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A B S T R A C T   

Olanzapine (OLA), a widely used second-generation antipsychotic (SGA), causes weight gain and metabolic al-
terations when administered orally to patients. Recently, we demonstrated that, contrarily to the oral treatment 
which induces weight gain, OLA administered via intraperitoneal (i.p.) in male mice resulted in body weight loss. 
This protection was due to an increase in energy expenditure (EE) through a mechanism involving the modu-
lation of hypothalamic AMPK activation by higher OLA levels reaching this brain region compared to those of the 
oral treatment. Since clinical studies have shown hepatic steatosis upon chronic treatment with OLA, herein we 
further investigated the role of the hypothalamus-liver interactome upon OLA administration in wild-type (WT) 
and protein tyrosine phosphatase 1B knockout (PTP1B–KO) mice, a preclinical model protected against meta-
bolic syndrome. WT and PTP1B–KO male mice were fed an OLA-supplemented diet or treated via i.p. Mecha-
nistically, we found that OLA i.p. treatment induces mild oxidative stress and inflammation in the hypothalamus 
in a JNK1-independent and dependent manner, respectively, without features of cell dead. Hypothalamic JNK 
activation up-regulated lipogenic gene expression in the liver though the vagus nerve. This effect concurred with 
an unexpected metabolic rewiring in the liver in which ATP depletion resulted in increased AMPK/ACC phos-
phorylation. This starvation-like signature prevented steatosis. By contrast, intrahepatic lipid accumulation was 
observed in WT mice treated orally with OLA; this effect being absent in PTP1B–KO mice. We also demonstrated 
an additional benefit of PTP1B inhibition against hypothalamic JNK activation, oxidative stress and inflamma-
tion induced by chronic OLA i.p. treatment, thereby preventing hepatic lipogenesis. The protection conferred by 
PTP1B deficiency against hepatic steatosis in the oral OLA treatment or against oxidative stress and neuro-
inflammation in the i.p. treatment strongly suggests that targeting PTP1B might be also a therapeutic strategy to 
prevent metabolic comorbidities in patients under OLA treatment in a personalized manner.   
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1. Introduction 

Schizophrenia is a severe chronic psychiatric disorder that affects 
about 24 million people worldwide. According to current clinical 
guidelines, second generation antipsychotics (SGAs) are the first line of 
life-long chronic treatment for schizophrenia [1,2]. However, in a high 
proportion of patients on SGA treatment severe metabolic dysfunctions 
such as abnormal body weight gain, hyperglycemia and dyslipidemia 
have been reported [3–5]. This association between metabolic compli-
cations and SGAs was evidenced in a meta-analysis review of several 
clinical trials in healthy volunteers showing the ability of these drugs to 
directly and independently favor weight gain and insulin resistance [6]. 
Furthermore, another analysis of randomized trials from 1955 to 2012 
concluded that the SGAs with higher risk of weight gain were olanzapine 
(OLA) [7], highly used in the clinic [8,9], zotepine and clozapine [7]. 

Overweight and obesity are major risk factors for non-alcoholic fatty 
liver disease (NAFLD), a worldwide epidemic with an exponential 
growth also associated with insulin resistance and inflammation 
[10–12]. Notably, the incidence of NAFLD is increased in patients with 
mental illness [13], being even higher in patients under treatment with 
SGAs [14]. Importantly, as previously reviewed [15], different drivers of 
oxidative stress contribute to NAFLD progression by inducing or 
boosting inflammation. Oxidative stress is also directly related with the 
presence of several reactive metabolites that favor lipotoxic liver injury 
and the evolution to more severe NAFLD stages. 

OLA has been shown to induce, directly or through extrahepatic ef-
fects, lipid accumulation in the liver. In this regard, male rats treated 
with OLA via gastric tube presented liver steatosis [16]. Moreover, fe-
male mice treated daily with OLA via oral gavage displayed intrahepatic 
lipid accumulation independent of body weight changes in parallel to an 
increase in hepatic proprotein subtilisin kexin type 9 (PCSK9) [17] or 
sortilin expression [18]. Additionally, signals emerging from the central 
nervous system (CNS) have been shown to drive abnormalities in pe-
ripheral lipid metabolism. In this line, central triiodothyronine (T3) 
administration activates hypothalamic c-Jun N-terminal Kinase (JNK) 

that favors hepatic lipogenesis [19]. Related with OLA, female rats 
treated via intragastric administration showed lipid disturbances asso-
ciated with weight gain and dyslipidemia that paralleled with an 
up-regulation of the appetite-related neuropeptide-Y/agouti-related 
peptide (NPY/AgRP) in the hypothalamus [20]. These effects were 
associated with a reduction in the abundance of short-chain fatty acids 
(FA) and 5-hydroxytryptamine (serotonin) levels in rat cecum. 
Furthermore, the abnormal lipid metabolism caused by OLA treatment 
was associated to the vagus nerve-mediated gut microbiota-brain axis 
[20]. On the other hand, OLA-mediated effects have been also reported 
in the immune system. Cui and coworkers found that plasma levels of 
macrophage migration inhibitory factor (MIF) were increased in in-
dividuals under OLA treatment. Importantly, MIF was elevated in the 
hypothalamus of female mice receiving an OLA oral treatment 
concomitantly to hyperphagia due to the activation of appetite-related 
AMP-activated protein kinase (AMPK) and AgRP-related signaling 
pathways [21]. The relevance of hypothalamic MIF was evidenced by 
the protection against OLA-induced glucose and lipid metabolic distur-
bances in global MIF-deficient mice or upon central injection of a 
neutralizing anti-MIF antibody prior to OLA treatment [21]. Moreover, a 
clinical study with 14 drug-naive patients with first psychotic episode 
has shown that IL-27 and IL-6 plasma levels may be biomarkers for the 
efficacy of OLA treatment [22], supporting its immunomodulatory ef-
fects. However, the association between OLA and the induction of 
reactive oxygen species (ROS) production is yet poorly understood. 
Whereas OLA increased ROS levels in whole blood of rats [23] and 
potentiated general oxidative stress hallmarks in mHypoA-59 hypotha-
lamic neurons in culture [24], it has been shown to have some antiox-
idant properties in cultured neutrophils [25]. Therefore, additional 
studies are needed to evaluate the contribution of oxidative stress and 
inflammation to OLA-mediated metabolic side-effects. 

Protein tyrosine phosphatase 1B (PTP1B) is a negative regulator of 
leptin and insulin signaling and is currently considered a therapeutic 
target for obesity and type 2 diabetes (T2D) due to the results of many 
preclinical studies conducted in global or tissue-specific mice deficient 

Abbreviations 

SGAs second generation antipsychotic 
OLA olanzapine 
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AgRP agouti-related peptide 
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AMPK AMP-activated protein kinase 
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T2D type 2 diabetes 
p38-MAPK p38-mitogen-activated protein kinase 
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KO knockout 
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EDTA ethylenediamine tetraacetic acid 
LC-MS/MS liquid chromatography-tandem mass spectrometry 

MRI magnetic resonance imaging 
TG triglyceride 
2H-NMR 2H nuclear magnetic resonance 
MTBE methyl-tert-butyl ether 
f.i.d. free-induction decays 
PFA paraformaldehyde 
FBS fetal bovine serum 
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DEGs differentially expressed genes 
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ARA arachidonic acid plus 
EPA eicosapentaenoic acid 
GFAP glial fibrillary acidic protein 
Iba1 ionized calcium-binding adapter molecule 1  
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in the Ptpn1 gene encoding PTP1B [26–29]. Regarding oxidative stress, 
PTP1B deficiency protected hepatocytes against paracetamol-induced 
cell death by preventing glutathione reduction, generation of ROS and 
the activation of JNK and p38-mitogen-activated protein kinase 
(p38-MAPK) [30]. Notably, its inhibition in HepG2 cells prevents 
apoptosis induced by palmitate and oleate by improving mitochondrial 
dynamics and reducing oxidative and endoplasmic reticulum (ER) stress 
[31]. 

