal volume of 2 M triethanolamine. Absorbance at 780 nm
was measured using an iMark microplate reader (Bio-Rad).

Western blotting analysis. The VMH-containing hypothalamic area
was cut out using a blade according to a previously published protocol
(Gagnidze et al., 2013). Western blotting analysis was performed as pre-
viously described (Kitamura et al., 2017). Briefly, protein was extracted
from tissues or cells with RIPA buffer [50 mM tris-hydrochloride, pH
7.6, 150 mM sodium chloride, 1% Nonidet P-40, 0.5% sodium deoxycho-
late, 0.1% SDS, 1 mM EDTA, protease inhibitor cocktail (Merck
Millipore)]. After boiling samples in the presence of 4% SDS, the samples
were loaded into a 10% SDS-polyacrylamide gel and transferred to a pol-
yvinylidene difluoride membrane (Merck Millipore). The membranes
were then blocked with Blocking One reagent (Nacalai Tesque) at room
temperature for 1 h, and reacted with anti-phosphorylated AMPKa anti-
body (pAMPKa; 1:2000, catalog #2535; Cell Signaling Technology), anti-
total AMPKa antibody (1:2000; catalog #2532; Cell Signaling Technology),
or GAPDH antibody (1:5000, catalog #sc-47724; Santa Cruz Biotechnology)
in a Can Get Signal enhancer solution (Toyobo) at 4°C overnight. The
membranes were subsequently incubated with horseradish peroxidase-con-
jugated anti-rabbit IgG (1:5000; catalog #7074S; Cell Signaling Technology)
at room temperature for 3 h. Immunologic signals were visualized with a
Chemi Lumi One Super Kit (Nacalai Tesque) and monitored using the EZ
Capture system (Atto).

Lactate dehydrogenase assay. The cytotoxicity of ML364 was eval-
uated using a lactate dehydrogenase (LDH) Assay kit (Dojindo,
Kumamoto). The assays used 1 � 104 cells/well in a 96-well plate.
Assays were performed according to the instructions provided by
the manufacturer.

Intracellular ATP content. Intracellular ATP content was measured
using an ATP measurement solution (Toyo B-Net) as previously
described (Hashimoto et al., 2019). SH-SY5Y cells (1� 104 cells per well
in a 96-well plate) were preincubated at 37°C for 12 h. Then, an equal
volume of ATP measurement solution was added to the culture medium
and mixed vigorously using a plate shaker for 1min. The chemilumines-
cent signal was measured using a Victor Nivo Multimode Microplate
Reader (PerkinElmer).

Mitochondria isolation and mitochondrial respiratory chain complex
activities. Three million SH-SY5Y cells were seeded in a 10 cm dish and
incubated for 12 h. Subsequently, they were treated with ML364 or vehi-
cle for 2 h. Then, mitochondria were isolated from the cells using a
Mitochondria Isolation kit (Abcam) according to the protocol of the
manufacturer. Activities of the mitochondrial complexes were measured
using a Victor Nivo Multimode Microplate Reader at 30°C as previously
described, with some modifications (Yamamori et al., 2012; Hashimoto
et al., 2019).

Complex I activity was determined as the inhibitable rate of reduced
nicotinamide adenine dinucleotide (NADH) oxidation by rotenone.
Isolated mitochondria were incubated in 25 mM potassium dihydrogen
phosphate, pH 7.2, 5 mM magnesium chloride, 0.2% BSA, 65 mM coen-
zyme Q1 (Sigma Aldrich), 2mg/ml antimycin A, and 2 mM potassium cy-
anide for 5min. Then, 325 mM NADH with either 2mg/ml rotenone or
DMSO was added to the mitochondrial suspension. Absorbance at
340 nm was measured every 30 s for 20min.

Complex II activity was measured by monitoring 2,6-dichloropheno-
lindophenol (DCPIP) reduction. Mitochondria were incubated with 25
mM potassium dihydrogen phosphate, pH 7.2, 20 mM sodium succinate,
5 mM magnesium chloride, 2 mM potassium cyanide, 65mg/ml coenzyme
Q1, 2mg/ml antimycin A, and 10mg/ml rotenone. Subsequently, 150 mM
DCPIP (Sigma-Aldrich) was added to the mitochondrial suspension.
Absorbance at 600 nm was measured every 30 s for 20min.

Complex III activity was measured by the inhibitable rate of oxida-
tive cytochrome c (III) by antimycin A. Mitochondria were incubated in
50 mM potassium dihydrogen phosphate, pH 7.2, 0.1% BSA, 100 mM
EDTA, 2 mM potassium cyanide, and 35 mM coenzyme Q1 for 5min.
Following incubation, 60 mM oxidative cytochrome c (Sigma-Aldrich)
and either 2mg/ml antimycin A or DMSO were added to the mitochon-
drial suspension. Absorbance at 550 nm was measured every 30 s for
20min.
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Complex IV activity was measured by the rate of
cytochrome c (II) oxidation. Cytochrome c (II) was
reduced by incubation with 500 mM dithiothreitol
for 15 min before measurement. Mitochondria were
incubated with a solution containing 25 mM potas-
sium dihydrogen phosphate, pH 7.2, and 0.45 mM

n-dodecyl-b -D-maltoside for 5 min. Then, 15 mM

reduced cytochrome c (II) was added to the mito-
chondrial suspension. Absorbance at 550 nm was
measured every 30 s for 20 min.

F0F1 ATPase/complex V activity was measured by
monitoring the decrease of NADH. Mitochondria were
incubated with the following (in mM): 50 4-(2-hydrox-
yethyl)�1-piperazineethanesulfonic acid, 3 magnesium
chloride, 50 potassium cyanide, 0.2 EDTA, 2 phosphoe-
nolpyruvic acid, and 100 mM rotenone, 10 units/ml lac-
tate dehydrogenase (Oriental Yeast), and 10 units/ml
pyruvate kinase (MP Biomedicals) for 5min, and then
treated with 2 mM ATP and 500 mM NADH in the pres-
ence or absence of 10mg/ml oligomycin (Fujifilm Wako
Pure Chemical). Absorbance at 340 nm was measured
every 30 s for 20min.