Very recently, we reported a potential therapeutic advantage of OLA 
intraperitoneal (i.p.) compared to oral administration in preventing 
weight gain in male mice. This beneficial effect was associated with 
higher OLA levels in plasma and hypothalamus that controlled an 
AMPK-driven hypothalamus-brown adipose tissue (BAT) axis, prevent-
ing weight gain in a PTP1B-independent manner [32]. Importantly, 
PTP1B deficiency protected against weight gain associated with the di-
etary OLA treatment by increasing energy expenditure (EE). These 
previous results prompted us to investigate in more depth the intra- and 
extra-hypothalamic effects elicited by the higher OLA levels reaching 
the hypothalamus upon its administration via i.p. In particular, we 
focused in the hypothalamus-liver axis that, in response to other stimuli 
such as T3 [19], oleic acid [33] or corticotropin-releasing factor [34], 
modulates lipid metabolism [19]. As expected, wild-type (WT) mice fed 
an OLA-supplemented diet presented, concomitantly to hyperphagia 
and weight gain, intrahepatic lipid accumulation, whereas 
PTP1B-deficient mice were protected against OLA-induced hepatic 
steatosis. Unexpectedly, even though WT mice under the OLA i.p. 
treatment lost weight, fatty acid synthase (FAS) protein levels, as well as 
its transcriptional regulatory cascade, were upregulated in the liver, an 
effect controlled by hypothalamic JNK1 activation induced by higher 
OLA levels reached in this brain region during the i.p. treatment. This 
molecular signature paralleled with oxidative stress and inflammation in 
the hypothalamus. Interestingly, hypothalamic-mediated FAS upregu-
lation by OLA i.p. treatment did not result in steatosis due to a metabolic 
rewiring involving hepatic ATP levels, AMPK and acetyl CoA carbox-
ylase (ACC). Remarkably, hypothalamic JNK activation, oxidative stress 
and neuroinflammation were absent in PTP1B–KO mice. 

2. Material and methods 

Antibodies for Western blot and immunohistochemistry/immuno-
fluorescence and primers used for qRT-PCR are listed in Supplementary 
Tables 1, 2 and 3 respectively. 

2.1. Animals and treatments 

Three-months-old WT and PTP1B-knockout (KO) male mice on the 
C57BL/6J × 129 Sv/J genetic background [35] and age-matched 
C57BL/6J and JNK2-KO/JNK1flox-flox male mice were used. Animal 
studies were approved by the Ethics Committee of Consejo Superior de 
Investigaciones Científica (CSIC, Spain) and conducted in accordance 
with the guidelines for animal care of Comunidad de Madrid and 
Directive 2010/63/EU. Animals were maintained at 22–24 ◦C and 55% 
humidity on 12 h light/dark cycles (starting at 8 a.m.) and fed a regular 
rodent chow diet (A04, Panlab, Barcelona, Spain) and tap water ad 
libitum. 

OLA-supplemented diet treatment: WT and PTP1B–KO mice were fed a 
chow diet supplemented or not with OLA (GP8311, Glentham Life Sci-
ences, Corsham, UK) for 7 months. OLA dosage in the diet was calculated 
taking into account an average mice weight of 30–35 g and average food 
intake of 4 g/day, corresponding to 5 mg/kg/day. This dose was chosen 
based on previous studies in rodents treated orally with OLA at 5–10 
mg/kg/day including a recent study by our group [32] showing hy-
perphagia and weight gain [36–39] and resulting in steady-state plasma 
levels of the drug close to the therapeutic range [39]. Since mice treated 
with OLA supplemented in the diet presented hyperphagia as we pre-
viously reported [32], mice received approximately 10 mg/kg OLA. 

OLA intraperitoneal (i.p.) treatment: Mice received vehicle (VEH) (2% 
v/v DMSO in 0.9% NaCl) or 10 mg/kg/day OLA via i.p. injection (10–12 
a.m.) for 8 weeks as reported for injectable treatments [40–44], 
including a recent study by our group [32]. This OLA dosage was 
equivalent to that received orally via supplemented diet. Another cohort 
of mice was treated with OLA at 5 mg/kg/day. 

OLA treatment by oral gavage: mice received a daily (10–12 a.m.) oral 
gavage of OLA at 10 mg/kg, dose previously reported for oral treatment 
by our group and others [32,37,39,45–48], or VEH (4% v/v DMSO in 
0.9% NaCl) for 8 weeks. 

OLA intrahypothalamic injections: during the light phase of the diurnal 
cycle (8 a.m.-1 pm), mice were anesthetized with isoflurane for ~5 min 
prior to the intrahypothalamic injection and placed in the stereotaxic 
apparatus. Then, mice received bilaterally a single injection of OLA (15 
nmol, dose used in previous studies [32,49]) or DMSO in the ventro-
medial nucleus of the hypothalamus (VMH) at the coordinates 1.46 mm 
posterior, ±0.5 mm lateral and 5.5 mm depth to Bregma [50]. During 
the injection, mice remained anesthetized with isoflurane. To minimize 
backflow up the needle track, the needle remained inserted for 
approximately 3–5 min after injection. In order to generate mice lacking 
JNK1 and JNK2 in the hypothalamus, C57BL/6J JNK2-KO/JNK1flox-flox 

mice were injected adeno-associated viruses encoding Cre recombinase 
(AAV-Cre, SignaGen Laboratories, Rockville, MD, USA) in the VMH 
using the aforementioned coordinates (1 μl/injection site), as previously 
reported [19,32,51,52] prior to OLA i.p. treatment for 8 weeks with OLA 
(10 mg/kg/day) as described above. In parallel, JNK2-KO/JNK1flox-flox 

mice were injected AAV-GFP (Viraquest Inc., North Liberty, IA, USA) as 
controls. In another experiments, C57BL/6J male mice were injected 
adenoviruses encoding for AMPKα1-CA (Viraquest) in the VMH (1 
μl/injection site), as previously reported by our group [32] and others 
[19,51,52], five days before the OLA central injection (15 nmol, 30 
min). 

2.2. Measurement of OLA levels in plasma and hypothalamus 

As we described previously [32], mice received a single i.p. injection 
or a single oral gavage of OLA at the dose of 10 mg/kg. Two hours after 
administration, animals were anesthetized with isoflurane and blood 
was collected via intracardiac puncture with ethylenediamine tetra-
acetic acid (EDTA). The brain was removed from the skull and the hy-
pothalamus was collected. Blood was immediately centrifuged at 15 
600 g for 20 min at 4 ◦C and plasma samples were stored at − 80 ◦C. The 
hypothalami were homogenized in ice-cold 1.89% (v/v) formic acid in 
water, centrifuged at 15 600 g for 20 min at 4 ◦C and the supernatants 
were stored at − 80 ◦C (adapted from Wojnicz et al. [53]). A simple and 
sensitive liquid chromatography-tandem mass spectrometry 
(LC-MS/MS, Agilent Technologies, Spain) method was used for the 
determination of OLA, as reported previously [32,54]. OLA and their 
isotope-labeled internal standards were extracted from 100 μl of plasma 
by protein precipitation. A combination of formic acid (0.2%)-acetoni-
trile (pH 3.0; 65:35, v/v) was used as mobile phase and the chromato-
gram was run under gradient conditions at a flow rate of 0.6 ml/min. 
Run time lasted 6 min, followed by a re-equilibration time of 3 min. All 
molecules of interest were monitored by mass spectrometric detection 
operating in multiple-reaction monitoring mode. The method was 
originally validated in human plasma based on the recommendations of 
regulatory agencies through tests of precision, accuracy, extraction re-
covery, identity confirmation, trueness, matrix effect, process efficiency, 
stability, selectivity, linearity and carry-over effect fulfilling the guide-
line requirements [54]. 

2.3. Surgical vagotomy 

The surgical vagotomy procedure was performed as described [55, 
56]. Briefly, mice under isoflurane anesthesia were placed on their backs 
and an incision was made in the abdominal midline. The liver was then 
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moved carefully to the right exposing the esophagus. The vagus nerve 
was exposed and cauterized from the esophagus. The abdominal incision 
was then sutured with surgical silk. Sham surgeries were also performed, 
in which the nerve was exposed but not cauterized. The animals 
recovered for 1 week before other procedures. The effectiveness of the 
vagotomy was assessed at the end of the study by post-mortem analysis 
of the stomach. Only the mice that showed an evident increase in 
stomach size after vagotomy (due to motoric dysfunction) were included 
in the analysis [55]. 

2.4. Whole-brain magnetic resonance imaging (MRI) 

MRI procedures were carried during the light period of the diurnal 
cycle in WT and PTP1B–KO mice in ad libitum conditions. Mice were 
anesthetized with isoflurane and remained under anesthesia during the 
procedure. Throughout the course of imaging acquisitions, isoflurane 
levels were kept in conditions that maintained the breathing rhythm 
between 40 and 70 breaths per min. Respiration rate was monitored 
using a sensor located below the abdomen, and body temperature 
through a rectal probe with a Biotrig physiological monitor (SA In-
struments, Inc., Stony Brook, NY, USA). To avoid a decrease in animal 
temperature during MRI acquisition, the holder was covered with a 
heated blanket. MRI experiments were performed on a 7 T horizontal 
bore (16 cm diameter) superconducting magnet equipped with a 1H 
selective birdcage resonator of 23 mm and a 90 mm diameter gradient 
insert (360 mT/m) (Biospec R 7T, Bruker Biospin, Ettlingen, Germany). 
Imaging data were acquired using a Hewlett-Packard console running 
Paravision 5.1 or 6.1 software (Bruker Medical Gmbh, Ettlingen, Ger-
many). Specifically, 48 h after the intrahypothalamic injection of OLA, 
mice were anesthetized with isoflurane and underwent MRI acquisi-
tions. MRI studies acquired T2 morphological images from all brain to 
identify the intrahypothalamic injected section. Furthermore, in mice 
under chronic i.p. treatment brain inflammation was inferred by the 
analysis of T2 maps which acquisition relied on a set of T2 images 
acquired. 

2.5. Quantification of hepatic triglyceride (TG) synthesis fluxes and fatty 
acid composition 

At the start of the dark period of the day before the sacrifice, mice 
were intraperitoneally injected with 4 ml/100 g body mass of 99.8% 
enriched 2H2O (Cambridge Isotopes Limited, Tewksbury, MA, USA) 
containing 9 mg/ml NaCl and the drinking water was enriched to 5% 
with 2H2O. The following morning, the animals were euthanized and the 
blood was collected for plasma analysis of body water 2H-enrichment by 
2H nuclear magnetic resonance (2H NMR) spectroscopy. Liver was 
dissected and snap-frozen. 

Extraction and purification of liver triglycerides (TGs): Frozen liver 
samples weighing between 0.5 and 1 g were powdered under liquid 
nitrogen and rapidly mixed with HPLC-grade methanol (4.6 ml/g) fol-
lowed by methyl-tert-butyl ether (MTBE) (15.4 ml/g). The mixture was 
placed in a shaker for 1.5 h at room temperature then centrifuged at 13 
000 g for 10 min. After centrifugation, the insoluble pellet containing 
hepatic glycogen was separated from the upper phase of the mixture. 
The upper phase was further separated into an aqueous fraction and an 
organic fraction. This upper phase contained the hepatic lipids. The 
organic fraction of the upper phase was dried under hood in an amber 
glass vial. TGs from the dried organic fraction were purified with a solid 
phase extraction (SPE) process as described [57]. Briefly, Discovery 
DSC-Si SPE cartridges (2 g/12 ml) were washed with 8 ml of hex-
ane/MTBE (96/4; v/v) followed by 24 ml of hexane. The dried lipids 
were re-suspended in 500 μl of hexane/MTBE (200/3; v/v) and loaded 
into the column after washing. The lipid vials were washed with a 
further 500 μl of solvent to quantitatively transfer the lipids to the col-
umn. TGs were eluted with 32 ml of hexane/MTBE (96/4; v/v), collected 
in 4 ml fractions. Fractions containing TGs were identified by thin-layer 

chromatography. A few microliters of the eluted fractions were spotted 
on the TLC plate and the plate was developed with petroleum ether/-
diethyl ether/acetic acid (7.0/1.0/0.1; v/v/v). After drying, lipid spots 
were visualized under iodine vapor. The TG-containing fractions were 
pooled, dried under hood and stored at − 20 ◦C. For analysis of 
2H-enrichment and FA composition by NMR, each fraction was dissolved 
in 0.5 ml anhydrous ≥99% CHCl3 with amylenes as stabilizer (Sig-
ma-Aldrich, St. Louis, MO, USA) and pipetted into a 5-mm NMR tube. To 
this, 25 μl of a pyrazine standard enriched to 1% with pyrazine-d4 and 
dissolved in CHCl3 (0.07 g pyrazine/1 g CHCl3), and 50 μl of C6F6were 
added. 

NMR spectra acquisition and analysis: All NMR spectra were ac-
quired with an 11.7 T Bruker Avance III HD system using a dedicated 5 
mm 2H -probe with a19F-lock channel and 1H-decoupling coil and a 
probe temperature of 25 ◦C. For analysis of triglyceride 2H-enrichment, 
both 1H and 2H NMR spectra were acquired. 1H spectra were obtained 
with a 90◦ pulse, 10 kHz spectral width, 3 s acquisition time, and 5 s 
pulse delay. Sixteen free-induction decays (f.i.d.) were collected for each 
spectrum. Fully relaxed 2H NMR spectra were obtained with a 90◦ pulse, 
a 1230 Hz sweep width, an acquisition time of 0.67 s and a pulse delay of 
8 s. Between 200 and 5000 f.i.d. were acquired for each spectrum. The 
summed f.i.d. was processed with 1 Hz line-broadening before Fourier 
transform. 

All spectra were analyzed with ACD/NMR Processor Academic Edi-
tion software (ACD/Labs, Advanced Chemistry Development, Inc., 
Ontario, Canada). 

2.6. Tissue sample collection 

At week 8 (for the i.p. and oral gavage treatments), month 7 (for the 
oral dietary treatment) or 30 min, 8 h and 48 h post-injection (for the 
intrahypothalamic injection), mice were euthanized. Blood was 
collected with EDTA to prevent clotting, and immediately centrifuged 
for 20 min at 15 600 g. Plasma was collected, frozen and stored at 
− 80 ◦C. The brain was removed from the skull and the hypothalamus 
was isolated and snap-frozen. The liver and BAT were dissected and 
snap-frozen. The brain and liver samples were placed in 4% (w/v) 
paraformaldehyde (PFA, 16005, Sigma-Aldrich) for paraffin inclusion. 

2.7. Primary culture of mouse hepatocytes 

Primary hepatocytes were isolated from untreated mice or mice 
treated with OLA or DMSO by two-step perfusion with collagenase as 
described [26,58]. Cells were plated in 6- or 12-well collagen IV 
(C3867-1VL, Sigma-Aldrich) pre-coated plates and cultured in medium 
containing DMEM and Ham’s F-12 medium (1:1) with heat-inactivated 
10% fetal bovine serum (FBS, 10270–106, Life Technologies, Carlsbad, 
CA, USA) supplemented with 2 mM glutamine (25030–024, Life Tech-
nologies), 15 mM glucose, 20 mM HEPES, 100 U/ml penicillin, 100 
μg/ml streptomycin (15140–122, Life Technologies) and 1 mM sodium 
pyruvate (11360–039, Life Technologies) (attachment media) for 24 h. 
Primary mouse hepatocytes derived from non-treated mice were 
exposed ex vivo to different concentrations of OLA for 48 h in FBS-free 
DMEM (11966–025, Life Technologies) supplemented with 5.5 mM 
glucose. 

2.8. Crystal violet staining for cell viability 

Primary mouse hepatocytes derived from non-treated mice were 
exposed ex vivo to 12.5 μM OLA for 48 h and cell viability was assessed 
by crystal violet staining. Briefly, cells were fixed for 15 min with 4% 
PFA, washed with PBS and incubated for 20 min with a solution of 0.1% 
crystal violet (HT901; Sigma-Aldrich) in H2O. Afterwards, wells were 
rinsed with tap water and air dried. Crystal violet was dissolved with a 
solution of 10% acetic acid and absorbance was measured at 590 nm. 
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2.9. Cell culture 

GT1-7 hypothalamic neuron cell line: GT1-7 cell line (kindly provided 
by Prof. P. Mellon, University of California, CA, USA) are transformed 
from mouse hypothalamic neurosecretory cells [59]. Cells were grown 
in DMEM supplemented with 10% FBS, 2 mM glutamine (Life Tech-
nologies), 20 mM HEPES, 100 U/ml penicillin, 100 μg/ml streptomycin 
(Life Technologies). For experiments, 75 × 104 cells per well were 
seeded in 6-well plates and left to grow until 90% confluence was 
reached. 

Immortalized astrocyte cell culture: An immortalized murine astrocyte 
cell line was kindly provided by Prof. A. Cuadrado (IIBm, Spain). Cells 
were grown in DMEM supplemented with 10% FBS, 20 mM HEPES, 100 
U/ml penicillin, 100 μg/ml streptomycin (Life Technologies). For ex-
periments, 105 cells per well were seeded cells in 6-well plates and left to 
grow until 90% confluence was reached. 