Mitochondrial membrane potential. The mitochon-
drial membrane potential was assessed using an MT-1
MitoMP Detection kit (Dojindo). SH-SY5Y cells (2 �
105 cells in a well of a 24-well plate) were treated with an
MT-1 solution (1:1000) for 30min. After washing with
warm PBS, the cells were monitored using a FACSVerse
(BD Biosciences).

ROS detection. Accumulation of mitochondrial ROS
in SH-SY5Y cells were visualized with MitoSOX Red
Superoxide Indicator (Thermo Fisher Scientific). The
cells (2 � 105 cells/well in a 24-well plate) were treated
with MitoSOX Red reagent (final concentration 5 mM)
for 10min. After washing with warm PBS, the cells were
monitored using a FACSVerse.

ROS accumulation in the brain sections was evaluated
using the dihydroethidium (DHE) staining method (Mo et
al., 2019). Nonfixed frozen mouse brains cut into a thick-
ness of 20mm were incubated with DHE (5 mM; Fujifilm
Wako Pure Chemical) at 37°C for 30min. After staining
the nuclei with Hoechst 33342 (5mg/ml, Thermo Fisher
Scientific), microscopic images were captured using a C2
laser scanning confocal microscope (Nikon) and analyzed
using ImageJ software (Schneider et al., 2012). The thresh-
old of signal intensity was set at 120, and the sum of areas
exhibiting a stronger signal than the threshold value was
calculated.

Statistical analysis. Descriptions of critical variables
(e.g., number of animals and experiments) can be found
in the figure legends. Statistical analysis was conducted
using a Student’s t test (Figs. 1H, 2C,E,F,J–L, 3), or one-
way (Fig. 2B) or two-way (Figs. 2D, 4, 5, 6C–G)
ANOVA using the KaleidaGraph software (Hulinks).
For two-way ANOVA, the main effects of the two fac-
tors and their interaction are shown. Additionally,
Tukey’s test (Figs. 2D, 4, 5, 6C–G) and Dunnett’s test
(Fig. 2B) were used as post hoc tests for ANOVA.

The correlation coefficient between blood glucose level,
blood insulin level, and hepatic phosphorylase activity in
the same cohort study was calculated by a Pearson’s corre-
lation coefficient test using the KaleidaGraph software
(Figs. 2G–I). When the p value was ,0.05, we regarded it as a significant
correlation between the indices.

Results
Usp2 transcripts are distributed in VMH neurons
To elucidate the localization of Usp2 mRNA in the mouse brain,
we performed chromogenic ISH using a Usp2 cRNA probe. In

sagittal sections of the mouse brain, the positive signals for Usp2
mRNA were distributed in various areas, with higher levels
in the telencephalon and cerebellum (Fig. 1A). Because the
sense probe for the Usp2 transcript did not give any signifi-
cant signal (Fig. 1B), the Usp2 cRNA probe can be consid-
ered specific. Confirming results previously published by Li et al.
(2018), Usp2 mRNA was highly expressed in the CA1 and dentate
gyrus (DG) regions of the hippocampus (Fig. 1C). Additionally, the

Figure 1. Expression of Usp2 mRNA in the mouse brain. A–G, I, J, Chromogenic (A–F, I, J) and fluorescent (G,
I, J) ISH using antisense (A, C–G, I, J) or sense (B) probes for Usp2 transcripts; sagittal (A–D) and coronal (E–G, I,
J) sections of adult mouse brains are shown, with highly magnified images of the hippocampus (C), cerebellar
(D), and hypothalamic (E–G, I, J) regions. G, I, J, Combinatory technique of fluorescent ISH (Usp2 mRNA and
Eaat1 mRNA) and immunofluorescence detection (NeuN) in VMH (G), PVN (I), and ARC and DMH (J). H,
Distribution of Usp2 mRNA1 to NeuN1 or Eaat1 mRNA1 cells in the parenchymal region of the VMH. The propor-
tion of Usp2 mRNA1 area colocalized with NeuN1 or Eaat1 mRNA1 were calculated. I, J, Right, Lower and higher
magnification of hypothalamic nuclei. E, F, I, J, The hypothalamic nuclei are surrounded by yellow dashed lines.
Blue arrowhead indicates the cerebellar granular layer (D). G, I, J, Arrows indicate Usp2 mRNA signal on NeuN1

neurons. Black arrowheads indicate Usp2 mRNA signal on ependymal cells (I, J). CB, Cerebellum; CX, cortex; HI,
hippocampus; LH, lateral hypothalamus; MB, midbrain; MO, medulla oblongata; OB, olfactory bulb; ST, striatum;
TH, thalamus; 3V, third ventricle. Scale bars: A, B, 1 mm; C, F, and I, J (left), 500mm; G, 20mm; I, J (right),
50mm. Representative images of three experiments are shown. Data are shown as mean 6 SD of three mice
(H); *p, 0.05 versus NeuN1 cells calculated by Student’s t-test (H).
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cerebellar granular layer exhibited intense hybridization signals (Fig.
1D). In the hypothalamus, Usp2 mRNA was observed in various
nuclei, such as the VMH, paraventricular nucleus (PVN), arcuate
nucleus (ARC), dorsomedial hypothalamus (DMH), and lateral
hypothalamus (Fig. 1E,F). Moreover, Usp2 signals were also present
in the SCN, as previously reported (Fig. 1E; Scoma et al., 2011).

We then attempted to specify the cell type expressing Usp2
mRNA in the hypothalamus. In the VMH, 69.76 5.80% of Usp2
mRNA1 signals were colocalized with NeuN1 cells. By contrast,

only 13.7 6 3.23% of Usp2 mRNA1 signals
were detected in Eaat1 mRNA1 cells (Fig.
1G,H), which seem to be astrocytes (Shibata
et al., 1997). The Usp2 hybridization signal
was also strongly detected in neurons of
other hypothalamic nuclei, namely PVN
(Fig, 1I), ARC (Fig. 1J), and DMH (Fig. 1J),
as well as in ependymal cells along the third
ventricle wall (Fig. 1I,J). These results indi-
cate that in the hypothalamus, it is neurons
that predominantly express USP2.