Immortalized microglial cell culture: An immortalized murine micro-
glia cell line was kindly provided by Prof. A. Cuadrado. Cells were grown 
in DMEM supplemented with 10% FBS, 2 mM glutamine, 20 mM HEPES, 
100 U/ml penicillin, 100 μg/ml streptomycin. For experiments, 5 × 105 

cells per well were seeded cells in 6-well plate and left to grow until 90% 
confluence was reached. 

After reaching confluence, cells were then treated with OLA (12.5 
μM) for different time periods ranging from 5 min to 24 h in serum-free 
medium. For treatments with N-acetylcysteine (NAC, 38520-57-9, 
Sigma-Aldrich), a JNK inhibitor (SP600125, 129-56-6, MedChemEx-
press, New Jersey, USA) or a PTP1B pharmacological inhibitor (iPTP1B, 
539741, Merck, Darmstadt, Germany) cells were pre-treated for 2 h in 
serum-free medium before OLA treatment. 

2.10. Protein extraction from cells and tissues 

To obtain total cell lysates, cells were scraped off in lysis buffer (40 
mM Tris-HCl, 5 mM EDTA, 30 μM sodium pyrophosphate tetrabasic 
(Na4P2O7), 50 mM sodium fluoride (NaF), 100 mM sodium o-vanadate 
(Na3VO4), 1% Triton X-100, 1 mM phenylmethanesulfonyl fluoride 
(PMSF), and 10 μg/ml protease inhibitors cocktail, at final pH 7.4–7.6). 
Afterwards, samples were cleared by centrifugation (once at 13 600 g for 
20 min at 4 ◦C for cell lines). Supernatants were stored at − 20 ◦C. The 
protein concentration was measured by the Bradford dye (#5000006, 
Bio-Rad, Hercules, CA, USA) method using bovine serum albumin (BSA) 
as standard. 

To extract total protein from tissues (hypothalamus, liver and BAT), 
samples were homogenized in ice-cold lysis buffer (50 mM HEPES, 1% 
Triton X-100, 50 mM Na4P2O7, 0.1 M NaF, 10 mM EDTA, 10 mM 
Na4P2O7, 1 mM PMSF, and 10 μg/ml of protease inhibitors cocktail, at 
final pH 7.4–7.6) using a polytron tissue homogenizer (0003737000, 
IKA, Staufen, Germany). Extracts were kept on ice during the process. 
Extracts were cleared by centrifugation at 40 000 g for 40 min at 4 ◦C, 
twice. Supernatants were then aliquoted and stored at − 80 ◦C. Protein 
determination was performed by the BCA dye method using BCA Protein 
Assay Kit (23227, Thermo Fisher Scientific, Waltham, MA, USA) and 
BSA as standard. 

2.11. Western blot 

After protein content determination, samples were prepared with 
equal amount of protein, boiled at 98 ◦C for 5 min and analyzed by 
Western blot. After SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE), gels were transferred to PVDF membranes (Millipore, Burling-
ton, MA, USA) previously activated with 100% methanol for 5 min. After 
transferring, membranes were blocked using 4% non-fat dried milk in 
TTBS (10 mM Tris-HCl, 150 mM NaCl pH 7.5, Tween 20 (0.05% w/v)) 
for 2 h, and incubated overnight at 4 ◦C with the primary antibodies in 
TTBS. The membranes were then washed and incubated with the 
appropriated secondary antibody diluted in blocking solution. 

Immunoreactive bands were visualized in a ChemiDoc™ MP digital 
imager (Bio-Rad Bio-Rad) by using the Clarity Western ECL Substrate 
(#170–5061, Bio-Rad) or by X-ray film exposure. Experiments were 
quantified by densitometry using ImageJ software (National Institutes of 
Health (NIH), Bethesda, MD, USA). 

2.12. Quantitative real-time PCR analysis (RT-qPCR) 

Total RNA from tissues and cells was extracted with Tri reagent 
(AM9738, Life Technologies) and reverse transcribed using a Super-
Script First-Strand Synthesis System (18080051, Life Technologies) for 
real time quantitative PCR (RT-qPCR) following the manufacturer’s in-
dications. RT-qPCR was performed with an ABI 7900 sequence detector 
(Applied Biosystems, Waltham. MA, USA). The primers sequences/ 
probes are included in Supplementary Table 2. 

2.13. Transcriptomic analysis by RNA sequencing 

Livers from mice under dietary treatment were collected at sacrifice 
and snap frozen at − 80 ◦C. Total RNA was extracted using the PureLink 
RNA Mini Kit (Life Technologies). Total RNA expression was analyzed 
using Illumina TruSeq Stranded RNASeq technology (Illumina, San 
Diego, CA, USA). The libraries were sequenced (2 × 100 bp) with a mean 
output of 40 million reads in a NovaSeq 6000 sequencer (Illumina). 
After a quality control check with FastQC (www.bioinformatics. 
babraham. ac.uk/projects/fastqc, access date 27 May 2019), the reads 
were aligned to reference transcripts with the Kallisto algorithm [60], 
which provides a matrix of estimated counts per transcript as the output. 
Exploratory analyses included principal component analysis (PCA) and 
hierarchical clustering (HC). Transcriptomic analyses were performed 
with the DESeq2 package [61], for which differentially expressed genes 
(DEGs) were described as those with an adjusted p-value (p-adj) of <0.1 
when performing a Wald test between two conditions and a Benjami-
ni–Hochberg adjustment. Overrepresentation analyses (ORAs) of the 
DEGs were completed with the WEB-based GEne SeT AnaLysis Toolkit 
(WebGestalt) [62]. The raw data was submitted to the Gene Expression 
Omnibus (GEO) database with the reference GSE222697. 

2.14. Tissue histological analysis, immunohistochemistry, 
immunofluorescence and MitoTracker red CM-H2Xros staining 

Immunohistochemistry: Tissue sections (5 μm) were de-waxed and 
rehydrated through a descending series of ethanol dilutions (100, 96, 
75, 50%). Antigen retrieval was achieved by microwaving for 5 min at 
600 W in 100 mM citrate buffer (pH 6) with 0.05% (w/v) Tween-20, 
followed by three washes in PBS. Tissue sections were permeabilized 
with PBS-Triton X-100 (0.3% w/v; T8787, Sigma-Aldrich). Non-specific 
binding was blocked with 3% (v/v) horse serum (H0146, Sigma-Aldrich) 
in PBS-Triton X-100 (0.3% v/v). Sections were incubated overnight at 
4 ◦C with primary antibodies in blocking buffer and then incubated with 
a biotinylated secondary antibody combined with streptavidin-HRP by 
the ABC (Avidin Biotin Complex) method (Vectastain® Elite® ABC-HRP 
Kit, PK-6100, Vector Laboratories, Newark, CA, USA). DAB Substrate kit 
(416424, Palex Medical SA., Madrid, Spain) was used following the 
manufacturer’s instructions. Images were collected with an Axiophot 
light microscope (Carl Zeiss, Oberkochen, Germany). 

Oil-Red O (ORO) Staining: For ORO staining, liver sections were 
fixed overnight with 4% PFA and cryoprotected in subsequent gradients 
of 15 and 30% sucrose (in PBS) at 4 ◦C. Afterwards, samples were frozen 
in Tissue-Tec OCT (Sakura Finetek USA, Torrance, CA, USA) and 
sectioned at 5 μm using a Leica CM3050 S cryostat. Tissue slides were 
then left at room temperature for 10 min and the remaining OCT was 
washed with PBS. Slides were then placed in isopropanol 60% for 15 s 
before of filtered ORO (O0625, Merck) solution (60% isoropranol in 
water) for 15 min. After washing the slides with PBS, they were stained 
with Carazzi’s hematoxylin for 1 min. The excess of the hematoxylin was 
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washed with PBS, after which the slides were mounted in 50% glycerol 
(in PBS) and sealed. After drying, the images were collected with an 
Axiophot light microscope (Carl Zeiss). 

Immunofluorescence in tissue sections: After rehydrating and 
antigen retrieval, non-specific binding was blocked with 0.5% (w/v) 
BSA (MB04602, NZYTech, Lisbon, Portugal) in PBS-Triton X-100 (0.3% 
v/v). Sections were incubated overnight at 4 ◦C with the primary anti-
body in blocking buffer and then incubated with the appropriated 
fluorescent secondary antibody. Nuclei were stained for 5 min with 4,6- 
diamidino-2-phenylindole (DAPI) in PBS (1:1000) and sections were 
mounted in Fluoromont (Sigma-Aldrich). Samples were analyzed using 
the optical Nikon N91 fluorescence microscope (Carl Zeiss) or confocal 
microscopy (Carl Zeiss). 

MitoTracker Red CM-H2Xros staining: GT1-7 neuron cells were 
incubated with MitoTracker Red CM-H2Xros (M7513, Thermo Fisher 
Scientific) for 4 min in darkness at 37 ◦C. Cells were fixed with 3% PFA 
and 1.5% glutheraldehyde as described in Ref. [63] for 5 min, time at 
which the fixative was replaced by PBS and the cells were observed by 
confocal microscopy (Carl Zeiss). 

TUNEL staining: Slides from mice brain were used for the detection 
of cell death induced by the treatment with OLA by using the DeadEnd™ 
Fluorometric TUNEL System (G3250, Promega, Madison, WI, USA) ac-
cording to supplier’s instructions. Briefly, tissue sections (5 μm) were de- 
waxed by two washes with xylene and rehydrated through a descending 
series of ethanol dilutions (100, 95, 85, 75, 50%) and washed with 
0.85% NaCl. The slides were then fixed 15 min with 4% PFA before 
permeabilization with Proteinase K treatment (20 μg/ml for 10 min), 
after which the samples were fixed again for 5 min with 4% PFA before 
10 min incubation in equilibration buffer (EB). The dead cells were then 
labeled with a mix of 1:10 nucleotides and 1:50 of Terminal deoxy-
nucleotidyl transferase (Tdt) enzyme in EB for 60 min at 37 ◦C, avoiding 
light exposure and covered with a plastic slip. The reaction was stopped 
by washing the preparations in 2x saline-sodium citrate (SSC) buffer. 
Nuclei were stained for 5 min with DAPI in PBS (1:1000) and sections 
were mounted in Fluoromont (Sigma-Aldrich) and images were 
collected by confocal microscopy (Carl Zeiss). 

2.15. Determination of hepatic ATP content 

Around 50 mg of the liver were homogenized with the polytron tis-
sue homogenizer in 6% (v/v) HClO₄ and left overnight at 4 ◦C under 
rotation. Then, samples were neutralized with 6 M KOH and centrifuged 
at 9300 g for 10 min at 4 ◦C. ATP content in the supernatants was 
determined with the bioluminescence ATP determination kit (PRO LBR- 
PO10, Biaffin GMbH & Co. KG, Kassel, Germany) following manufac-
turer’s instructions. The chemiluminescence generated was detected at a 
560 nm wavelength in a GloMax 96 Microplate luminometer (Promega). 
A standard curve with increasing concentrations of ATP was used to 
calculate the amount of ATP in each sample. The values were normal-
ized for the specific tissue amount (in mg) used for each sample. 

2.16. Analysis of TG levels in plasma and liver samples 

The hepatic lipid extraction and purification was adapted from Blight 
et al. [64]. Around 50 mg of liver samples were homogenized in 20 mM 
potassium phosphate buffer pH 7.4 with the Polytron. Homogenates 
were incubated with a mixture of chloroform/methanol (1:1) in rotation 
at RT for 1 h. Afterwards, chloroform and 0.74% (w/v) KCl were added, 
followed by centrifugation at 500g for 5 min. A three-phase mixture was 
obtained; the down phase was collected, mixed with chlor-
oform/methanol (1:1) and centrifuged at 500 g for 5 min at 4 ◦C. Then, 
the lower phase was collected and evaporated. Pellets containing he-
patic lipids were dissolved in isopropanol and triglycerides were quan-
tified with a colorimetric kit (11528–11529, Biosystems, Barcelona, 
Spain). The values were normalized to mg of tissue. Plasma TGs levels 
were measured by using the same colorimetric kit following the 

manufacturer’s instructions. 

2.17. Metabolomic analysis of the hypothalamus 

Extraction of metabolites from the hypothalamus: Snap-frozen hypo-
thalamus (5–10 mg) were processed in Biosfer Teslab (Tarragona, Spain) 
for metabolomic and lipidomic analysis. Metabolites were extracted 
from the hypothalamus by using a modified version of the BUME 
method [65], as previously described [66]. An aqueous and a 
lipid-enriched phases were obtained. The upper lipid-enriched phase 
was carefully dried in a Speedvac system, until evaporation of organic 
solvents, and reconstituted in a solution of CDCl3:CD3OD:D2O (16:7:1, 
v/v/v) containing Tetramethylsilane (TMS). The lower aqueous phase 
was completely dried in a nitrogen stream and reconstituted in a solu-
tion of D2O containing 2.32 mM trisilylpropionic acid (TSP). Aqueous 
and lipid phases were transferred into 5-mm NMR tubes. 

NMR measurements: Aqueous and lipid-enriched extracts were 
measured using an Avance III-600 Bruker spectrometer operating at 
proton frequency of 600 MHz. For the lipidomic analysis, a 90◦ pulse 
with water presaturation sequence (zgpr) was used. For aqueous ex-
tracts, one-dimensional 1H pulse experiments were carried out using the 
nuclear Overhauser effect spectroscopy (NOESY)-presaturation 
sequence to suppress the residual water peak at around 4.7 ppm. 

NMR data analysis: The frequency domain spectra obtained were 
phased, baseline-corrected and referenced to TSP or TMS signals (δ = 0 
ppm) using TopSpin software (Bruker Daltonics). Quantification of lipid- 
related signals was carried out with an adaptation of LipSpin2 by an in- 
house software. Quantification of signals from the aqueous phase was 
carried out with an adaptation of Dolphin procedure [67] by using an 
in-house software. Resonance assignments for both phases were per-
formed based on the literature, Chenomx and HMDB [68]. 

2.18. Tissue molecular imaging by LDI-MS 

Tissue imaging by laser desorption/ionization–mass spectrometry 
(LDI–MS) imaging was performed as previously described [69,70]. 
Briefly, gold nanolayers were deposited over the 10 μm tissue sections 
using the ATC Orion 8-HV sputtering system (AJA International, N. 
Scituate, MA, USA), and LDI–MS tissue images were acquired using a 
Spectroglyph MALDI source coupled to an Exploris 120 Orbitrap 
(Thermo Fisher Scientific) LDI-MS working in positive ionization mode 
(range m/z 100–1500). Three biological replicates (i.e., three male mice 
per group) were used for tissue molecular imaging by LDI-MS. Molecular 
images were acquired at 25 μm lateral and 120 000 spectral resolutions 
(FWHM at m/z 200). Data processing and visualization was based on the 
workflow described by Ràfols et al. [70] using the open-source software 
rMSI [71] and rMSIproc [72]. Lipid identification was based on the exact 
mass of their positive adducts according to the LIPID MAPS [73] 
(filtering at 0.005 Da). 

2.19. Data analysis 

Statistical analysis was performed with GraphPad Prism version-7.0 
(GraphPad Software, San Diego,CA, USA). Data are reported as mean 
and standard error of the mean (SEM). Comparisons between groups 
were made using Student’s t-test if two groups were considered. If more 
than 2 groups were studied with one variable taken in consideration (i. 
e., treatment or genotype) One Way-ANOVA (α = 0.05) was used, with 
Bonferroni’s post-hoc test carried for multiple comparisons between the 
groups. Moreover, when more than one variable was compared (i.e., 
treatment and genotype) the data were analyzed with Two Way-ANOVA 
(α = 0.05) with multiple comparisons done with Bonferroni’s post-hoc 
test. If not mentioned in the figure legend, it must be considered that 
Two Way-ANOVA with Bonferroni’s test was used for the presented 
analysis. In Supplementary Table 4, fold changes and p-values were 
calculated using 1000 random pixels from each LDI-MS sample (each 
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sample containing between 2431 and 22 844 pixels). Fold change was 
calculated as the log2 (average intensity of group 2/average intensity of 
group 1) and the p-values were calculated using Kruskal-Wallis test 
adjusted for multiple comparisons. 