Chemical inhibition of USP2 in the VMH
elevates blood glucose via sympathetic
nervous activation
The VMH is a nucleus that is well docu-
mented as participating in systemic control
of glucose metabolism (Coutinho et al.,
2017). We focused on the glucoregulatory
roles of USP2 in the VMH. We attempted
to selectively inject a chemical inhibitor of
USP2, ML364, into the VMH. To validate
the location of the cannula, we specified
the injected area in the hypothalamus by
administration of a small amount (200 nl)
of Hoechst 33342. As shown in Figure 2A,
Hoechst-33342-derived blue fluorescence
was only observed within the VMH of mice.

We next evaluated the effects of the
intra-VMH injection of an USP2-selective
chemical inhibitor on blood glucose levels.
Injection of ML364 (20 or 30ng) into the
VMH significantly increased blood glucose
levels 30min after the injection (p = 0.051,
one-way ANOVA; 20ng vs 0 ng, p = 0.013;
30ng vs 0 ng, p = 0.036; Dunnett’s test; n =
5–7) whereas 10ng of this reagent failed to
increase blood glucose levels (10 ng vs 0 ng,
p = 0.145; Dunnett’s test; n = 5; Fig. 2B).
Because the glucoregulatory effects were
indistinguishable between 20 and 30 ng/
head of ML364, we used 20 ng/head of
ML364 in all further analyses. Although
the intra-VMH administration of ML364
increased blood glucose levels, we cannot
exclude the possibility that the injected
ML364 affected the adjacent nuclei. Thus,
we also measured blood glucose levels
after ML364 injection to the VMH as
well as the adjacent areas. As mentioned
above, blood glucose levels exhibited a
prominent increase in the VMH-treated
mice 30min after the injection, whereas
the increase was limited in the other areas
(p = 0.018 means of VMH-treated mice vs

other-areas-treated mice, Student’s t-test; n = 9; Fig. 2C).
Hence, the VMH seems to be a site where blood glucose may
be raised after treatment with ML364. Figure 2D represents
the time course effects of intra-VMH administration of
ML364 on blood glucose levels. Two-way ANOVA indicated
that changes induced by treatment exhibited statistical signifi-
cance (p = 0.0002; n = 6), whereas changes by time points
displayed no statistical significance (p = 0.051; n = 6). No

Figure 2. Alteration of peripheral blood glucose mobilization after intra-VMH administration of ML364. A, Location of
intra-VMH cannula. After injection of Hoechst 33342 (5mg/ml, 200 nl) into VMH, the hypothalamic section was observed.
A representative image of 10 mice is shown. White arrowhead indicates the Hoechst 33342-stained area. The VMH is sur-
rounded by a yellow dashed line. B–L, After injection of ML364 (10–30 ng, B; 20 ng, C–L) or vehicle (5% BSA-supple-
mented PBS) into the VMH (B–L) or adjacent areas (C), blood (B–D, G, H), serum (F, G, I–K) and liver (E, H, I) were
collected. Blood glucose level (B–D). Blood glucose levels were determined 30min after application of ML364 or vehicle
(B, C). Schematic presentation of ML364 injection sites (left) and blood glucose level (right; C). Mouse individual numbers
(IDs) are shown in the scheme and graph (C). Time course of changes in blood glucose level after injection of ML364 or ve-
hicle (D). Injection time is regarded as 0 min (D). E, F, Hepatic glycogen phosphorylase activity (E) and serum concentra-
tions of norepinephrine (F) 30min after ML364 or vehicle injection. G–I, Correlation coefficient between blood glucose
level, serum norepinephrine level, and hepatic glycogen phosphorylase activities 30 min after ML364 injection in the same
cohort study. J, K, Serum corticosterone (J) and insulin (K) levels 30min after ML364 or vehicle injection. L, Food intake
during the 0–30min after ML364 or vehicle administration. Data are shown as mean6 SD of five (J); five–seven (B); six
(D, L); seven (K); six, seven (E); seven, eight (F); nine (C); 10 (G–I) mice. One-way ANOVA followed by Dunnett’s test (B),
two-way ANOVA followed by Tukey’s test (D), and Student’s t test (C, E, F, J–L) were performed. Correlation coefficients
were calculated using Pearson’s correlation coefficient test (G–I); *p, 0.05 versus vehicle-treated mice (B–F); †p, 0.05
versus 0 min (D). Correlation coefficients (r; G–I) or p values are also shown (G–L).
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interaction was detected between the indices
(F = 1.245, p = 0.294). Post hoc testing
showed that blood glucose levels had rapidly
increased (p = 0.000004 vs 0min; Tukey’s
test; n = 6) 30min after injection of ML364
into the VMH, whereas vehicle-treated mice
displayed negligible changes to their blood
glucose levels (p = 0.000004 vs 0min; Tukey’s
test; n = 6). The increase in blood glucose was
more drastic in ML364-treated mice than in
vehicle-treated mice (p = 0.000001, 0.000002,
0.000006, and 0.0032 vs vehicle-treated mice) at
30, 45, 60, and 90min after the injection, respec-
tively (Tukey’s test; n = 6). Thereafter, the
ML364-evoked increase in circulating glu-
cose gradually decreased, although the significant
increase was still present at 120min (p = 0.00005
vs vehicle-treated mice; Tukey’s test; n = 6).

Hepatic glycogenolysis is a determinant of
the circulating glucose level. Accordingly, we
measured glycogen phosphorylase activity in
the liver 30min after the administration of
ML364. As shown in Figure 2E, intra-VMH
administration of ML364 upregulated glycogen
phosphorylase activity by;1.6-fold compared
with the vehicle-treated mice (p = 0.048;
Student’s t test; n = 6–7). Thus, inhibition
of USP2 in the VMH raises blood glucose
levels, at least in part, by accelerating he-
patic glycogenolysis.

As the VMH controls peripheral glucose
metabolism through the regulation of the sym-
pathetic nervous system (Shimazu, 1981), we
measured serum norepinephrine levels after
intra-VMH administration of ML364. Thirty
minutes after injection, ML364-treated mice
exhibited higher (;2.0-fold) serum norepi-
nephrine levels compared with vehicle-treated
mice (p = 0.020; Student’s t test; n = 7–8;
Fig. 2F).