Fig. 1. OLA dietary treatment promoted intrahepatic lipid accumulation in WT, but not in PTP1B–KO male mice. A. Representative images of liver sections with H&E 
(20x, scale bars-100 μm) (WT Chow diet: n = 3; WT OLA sup. diet: n = 3; PTP1B–KO Chow diet: n = 3; PTP1B–KO OLA sup. diet: n = 3) and ORO staining (WT Chow 
diet: n = 4; WT OLA sup. diet: n = 4; PTP1B–KO Chow diet: n = 4; PTP1B–KO OLA sup. diet: n = 4) and intrahepatic TGs (WT Chow diet: n = 9; WT OLA sup. diet: n 
= 9; PTP1B–KO Chow diet: n = 6; PTP1B–KO OLA sup. diet: n = 7, groups were compared using Student’s t-test). B. Representative Western blot images of hepatic FAS 
with densitometric quantification normalized for Vinculin protein levels (WT Chow diet: n = 12; WT OLA sup. diet: n = 12; PTP1B–KO Chow diet: n = 12; PTP1B–KO 
OLA sup diet: n = 12). C. Quantification of hepatic lipid fluxes (WT Chow diet: n = 9; WT OLA sup. diet: n = 9; PTP1B–KO Chow diet: n = 6; PTP1B–KO OLA sup. 
diet: n = 7). D. RNAseq data: heatmap of hepatic gene expression comparing WT or PTP1B–KO mice fed an OLA supplemented diet versus each genotype-matched 
control group (fed a chow diet). The log2(fold change) for each gene is presented. E. Principal categories of steatosis-related gene families regulated in WT mice fed 
an OLA supplemented diet in comparison to WT mice fed a chow diet. F. WT male mice received a daily oral gavage of OLA (10 mg/kg) or VEH during 8 weeks. 
Representative Western blot images of FAS protein levels in liver and densitometric quantification normalized for Vinculin protein levels (WT VEH: n = 6; WT OLA: n 
= 6, groups were compared using Student’s t-test). Each point/bar corresponds to mean ± SEM; comparisons between groups: *p < 0.05. 
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3. Results 

3.1. Differential effects of OLA i.p. and dietary treatment in intrahepatic 
lipid accumulation and FAS levels in WT and PTP1B–KO male mice 

Since our previous study [32] showed that WT mice under treatment 
with OLA supplemented in the diet gained more weight compared with 
mice fed a regular chow diet, while PTP1B–KO mice were protected 
against weight gain, we investigated whether weight gain in WT mice 
was associated with intrahepatic lipid accumulation. As shown in the 
representative H&E and ORO stained liver sections from both genotypes 
(Fig. 1A and Supplementary Fig. 1A), increased hepatic lipid content 
and TG levels were found exclusively in WT mice receiving OLA orally 
(Fig. 1A). However, hepatic FAS protein levels remained unchanged 
regardless diet or genotype (Fig. 1B). The analysis of hepatic lipid fluxes 
in mice receiving 2H2O 16 h prior the sacrifice revealed no differences in 
de novo lipogenesis, FA elongation and desaturation or glycerogenesis 
(Fig. 1C). Altogether, these results suggest that intrahepatic lipid accu-
mulation upon OLA dietary treatment does not rely on de novo lipo-
genesis. Of note, decreases in de novo lipogenesis, desaturation and 
glycerogenesis were found in PTP1B–KO mice under chow diet 
compared to WT mice. 

We conducted RNAseq transcriptomic analysis in livers from mice at 
the end of the OLA dietary treatment. As shown in Fig. 1D, OLA 
differentially impacted hepatic gene expression in mice depending on 
the genotype, being substantial changes in steatosis-related gene fam-
ilies evident only in WT mice (Fig. 1E). Since, our previous work showed 
that WT mice fed an OLA-supplemented diet presented hyperphagia 
[32], the intrahepatic lipid accumulation is likely due to the augmented 
caloric intake rather than enhanced de novo lipogenesis. To substantiate 
these results, another cohort of mice was treated with OLA (10 
mg/kg/day) by oral gavage for 8 weeks. As observed in the dietary 
treatment, OLA administration by gavage did not alter FAS protein 
levels (Fig. 1F). 

Next, histological analysis was performed in liver sections from WT 
and PTP1B–KO mice administered OLA via i.p. that, as shown in our 
previous study [32], lost weight. As expected, no features of hepatic 
steatosis were observed and hepatic TG content remained unchanged 
(Fig. 2A and Supplementary Fig. 1B). Unexpectedly, in WT mice treated 
with OLA via i.p., FAS protein levels were increased (Fig. 2B) in parallel 
with its mRNA levels (Fig. 2C). This effect was associated with reduced 
Insig2 and increased Srebf1 mRNAs (encoding INSIG2 and SREBP1c, 
respectively), both transcriptional regulators of the Fasn gene (Fig. 2C). 
Moreover, no changes in Insig1 mRNA levels were found. In those mice, 
decreased hepatic ATP levels were found (Fig. 2D) in parallel to an in-
crease in AMPK phosphorylation and, in turn, in the inhibitory phos-
phorylation of its downstream effector ACC (Fig. 2E). Similar effects in 
AMPK/ACC phosphorylation and FAS levels were found in primary 
hepatocytes isolated from OLA-treated mice (Fig. 2F). By contrast, 
PTP1B-deficient male mice did not present these alterations in the liver 
or primary hepatocytes. Altogether, these results led us to propose that 
an OLA i.p. treatment or the inhibition of PTP1B could be beneficial in 
preventing fat accumulation in the liver associated with the OLA oral 
treatment. 

To test if OLA upregulates FAS expression in a cell autonomous 
manner, primary hepatocytes were treated ex vivo for 48 h with OLA at 
different concentrations. As shown in Fig. 2G, the highest concentration 
(12.5 μM) did not compromise hepatocyte cell viability and also did not 
increase the lipid content by ORO staining. Moreover, no differences in 
FAS or phospho-ACC levels were observed (Fig. 2H, Supplementary 
Fig. 1C), pointing to an inter-organ crosstalk in the modulation of FAS 
expression in the liver by OLA. 

3.2. Hypothalamic JNK phosphorylation controls hepatic FAS levels in 
WT male mice treated with OLA via i.p. 

Based on the previously reported relevance of hypothalamic JNK in 
controlling FAS expression in the liver in the context of the central ef-
fects of thyroid hormones [19], we determined JNK phosphorylation in 
the hypothalamus of mice treated via i.p. that presented elevated OLA 
levels in this brain region compared to those of the oral treatment [32]. 
Fig. 3A shows increased hypothalamic phospho-JNK in WT, but not 
PTP1B–KO mice, upon OLA i.p. administration, despite comparable OLA 
levels in the hypothalamus (132.75 ± 17.80 ng/ml in WT mice as re-
ported [32] and 105.00 ± 10.46 ng/ml in PTP1B–KO, p = 0.2781) and 
plasma (207.04 ± 16.23 ng/ml in WT as reported [32] and 182.28 ±
14.40 ng/ml in PTP1B–KO, p = 0.2820) measured 2 h after the OLA 
injection. Moreover, this effect was absent in the hypothalamus of mice 
fed an OLA-supplemented diet (Supplementary Fig. 2A) or mice treated 
by oral gavage (Supplementary Fig. 2B). To substantiate these results, 
we tested the direct effect of OLA in activating JNK in different cell types 
of the hypothalamus. As shown in Fig. 3B, OLA (12.5 μM) increased 
phospho-JNK in immortalized GT1-7 hypothalamic neurons, microglia 
and astrocytes. 

To further investigate the direct effect of OLA in modulating JNK 
phosphorylation in the hypothalamus and, hence, hepatic FAS levels, 
WT mice received an intrahypothalamic injection of OLA and after 30 
min, 8 and 48 h, the hypothalami were collected. As shown in Fig. 3C 
and D, hypothalamic phospho-JNK was increased 30 min after the in-
jection, while the elevation in hepatic FAS levels was observed at 48 h. 
However, no changes were found at either time point in phospho-ACC or 
phospho-AMPK in the liver of those mice (Fig. 3E), suggesting a direct 
connection between JNK activation in the hypothalamus and FAS 
upregulation in the liver by OLA. 

To investigate the relevance of the vagus nerve on the central effects 
driven by OLA in hepatic metabolism, OLA was injected in the hypo-
thalamus of sham-operated or vagotomized C57BL/6J male mice. Only 
the mice that showed an evident increase in stomach size after vagotomy 
(due to motoric dysfunction) were included in the analysis (Supple-
mentary Fig. 2C) [55,56]. In vagotomized mice, the single intra-
hypothalamic injection of OLA did not alter FAS expression in the liver, 
supporting that OLA-mediated modulatory signals are likely transmitted 
from the CNS to the liver through the vagus nerve (Fig. 3F). 