To confirm that the increase in blood glu-
cose levels is related to sympathetic activation
after ML364 injection, we assessed the corre-
lation between blood glucose and serum nor-
epinephrine levels in the same cohort study.
Pearson’s correlation coefficient analysis indi-
cated that blood glucose levels had positive cor-
relations with serum norepinephrine 30min
after ML364 injection (r = 0.767, p = 0.010, n =
10; Fig. 2G). In the same study, hepatic glyco-
gen phosphorylase activity also showed a posi-
tive correlation with blood glucose levels (r =
0.657, p = 0.039, n = 10; Fig. 2H). Therefore,
hepatic glycogen phosphorylase activity was
correlated with the serum norepinephrine
level (r = 0.650, p = 0.042, n = 10; Fig. 2I).
These results collectively suggest that intra-
VMH administration of ML364 evokes sympa-
thetic activation leading to peripheral glucose
mobilization.

We next measured blood levels of other
glucoregulatory hormones. In contrast to
norepinephrine, ML364 treatment failed to

Figure 3. ML364 activates AMPK by inducing mitochondrial dysfunction. A, Western blot detection of pAMPKa and
total AMPKa. Ratios of pAMPKa to AMPKa at 30 min after ML364 (20 ng) or vehicle (5% BSA-supplemented PBS)
was delivered to the VMH of mice. B–J, Left, Representative immunoblot images. GAPDH was detected as a loading
control. Representative images of three independent experiments are shown. Right, Semiquantitative band intensity
data. Effects of ML364 (10 mM) on LDH content in the culture medium (B), AMPK phosphorylation (C), intracellular
level of ATP (D), enzymatic activities of respiratory chain complexes (E–I), and mitochondrial membrane potential (J)
in SH-SY5Y cells. SH-SY5Y cells were treated with ML364 (10 mM) or vehicle (2 mM DMSO) for 2 h. Semiquantitative
band intensity data were analyzed as in A (C). Intracellular ATP content was normalized to cell numbers and is repre-
sented as relative to the mean value of the vehicle-treated cells (D). Mitochondria isolated from ML364-treated or ve-
hicle-treated cells were subjected to colorimetric assays for complexes I (E), II (F), III (G), IV (H), and F0F1 ATPase/
complex V (I) activities. The net activity of complexes I, III, and F0F1 ATPase was calculated by subtracting the back-
ground activity of cells treated with the respective inhibitors (2mg/ml rotenone, 2mg/ml antimycin A, and 10mg/ml
oligomycin for complexes I, III, and F0F1 ATPase, respectively). Values are represented as relative to those observed in
vehicle-treated cells. The mitochondrial membrane potential was evaluated by staining with MT-1 solution (J).
Fluorescence intensity of the cells was analyzed using a flow cytometer. After subtraction of the fluorescence intensity
of unstained cells, the median fluorescent signal values were calculated. Data are shown as mean6 SD of three mice
(A) or three (E–H), four (B–D, J), and five (I) cell experiments. For statistical analyses, Student’s t test was performed;
*p, 0.05 versus vehicle-treated mice (A) or vehicle-treated SH-SY5Y cells (B–F, H–J); p values are shown (B, G).
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affect circulating corticosterone levels (1.2-fold, p = 0.611;
Student’s t-test; n = 6; Fig. 2J). Likewise, ML364 negligibly
influenced serum insulin levels (0.92-fold, p = 0.160;
Student’s t test; n = 7–8; Fig. 2K). ML364 did not modulate
food intake within the 30 min after ML364 administration
(0.75-fold, p = 0.563; Student’s t-test; n = 6, Fig. 2L). In line
with these findings, sympathetic activation could be
ascribed to hyperglycemia after injection of ML364 into the
VMH.

ML364 activates AMPK by inducing mitochondrial
impairment
Previous reports demonstrated that AMPK in VMH neurons
contributes to the sympathetic activation that leads to hepatic
glycogenolysis (Ikegami et al., 2013; Tanida et al., 2015). Thus,
we hypothesized that AMPK mediates the ML364-elicited hyper-
glycemia. To assess this, we monitored the phosphorylation state
of hypothalamic AMPKa after injection of ML364 into the

VMH. As shown in Figure 3A, the ratio of phos-
phorylated AMPKa to total AMPKa was signifi-
cantly elevated in ML364-treated mice when
compared with vehicle-treated mice (p = 0.041;
Student’s t test; n = 3; Fig. 3A). Hence, inhibition
of USP2 augments AMPKa phosphorylation
in the VMH. To demonstrate a causal effect of
ML364 on neural AMPKa, we detected phospho-
rylated and total AMPKa in SH-SY5Y cells.
Because incubation with 10 mM ML364 for 2 h did
not significantly increase LDH content in the
culture medium (p = 0.423; Student’s t test; n =
4), the concentration of ML364 did not seem to
be toxic to SH-SY5Y cells (Fig. 3B). Meanwhile,
the same concentration of ML364 increased the
phosphorylated AMPKa to total AMPKa ratio
when compared with vehicle-treated cells (p =
0.042; Student’s t test; n = 4; Fig. 3C). Therefore,
ML364 directly promotes AMPK phosphoryla-
tion in neural cells.

As a lack of intracellular ATP stimulates phospho-
rylation of AMPK (Jeon, 2016), we examined the
effects of ML364 on the ATP content of SH-SY5Y
cells. As shown in Figure 3D, ML364 treatment
decreased ATP content by ;64% compared with ve-
hicle-treated cells. Because ATP is mainly supplied by
oxidative phosphorylation in neural cells (Rose et al.,
2017), we speculated that inhibition of USP2 reduces
mitochondrial activity in neural cells. To assess this,
we measured the intrinsic enzymatic activities of the
respiratory chain complexes in the mitochondria of
SH-SY5Y cells. As shown in Figure 3, E–H, the activ-
ities of complexes I, II, and IV, which contribute to
generating proton gradients in mitochondria, were
attenuated in ML364-treated cells compared with ve-
hicle-treated cells, except for complex III (complex
I, p = 0.0008; complex II, p = 0.023; complex III,
p = 0.981; complex IV, p = 0.003; Student’s t test;
n = 3). Likewise, ML364 also repressed the activity
of proton-gradient-driven F0F1 ATPase (p = 0.006;
Student’s t test; n = 5; Fig. 3I). Thus, USP2 is likely
to sustain mitochondrial respiratory function in
SH-SY5Y cells. In agreement with this hypothesis,
ML364 lowered the mitochondrial membrane poten-
tial, which was assessed through MT-1 staining (p =

0.001; Student’s t test; n = 4; Fig. 3J). These results collectively
indicate that ML364 disrupts mitochondrial complex activity
and consequently impairs the ATP supply.