Next, we conducted experiments in a cohort of mice in which JNK 
was deleted specifically the hypothalamus by injecting AAV-Cre parti-
cles in the VMH of mice with global JNK2 deletion (JNK2-KO/JNK1flox- 

flox) [19] prior to OLA i.p. treatment (10 mg/kg/day) for 8 weeks. 
Fig. 4A shows the deletion of JNK1/2 isoforms in the hypothalamus. 
Importantly, this deletion prevented OLA-induced FAS upregulation in 
the liver (Fig. 4B). These data support the relevance of JNK1 activation 
status in the hypothalamic control of hepatic FAS in response to OLA i.p. 
treatment. By contrast, parameters such as body weight loss, BAT and 
tail temperature, as well as BAT UCP-1 levels were similar in 
OLA-treated mice regardless the absence of JNK1 in the hypothalamus 
(Fig. 4C and E), pointing that hypothalamic JNK1 does not control BAT 
thermogenesis upon OLA i.p. treatment. 

Since, on the one hand, Martinez-Sanchez et al. [19] reported that, in 
the context of central T3 administration, the reduction of hypothalamic 
AMPKα1 activates JNK in this brain region and, on the other, our pre-
vious work [32] demonstrated that i.p. or central OLA administration 
reduces AMPK phosphorylation in the hypothalamus, we assessed if 
preventing this effect impacts on OLA-induced JNK phosphorylation 
(Fig. 3C). To achieve this, mice injected AAV expressing a constitutively 
active version of AMPKα1 directly in the VMH received a single intra-
hypothalamic injection of OLA or DMSO. As shown in Fig. 4F, under this 
condition OLA was able to increase hypothalamic JNK phosphorylation, 
supporting an AMPK-independent effect in this response. 

In our previous study, we demonstrated that upon a single admin-
istration, hypothalamic and plasma OLA levels are almost 2.5-fold 
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Fig. 2. OLA i.p. administration prevented intrahepatic lipid accumulation in WT and PTP1B–KO male mice despite of FAS upregulation found in WT mice. WT and 
PTP1B–KO male mice received a daily i.p. injection of OLA (10 mg/kg) during 8 weeks. A. Representative images of liver sections with H&E (20x, scale bars-100 μm) 
(WT VEH: n = 3; WT OLA: n = 3; PTP1B–KO VEH: n = 3; PTP1B–KO OLA: n = 3) and ORO staining (WT VEH: n = 3; WT OLA: n = 3; PTP1B–KO VEH: n = 3; 
PTP1B–KO OLA: n = 3) and intrahepatic TGs (WT VEH: n = 4; WT OLA: n = 5; PTP1B–KO VEH: n = 8; PTP1B–KO OLA: n = 9, groups were compared using Student’s 
t-test). B. Representative Western blot images of hepatic FAS and densitometric quantification normalized for Vinculin protein levels (WT VEH: n = 5; WT OLA: n = 5; 
PTP1B–KO VEH: n = 7; PTP1B–KO OLA: n = 6). C. Fasn, Insig1, Insig2 and Srebf1 mRNA levels using Tbp and Actb as housekeeping genes (WT VEH: n = 5; WT OLA: n 
= 5; PTP1B–KO VEH: n = 7; PTP1B–KO OLA: n = 8). D. ATP levels in livers of male mice from both genotypes (WT VEH: n = 15; WT OLA: n = 18; PTP1B–KO VEH: n 
= 10; PTP1B–KO OLA: n = 14). E. Representative Western blot images of hepatic ACC and AMPK phosphorylation and densitometric quantification normalized for 
Vinculin protein levels (WT VEH: n = 4–5; WT OLA: n = 5; PTP1B–KO VEH: n = 6–7; PTP1B–KO OLA: n = 5–6). F. Representative Western blots of FAS and ACC and 
AMPK phosphorylation in primary hepatocytes from OLA-treated mice and densitometric quantification normalized for Vinculin protein levels (WT VEH: n = 3–4; 
WT OLA: n = 3–4; PTP1B–KO VEH: n = 3; PTP1B–KO OLA: n = 3). G. Cell viability of mouse primary hepatocytes treated in vitro with OLA for 48 h (12.5 μM) using 
the crystal violet method (DMSO: n = 5; OLA: n = 5, groups were compared using Student’s t-test) (left panel). ORO staining (middle panel, 5x, scale bars-2 mm) and 
respective zoom and the corresponding quantification in mouse primary hepatocytes treated OLA for 48 h (12.5 μM) (DMSO: n = 5; OLA: n = 5, groups were 
compared using Student’s t-test) (left panel). H. Representative Western blot images of FAS and pACC protein levels of mouse primary hepatocytes treated as detailed 
in G. Densitometric quantification normalized for Vinculin protein levels (n = 4). Each point/bar corresponds to mean ± SEM; comparisons between groups: *p <
0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Hypothalamic JNK phosphorylation paralleled with increased hepatic FAS levels in WT male mice treated with OLA via i.p. A. Representative Western blot 
images of hypothalamic JNK phosphorylation and total JNK and densitometric quantification normalized for total JNK and Vinculin protein levels, respectively (WT 
VEH: n = 4; WT OLA: n = 7; PTP1B–KO VEH: n = 6; PTP1B–KO OLA: n = 7). B. Representative Western blot images of JNK phosphorylation and total JNK in GT1-7 
hypothalamic neurons (12.5 μM, 5 min, DMSO: n = 3; OLA: n = 3 independent experiments, groups were compared using Student’s t-test), microglia (12.5 μM, 60 
min, DMSO: n = 5; OLA: n = 5 independent experiments, groups were compared using Student’s t-test) and astrocytes (12.5 μM, 60 min, DMSO: n = 3; OLA: n = 3 
independent experiments, groups were compared using Student’s t-test) treated with OLA. Densitometric quantification of phospho-JNK and total JNK normalized for 
total JNK and Vinculin protein levels, respectively. C. Experimental design (left panel). Representative Western blot images of hypothalamic JNK phosphorylation and 
total JNK in WT male mice 30 min after receiving an intrahypothalamic injection with OLA (15 nmol) (middle panel). Densitometric quantification of phospho-JNK 
and total JNK normalized for total JNK and Vinculin protein levels, respectively (right panel) (DMSO: n = 7; OLA: n = 9, groups were compared using Student’s t-test). 
D. Representative Western blot images of hepatic FAS in WT male mice 48 h after receiving an intrahypothalamic injection with OLA (15 nmol) and densitometric 
quantification normalized for Vinculin levels (WT DMSO: n = 7; WT OLA: n = 10, groups were compared using Student’s t-test). E. Representative Western blot images 
of hepatic pACC and pAMPK in WT male mice 30 min, 8 and 48 h after receiving an intrahypothalamic injection with OLA (15 nmol) and densitometric quantification 
normalized for Vinculin levels (30 min: WT DMSO: n = 7; WT OLA: n = 8; 8 h: WT DMSO: n = 3; WT OLA: n = 3; 48 h: WT DMSO: n = 5; WT OLA: n = 7, groups were 
compared using Student’s t-test). F. WT male mice were vagotomized 7 days prior to OLA (15 nmol) intrahypothalamic injection and after 48 h livers were collected. 
Representative Western blot images of hepatic FAS and densitometric quantification normalized for Vinculin levels (Sham: DMSO: n = 3; OLA: n = 4; Vagotomized: 
DMSO: n = 6, OLA: n = 6). Each point/bar corresponds to mean ± SEM; comparisons between groups: *p < 0.05; **p < 0.01; ***p < 0.001. 
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higher when OLA is administered via i.p. compared to oral gavage [32]. 
This result raises the hypothesis that, as occurred with AMPK, a 
threshold of OLA reaching the hypothalamus must be achieved to 
modulate JNK activation in this brain region, which is likely not over-
come by the oral treatment. Thus, to understand if the modulation of 
JNK phosphorylation relays on hypothalamic OLA levels, mice were 
treated with OLA via i.p. injection at 5 mg/kg/day that, as previously 
shown [32], results in similar peaks of OLA levels in plasma and hypo-
thalamus to those reached in the oral administration. As expected, mice 
receiving chronic treatment with OLA via i.p. at 5 mg/kg/day did not 
show increases in hypothalamic phospho-JNK and neither in hepatic 
FAS nor phospho-ACC (Supplementary Figs. 2D and 2E). These results 
support that the levels of OLA reaching the hypothalamus are also 
crucial for activating JNK in this brain region which, in turn, drives FAS 
upregulation in the liver. 