AMPK participates in the hyperglycemia induced after
injection of ML364 into the VMH
Next, we examined whether the ML364-elicited AMPK activa-
tion contributes to blood glucose elevation. We administrated
the AMPK inhibitor CC to the VMH 1 h before ML364 treat-
ment. Two-way ANOVA showed that pretreatment with CC but
not ML364 had a significant impact on serum norepinephrine
levels (p = 0.0008, pretreatment with CC vs vehicle; p = 0.228,
treatment with ML364 vs vehicle; F = 13.314, p = 0.001, interac-
tion of both factors; n = 6; Fig. 4A). Post hoc assessment using
Tukey’s test demonstrated that pretreatment alone with CC did
not alter serum norepinephrine levels (p = 1.000, vehicle-pre-
treated, vehicle-treated mice vs CC-pretreated, vehicle-treated
mice; n = 6; Fig. 4A). On the other hand, pretreatment with CC

Figure 4. Involvement of hypothalamic AMPK in the ML364-elicited peripheral glucose control. CC (8 pg)
or vehicle (5% BSA-supplemented PBS) was applied to the VMH 1 h before administration of ML364 (20 ng)
or vehicle (5% BSA-supplemented PBS). A–C, Serum (A), liver (B), and blood (C) were collected before (C)
and 30min after (A–C) administration of ML364 or vehicle. Serum norepinephrine levels (A), hepatic glycogen
phosphorylase activity (B), and blood glucose levels (C) were measured. Values are represented as relative to
vehicle-pretreated, vehicle-treated mice (B). Data are shown as mean6 SD of four (B), six (A), and eight (C)
mice. Two-way ANOVA followed by Tukey’s test as a post hoc test was conducted as statistical analysis; *p,
0.05 versus vehicle-treated mice; †p, 0.05 versus vehicle-pretreated mice.

Figure 5. Involvement of ROS accumulation in SH-SY5Y cells in the ML364-elicited mitochondrial dysfunc-
tion. A–C, Following 2 h incubation with ML364 (10 mM) or vehicle (2 mM DMSO) in the presence or absence
of trolox (100mM), accumulation of mitochondrial ROS (A), mitochondrial membrane potential (B), and intra-
cellular ATP level (C) were measured. After subtraction of the fluorescence intensity of unstained cells, the
median fluorescent signal values were calculated (A, B). Intracellular ATP content was normalized to cell num-
bers (C). Values are represented as relative to vehicle-pretreated, vehicle-treated cells. Data are shown as
mean 6 SD of six experiments. Two-way ANOVA followed by Tukey’s test as a post hoc test was conducted
as statistical analysis; *p, 0.05 versus vehicle-treated cells; †p, 0.05 versus vehicle-pretreated cells.
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abolished the increase in circulating norepineph-
rine after ML364 treatment (p = 0.005, vehicle-
pretreated, ML364-treated mice vs CC-pretreated,
ML364-treated mice; n = 6; Fig. 4A). Furthermore,
applying CC abrogated the ML364-elicited increases
in hepatic glycogen phosphorylase activity and blood
glucose levels (p = 0.0004 and p = 0.00007, Tukey’s
test; n = 4 and n = 8; Fig. 4B,C), whereas two-way
ANOVA represented significant changes in both
indices by pretreatment with CC and treatment with
ML364 (glycogen phosphorylase activity; p = 0.012,
pretreatment with CC vs vehicle; p = 0.027; treat-
ment with ML364 vs vehicle, F = 7.559, p = 0.012,
interaction of both factors; n = 4; Fig. 4B; blood glu-
cose level, p = 0.005 pretreatment with CC vs vehi-
cle; p = 0.002; treatment of ML364 vs vehicle; F =
23.190, p = 0.0004, interaction of both factors; n = 8;
Fig. 4C). Therefore, AMPK is involved in hypergly-
cemia after ML364 is injected into the VMH.

ROS accumulation causes the defect in
mitochondrial integrity after ML364 treatment
We previously demonstrated that genetic or phar-
macological inhibition of USP2 elicited the gener-
ation of mitochondrial ROS in cultured myoblasts
(Hashimoto et al., 2019). Thus, we speculated that
neural cells might exert ROS accumulation after
inhibition of USP2. As we anticipated, 2 h treat-
ment with ML364 (10 mM) provoked marked
accumulation of ROS in SH-SY5Y cells (p =
0.00000008, pretreatment with trolox vs vehicle;
p = 0.002; treatment with ML364 vs vehicle;
F = 6.056, p = 0.023; interaction with the both
indices; two-way ANOVA; p = 0.000003, vehicle-
pretreated, vehicle-treated cells vs vehicle-pre-
treated, ML364-treated cells; Tukey’s test; n = 6;
Fig. 5A), which was partially inhibited during
pretreatment with 100 mM of trolox (p = 0.002,
vehicle-pretreated, ML364-treated cells vs trolox-
pretreated, ML364-treated cells; n = 6; Tukey’s test;
Fig. 5A). We then assessed whether ROS accumula-
tion was the cause of mitochondrial dysfunction.
As shown in Figure 5B, trolox significantly
restored the ML364-induced decrease in mito-
chondrial membrane potential of SH-SY5Y cells
(p = 0.0000000000001, pretreatment with trolox
vs vehicle; p = 0.0000001; treatment with ML364
vs vehicle; F = 67.956, p = 0.0000007; interaction
with the both indices; two-way ANOVA; p =
0.000001, vehicle-pretreated, ML364-treated cells
vs trolox-pretreated, ML364-treated cells; Tukey’s
test; n = 6; Fig. 5B). Simultaneously, trolox miti-
gated the decrease in intracellular ATP content
mediated by ML364 (p = 0.13, pretreatment with trolox vs vehi-
cle; p = 0.0000003; treatment with ML364 vs vehicle; F = 5.759,
p = 0.026; interaction with the both indices; two-way ANOVA;
p = 0.008, vehicle-pretreated, ML364-treated cells vs trolox-pre-
treated, ML364-treated cells; Tukey’s test; n = 6; Fig. 5C). Similar
results of mitochondrial ROS, mitochondrial membrane poten-
tial, and intracellular ATP levels were also obtained using 20 mM

of NAC as a ROS scavenger (data not shown). These results indi-
cate that ROS accumulation is attributable to the defects of mito-
chondrial ATP supply in SH-SY5Y cells after ML364 treatment.

ROS accumulation in the VMH contributes to hyperglycemia
after injection of ML364 into the VMH
Next, we monitored ROS accumulation in fresh brain sections
using the fluorescent ROS indicator DHE. As previously
reported (Amador-Alvarado et al., 2014), red fluorescent 2-
hydroxyethidium, the oxidized form of DHE, was observed in
the DG of the hippocampus after insulin injection, indicating
that this experimental protocol works (Fig. 6A). In the hypothal-
amus, the ROS-elicited red fluorescence was barely visible
30min after intra-VMH administration of the vehicle (Fig. 6B).
In contrast, signal emerged in the VMH after the injection of

Figure 6. Involvement of hypothalamic ROS accumulation in the ML364-elicited peripheral glucose control. A,
Brains were collected from mice 30min after intraperitoneal injection of insulin (1 unit/kg) or vehicle (0.1% BSA-
supplemented PBS). Fresh frozen sections were stained with DHE (top) and Hoechst 33342 (bottom), respectively.
Scale bar represents 200mm. B–G, Thirty minutes after pretreatment with trolox (50 ng) or vehicle (5% BSA-sup-
plemented PBS) injected into the VMH, ML364 (20 ng) or vehicle (5% BSA-supplemented PBS) was injected to the
same region. Brain (B, C), hypothalamus (D), serum (E), liver (F), and blood (G) were collected before (G) or
30min after (B–G) administration of either ML364 or vehicle. ROS in the VMH region was detected by DHE (B).
Brain slice sections were stained with DHE (top) or Hoechst 33342 (bottom). Scale bars represent 200 mm. Stars
and dashed lines indicate the third ventricle and its wall, respectively. C, The VMH areas showing significant 2-
hydroxyethidium-derived fluorescent signal were summed. The mean area of two serial sections was regarded as
an area showing ROS accumulation. D, Representative blot images (left) for pAMPKa, total AMPKa, and GAPDH
in the VMH are shown. Right, Semiquantitative band intensity data are shown. E–G, Serum norepinephrine levels
(E), hepatic glycogen phosphorylase activity (F), and blood glucose levels (G) were measured. Values are repre-
sented as relative to vehicle-pretreated, vehicle-treated mice (C, D, F). Data are shown as mean6 SD of four (D),
five (C, G), six (F), and seven (E) mice. Two-way ANOVA followed by Tukey’s test as a post hoc test was conducted
as statistical analysis (C–G); *p , 0.05 versus vehicle-treated mice (C–G); †p , 0.05 versus vehicle-pretreated
mice (C–G).
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ML364 (Fig. 6B). Figure 6C shows a comparison of the VMH
area where a significant 2-hydrocyethidium-derived signal was
detected. The VMH area of vehicle-pretreated, vehicle-treated;
vehicle-pretreated, ML364-treated; trolox-pretreated, vehicle-
treated; and trolox-pretreated, ML364-treated mice were 37.1 6
13.9, 28.3 6 7.2, 27.6 6 14.0, and 38.4 6 14.3 mm2, respectively
(p = 0.954, pretreatment with trolox vs vehicle; p = 0.863; treat-
ment with ML364 vs vehicle; F = 3.14, p = 0.096; interaction with
the both indices; two-way ANOVA; n = 5). Vehicle pretreatment
and ML364 treatment provoked ;1.9-fold greater area of ROS-
accumulation in the VMH compared with vehicle pretreatment
and vehicle treatment (p = 0.0001, pretreatment with trolox vs
vehicle; p = 0.067; treatment with ML364 vs vehicle; F = 10.01,
p = 0.006; interaction with the both indices; two-way ANOVA;
p = 0.011, vehicle-pretreated, vehicle-treated mice vs vehicle-
pretreated, ML364-treated mice; Tukey’s test; n = 5, Fig. 6C).
When we applied trolox (50 ng/head) to the VMH 30min before
ML364 administration, the emersion of 2-hydroxyethidium was
completely disrupted, even after ML364 treatment (p = 0.0002,
vehicle-pretreated, ML364-treated mice vs trolox-pretreated, ML364-
treated mice; Tukey’s test; n = 5; Fig. 6C). Therefore, ML364 stimu-
lates ROS accumulation in the VMH.

We next examined whether ROS mediates the ML364-elicited
AMPKa phosphorylation in the mouse VMH. Consistent with
the observation that ROS accumulation is less evident in the
trolox-pretreated, vehicle-treated mice (Fig. 6B,C), intra-VMH
injection of trolox alone did not influence AMPKa phosphoryla-
tion in the VMH region (p = 0.003, pretreatment with trolox vs
vehicle; p = 0.0001; treatment with ML364 vs vehicle; F = 19.826,
p = 0.003; interaction with both indices; two-way ANOVA; p =
0.998, vehicle-pretreated, vehicle-treated mice vs trolox-pre-
treated, vehicle-treated mice; Tukey’s test; n = 4; Fig. 6D). On the
other hand, pretreatment with trolox inhibited phosphorylation
of AMPKa after ML364 treatment (p = 0.0007, vehicle-pre-
treated, ML364-treated mice vs trolox-pretreated, ML364-treated
mice; Tukey’s test; n = 4; Fig. 6D), whereas pretreatment with ve-
hicle did not have a significant impact on the ML364-induced
AMPKa phosphorylation (p = 0.0001, vehicle-pretreated, vehi-
cle-treated mice vs vehicle-pretreated, ML364-treated mice;
Tukey’s test; n = 4; Fig. 6D). Therefore, accumulated ROS is re-
sponsible for the ML364-induced AMPK phosphorylation in the
VMH.

We further appraised whether ROS accumulation in VMH is
accompanied with sympathetic activation. As shown in Figure
6E, pretreatment with trolox did not bring about noticeable
effects on the serum norepinephrine levels of vehicle-treated
mice regardless of pretreatment with trolox or vehicle (p = 0.008,
pretreatment with trolox vs vehicle; p = 0.002; treatment with
ML364 vs vehicle; F = 11.446, p = 0.002; interaction with both
indices; two-way ANOVA; p = 0.983, trolox-pretreated, vehicle-
treated mice vs vehicle-pretreated, vehicle-treated mice; Tukey’s
test; n = 7). In contrast, trolox attenuated the elevation of circu-
lating norepinephrine caused by intra-VMH injection of ML364
(p = 0.0001, vehicle-pretreated, ML364-treated mice vs trolox-
pretreated, ML364-treated mice; Tukey’s test; n = 7; Fig. 6E).
Thus, ROS provides a dominant contribution to the sympathetic
activation after ML364 treatment in the VMH.

Finally, we studied whether the ML364-induced ROS in the
VMH consequently activates hepatic glycogen phosphorylase,
resulting in the elevation of blood glucose. Even after pretreat-
ment with the vehicle, intra-VMH treatment with ML364 signifi-
cantly activated hepatic glycogen phosphorylase (p = 0.028,
pretreatment with trolox vs vehicle; p = 0.036; treatment with

ML364 vs vehicle; F = 6.035, p = 0.023; interaction with both
indices; two-way ANOVA; p = 0.016, vehicle-pretreated, vehicle-
treated mice vs vehicle-pretreated, ML364-treated mice; Tukey’s
test; n = 6; Fig. 6F). In contrast, intra-VMH pretreatment with
trolox abated glycogen phosphorylase activity after ML364 treat-
ment (p = 0.013, vehicle-pretreated, ML364-treated mice vs tro-
lox-pretreated, ML364-treated mice; Tukey’s test; n = 6; Fig. 6F).
The mean activity of glycogen phosphorylase in trolox-pre-
treated ML364-treated mice was comparable to vehicle-pre-
treated, vehicle-treated mice (p = 0.998; Tukey’s test; n = 6;
Fig. 6F). Furthermore, trolox pretreatment dampened ML364-
induced hyperglycemia (p = 0.002, pretreatment with trolox
vs vehicle; p = 0.392; treatment with ML364 vs vehicle; F =
11.446, p = 0.002; interaction with both indices; two-way
ANOVA; p = 0.0003, vehicle-pretreated, ML364-treated mice
vs trolox-pretreated, ML364-treated mice; Tukey’s test; n = 5;
Fig. 6G), whereas pretreatment with trolox did not modify
blood glucose levels after administration of vehicle instead of
ML364 (p = 1.000, vehicle-pretreated, vehicle-treated mice vs
trolox-pretreated, vehicle-treated mice; Tukey’s test; n = 5;
Fig. 6G). Together, an increment in ROS in the VMH is neces-
sary for glucose mobilization from the liver after hypothala-
mic ML364 treatment.

Discussion
Previous work reported that USP2 is abundantly expressed in the
neurons in the DG of the hippocampus and SCN of the hypo-
thalamus (Scoma et al., 2011; Li et al., 2018). The present study
extends the knowledge of the localization of USP2 in the brain.
Our ISH proved that Usp2 mRNA also localizes in several
other hypothalamic nuclei, such as the VMH, PVN, and ARC.
Moreover, low magnification ISH images of the brain indi-
cated that Usp2 mRNA signals are distributed in areas where
cell bodies of neurons are present in high density. Therefore,
USP2 is likely to maintain proper neural activity in a general
way. Accordingly, mice lacking Usp2 exhibited a wide variety
of neural defects, including impairments of motor coordina-
tion, equilibrium, working memory formation, sensory gating,
and anxiety-like behavior, all of which are controlled by dis-
tinct brain areas (Srikanta et al., 2021). Given that USP2 is a
DUB, the ubiquitination and deubiquitination of certain pro-
tein(s) may be a common determinant for neural activity.

In this study, we found that intra-VMH administration of a
USP2 inhibitor rapidly elevated blood glucose levels in parallel
with an increase in circulating norepinephrine. Although we did
not specify the dominant source(s) of the increased serum nor-
epinephrine, the sympathetic nervous system seems to be acti-
vated after intra-VMH administration of ML364. Plenty of work
has demonstrated that the sympathetic nervous system contrib-
utes to glucose mobilization by modifying the function of the
liver, muscle, and endocrine tissues (Dubuc et al., 1982; Atrens
et al., 1984; Suh et al., 2007; Shiuchi et al., 2009; Güemes and
Georgiou, 2018). In the liver, it is well documented that sympa-
thetic activation causes glycogenolysis in a cAMP protein ki-
nase A–dependent pathway (Yang and Yang, 2016). In concert,
applying a USP2 inhibitor to the VMH substantially activates
hepatic glycogen phosphorylase. Furthermore, statistical corre-
lation analysis in the same cohort study revealed that hypergly-
cemia after intra-VMH administration of ML364 is related
to increased circulating norepinephrine as well as activation
of hepatic phosphorylase. Together, USP2 in the VMH may
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attenuate sympathetic activation and thereby maintain normal
blood glucose levels via the prevention of glycogenolysis.

As reported previously, excessive protein ubiquitination in
the hypothalamus was shown to be a determinant of energy ex-
penditure (Susaki et al., 2010). The present study exemplified
that an enzyme controlling protein ubiquitination affects glu-
cose mobilization through sympathetic activation. In addition
to induction of hyperglycemia, sympathetic activation causes
thermogenesis in brown adipose tissue through induction of
uncoupled protein 1 (Contreras et al., 2015). Moreover, sym-
pathetic nerves also promote the differentiation of beige adi-
pocytes in subcutaneous white adipose tissues (Richard et al.,
2010). Because brown and beige adipocytes consume lipid-
stored energy to produce heat, activation of these adipocytes
has been proposed as an effective approach for antiobesity
therapy (Hanssen et al., 2015; Hankir et al., 2016; Desjardins
and Steinberg, 2018). In our preliminary study, intra-VMH
treatment of ML364 induced a significant increase of Ucp1
expression in the interscapular brown adipose tissue. Thus,
USP2 in the VMH might resist metabolic deterioration
through activation of brown adipose tissue. A more com-
prehensive investigation of the sympathoneural function of
USP2 will enable us to understand the roles of this DUB in
systemic energy homeostasis.

Although chemical inhibition of USP2 in VMH neurons
caused hyperglycemia in this study, there have been no reports
that genetic knock-outs of Usp2 cause elevated blood glucose. As
Usp2 knock-out mice continuously lack USP2 protein from
birth, certain molecular mechanisms may compensate for USP2
deficiency. Another possibility is that Usp2 knock-out in other
hypothalamic nuclei may counteract the hyperglycemic effects of
Usp2 knock-out in the VMH. The ARC includes proopiomelano-
cortin (POMC)-producing neurons (Roh and Kim, 2016), which
upregulate hepatic insulin sensitivity and thereby inhibit glyco-
genolysis and gluconeogenesis in the liver (Dodd et al., 2018).
Thus, Usp2 knock-out in the POMC neurons may lower blood
glucose levels and counteract the hyperglycemia caused by Usp2
knock-out in the VMH neurons.

A critical issue of the current study is that the direct target of
USP2 in VMH neurons was not identified. In active cells, various
biochemical reactions contribute to the accumulation of intracel-
lular ROS. For example, several nicotinamide adenine dinucleo-
tide phosphate oxidases are well known to produce ROS in
vasculature and kidney cells, leading to diabetes (Valko et al.,
2007). In addition, an imbalance of activities of the mitochon-
drial respiratory chain complexes also causes ROS accumulation
(Kitamura et al., 2008; Lenaz et al., 2010; Yamamori et al., 2012).
Specifically, impairments of complexes I and IV cause a surplus
of H1 in mitochondrial intermembrane space, resulting in the
accumulation of ROS (Kitamura et al., 2008; Zhao et al., 2019).
Thus, USP2 may maintain these ROS-producing machineries
directly or indirectly. Another possibility is that USP2 might
potentiate the abundance of antioxidants in VMH neurons. So
far, some reports have suggested that the ubiquitination of anti-
oxidant proteins determines ROS accumulation in neural cells.
For instance, the quantity of peroxiredoxin 1, which is highly
expressed in hypothalamic neurons (Wang et al., 2010), is con-
trolled by ubiquitination-dependent degradation (Nasu et al.,
2010). Ubiquitination also modulates the stability of hypo-
thalamic glutathione peroxidase 4 (GPX4) (Zhao et al.,
2021). Interestingly, GPX4 was decreased in the hypothala-
mus of high-fat-fed and high-sucrose-fed obese mice (Schriever
et al., 2017). Therefore, USP2 might stabilize such antioxidant

proteins, resulting in mitigation of ROS accumulation in the
VMH. Further studies are needed to clarify USP2 targets that
maintain neural activity in the VMH.

Growing evidence shows that hypothalamic ROS is responsi-
ble for systemic metabolic disorder. Mitochondrial ROS in hypo-
thalamus neurons was proved to be closely associated with
metabolic disturbances in type 2 diabetic mice (Colombani et al.,
2009). Moreover, the amount of hypothalamic ROS represents a
positive correlation with hepatic glucose synthesis and plasma
norepinephrine levels, both of which are remarkably increased in
type 2 diabetic patients (Gyengesi et al., 2012; Drougard et al.,
2014, 2015). In this study, we suggest that inhibition of USP2
causes marked accumulation of ROS in VMH neurons, followed
by changes in glucose mobilization in mice. Hence, diabetic
patients might display aberrant activation of USP2 in the VMH.

The current study shows that USP2 inhibition causes
AMPKa phosphorylation via ROS accumulation in the VMH.
However, we did not uncover the molecular mechanism underly-
ing the ROS-elicited AMPK phosphorylation. Because oxidation
of the C299 or C304 residues of AMPKa promotes phosphoryla-
tion of AMPKa (Zmijewski et al., 2010), ROS may directly acti-
vate AMPKa after intra-VMH administration of ML364. In
addition, the phosphorylation status of AMPKa is also deter-
mined by the ratio of intracellular ATP/ADP (Ke et al., 2018); a
decrease of the ATP/ADP ratio potentiates AMPKa phosphoryl-
ation (Carling, 2017). In this study, ML364-evoked ROS accu-
mulation prevented ATP supply from mitochondria in SH-SY5Y
cells. Thus, prevention of mitochondrial ATP synthesis might be
a major course of AMPKa phosphorylation after intra-VMH
administration of ML364.

Although intra-VMH treatment of trolox abrogated ML364-
provoked ROS accumulation in the mouse hypothalamus, the
effect of trolox or NAC on the ROS level was partial in SH-SY5Y
cells. ROS might be more extensively produced in the cultured
neural cells than the hypothalamic neuron. Actually, neural pro-
genitor cells sustain high redox status to maintain proliferative
activity (Staerk et al., 2010; Xie et al., 2015). Thus, complete
depletion of intracellular ROS might be more difficult in SH-
SY5Y cells than differentiated neurons in the hypothalamus.

In the present study, we injected ML364 into the VMH as a
means of mitigating USP2 activity in this nucleus. In terms of
circulating glucose control, the inhibitory effects of ML364 are
likely to be specific to the VMH as the application of ML364 into
adjacent areas did not give significant increases in blood glucose
levels compared with VMH. However, we still cannot exclude
the possibility that ML364 affects other USPs in the VMH, result-
ing in sympathetic activation, although ML364 has been proven
to be a selective inhibitor of USP2 (Davis et al., 2016; Hashimoto
et al., 2019; Zhang et al., 2020). Therefore, a combinatory evalua-
tion using genetic and pharmacological techniques is desirable.
Because the steroidogenic factor 1 (Sf1) gene promoter preferably
acts in VMH neurons (Dhillon et al., 2006; Toda et al., 2016), a
phenotypic analysis of Usp2 conditional knock-out mice (off-
spring of Usp2fl/fl mice and Sf1-Cre mice) may strengthen the
idea that USP2 in the VMH has glucoregulatory roles through
the control of sympathetic nervous activation.

In conclusion, we found that USP2 controls AMPK, resulting
in modification of blood glucose levels. Because AMPK in the
VMH has been proposed to be responsible for the set point of
circulating glucose level, this study provides a novel cue to mod-
ulate basal glucose metabolism. Ubiquitination and deubiquiti-
nation are reversible and rapid enzymatic processes. Thus, these
processes seem to be suitable to maintain brain physiological
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function under dynamic environmental changes. Although USP2
deubiquitinates a wide variety of proteins (Kitamura and
Hashimoto, 2021), structures of USP2-containing protein
complex are known to be a determinant for its targets (Yang
et al., 2014). In this sense, augmentation of the adequate pro-
tein complex formation in VMH neurons might confer a
novel strategy for hyperglycemic therapy.
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