3.3. OLA decreases antioxidant metabolites and increases lipid 
peroxidation in the hypothalamus of WT male mice treated with OLA via i. 
p. 

The induction of hypothalamic JNK phosphorylation found in WT 
mice upon OLA i.p. treatment might be related to an increase in 
oxidative stress and/or inflammation. To test this, metabolomic and 
lipidomic studies of the hypothalamus were performed. A detailed 
analysis of a broad spectrum of small molecular weight metabolites 
revealed a significant decrease in those with antioxidant properties such 
as choline, glycine, acetate, N-acetylaspartate and sn-Glycero-3- 
phosphocholine [74–83] in the hypothalamus of OLA-treated WT male 
mice in comparison to the control mice receiving VEH, whereas no 
statistically differences were found in the levels of these metabolites in 
the hypothalamus of PTP1B–KO mice (Fig. 5A). By contrast, no 

Fig. 4. JNK1 deletion prevented OLA-induced FAS upregulation in the liver. A. Experimental design of the intrahypothalamic injection of adeno-associated viruses 
encoding Cre recombinase in C57BL/6J male JNK2-KO/JNK1flox-flox mice 4 days prior to OLA i.p. daily injections for 8 weeks after which hypothalamus and liver 
were collected. Representative Western blot images of hypothalamic total JNK and Vinculin protein levels. B. Representative Western blot images of hepatic FAS in 
mice treated as in A, and densitometric quantification normalized for Vinculin levels (AAV-GFP OLA: n = 8; AAV-Cre OLA: n = 7, groups were compared using 
Student’s t-test). C. Body weight variance at the beginning (week 0) and end (week 8) of the OLA i.p. treatment (AAV-GFP: n = 8; AAV-Cre: n = 8) (left panel). Body 
weight variance at the end of the OLA i.p. treatment (AAV-GFP: n = 8; AAV-Cre: n = 8, groups were compared using Student’s t-test) (right panel). D. Thermographic 
pictures and quantification of BAT (left panel) and tail (right panel) maximal temperature of male mice via i.p. with OLA (AAV-GFP: n = 4; AAV-Cre: n = 4, groups 
were compared using Student’s t-test). E. Representative Western blot of BAT UCP-1 and densitometric quantification normalized for Vinculin levels in mice treated 
with OLA via i.p. (AAV-GFP: n = 13; AAV-Cre: n = 12, groups were compared using Student’s t-test). F. Representative Western blot of hypothalamic phospho-JNK 
protein levels in male mice injected AMPKα1-CA or GFP adenoviruses 5 days prior to OLA or DMSO intrahypothalamic injection for 30 min before sampling and 
respective densitometric quantification normalized for Vinculin levels (AMPKα1-CA VEH: n = 4; AMPKα1-CA OLA: n = 5, groups were compared using Student’s t- 
test). Each point/bar corresponds to mean ± SEM; comparisons between groups: *p < 0.05; **p < 0.01; ***p < 0.001. 
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differences in the total levels of lipid species between VEH and 
OLA-treated mice within each genotype were found (Fig. 5B). Of inter-
est, under basal conditions (VEH-treated), constitutively higher levels of 
several lipid species including glycerophospholipids (GLP), phosphati-
dylcholine (PC), sphingomyelin (SM), phosphatidylethanolamine (PE), 
cholesterol, polyunsaturated FA (PUFA)-2, − 3 and − 4 and total, omega 
(ω)9, ω6+ω7, ω3, docosahexaenoic acid (DHA) and arachidonic plus 

eicosapentaenoic acid (ARA+EPA) were found in the hypothalamus of 
PTP1B–KO mice when compared to their WT counterparts (Supple-
mentary Fig. 4C). Among these species, GLP, PC, SM, PE, some PUFAs 
and ωs, DHA and EPA have antioxidant/anti-inflammatory properties 
[84–91]. To further assess the impact of the reduction of antioxidant 
metabolites in the hypothalamus of WT mice by OLA i.p. administration, 
we analyzed oxidative stress markers in tissue sections. As shown in the 

(caption on next page) 
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immunohistochemistry images in Fig. 5C (and Supplementary Figs. 3A 
and 3B), WT mice under OLA i.p. treatment presented higher levels of 
neuroketal adducts and 3-nitrotyrosine residues compared to the 
VEHgroup, supporting an increase in lipid peroxidation and protein 
nitration, as reported in other contexts [92]. As expected, 
PTP1B-deficient mice did not show an increase in neuroketals and 
3-nitrotyrosine in the hypothalamus, even though higher basal levels 
compared to those of WT mice were found. A step further, LDI-MS im-
aging analysis specific for oxidized lipid species evidenced that the drop 
of antioxidant metabolites in the hypothalamus of WT male mice treated 
with OLA via i.p. correlated with a significant increase in the peroxi-
dation of glycerophospholipid species (Fig. 5D, Supplementary Table 4). 
Even though PTP1B-deficient mice receiving OLA i.p. treatment pre-
sented a milder increase in the same oxidized glycerophospholipids, 
contrarily to their WT counterparts, those mice presented also a decrease 
in other peroxidized species (Supplementary Table 4), suggesting a 
protective effect against OLA-induced hypothalamic oxidative stress. It 
is noteworthy to mention that in mice fed an OLA-supplemented diet no 
significant changes were found in the broad metabolomics analysis of 
the hypothalamus (Supplementary Figs. 4A and 4B), an effect likely 
related to lower levels of OLA reaching this brain region upon oral 
administration [32]. 

Next, we conducted in vitro experiments to test the ability of OLA to 
induce oxidative stress in hypothalamic neurons. GT1-7 hypothalamic 
neurons were treated with 12.5 μM OLA during a short time-period (4 
min) and MitoTracker Red CM-H2Xros staining was analyzed by 
confocal microscopy. As shown in Fig. 5E, OLA induced oxidative stress 
and, importantly, this effect was absent in cells pre-treated with a se-
lective PTP1B inhibitor for 2 h. Overall, these results support the ability 
of OLA to mediate hypothalamic oxidative stress which can be pre-
vented by inhibition of PTP1B. 

3.4. Effects of OLA i.p. administration in astrocyte and microglia 
activation in the hypothalamus: protective effect of PTP1B inhibition 

Inflammation is often concomitant to oxidative stress in both CNS 
and periphery [93–96]. In this regard, increased inflammatory features 
were visualized by NMR imaging in the brain of WT mice after 8 weeks 
of OLA i.p. treatment (Fig. 6A) or a single OLA intrahypothalamic in-
jection (Fig. 6B and Supplementary Fig. 5A). However, PTP1B–KO mice 
did not manifest brain inflammation. These results were supported by 
immunofluorescence analysis of the astrocyte marker glial fibrillary 
acidic protein (GFAP) in the hypothalamus where a statistically signif-
icant increase of GFAP+ cells was found in WT mice receiving OLA via i. 
p. In addition, immunostaining with the microglial marker Ionized 
calcium-binding adapter molecule 1 (Iba1) evidenced a higher presence 
of microglial cells with activated shape exclusively in OLA-treated WT 

mice compared to their VEH-treated controls (Fig. 6C). Regarding 
PTP1B–KO mice, as occurred in the liver [35], elevations in inflamma-
tory markers were observed under basal conditions (VEH-treated), 
without changes associated to OLA administration. Importantly, these 
hallmarks of oxidative stress and inflammation found in the hypothal-
amus of WT mice receiving a chronic i.p. treatment with OLA did not 
result in cell death in this brain region as revealed by absence of TUNEL 
immunofluorescence signals (Supplementary Fig. 5B). The results in 
PTP1B–KO mice were reinforced by in vitro data in microglia and 
astrocyte immortalized cell lines where the inhibition of PTP1B with a 
selective inhibitor (20 μM, 2 h) before OLA treatment prevented IκBα 
degradation (Fig. 6D). Contrarily to Suh et al. that showed an increase of 
hypothalamic Ptpn1 (encoding PTP1B) mRNA levels in female mice 
orally treated with OLA at 5 mg/kg/day for 5 days, no changes in Ptpn1 
mRNA levels were observed in the hypothalamus of male mice 48 h after 
an intrahypothalamic OLA injection (Supplementary Fig. 5C). 

3.5. JNK1/2 deletion in the hypothalamus prevented hypothalamic 
inflammation, but not oxidative stress, in mice treated with OLA via i.p. 

Next, we attempted to decipher whether activation of JNK1/2 in the 
hypothalamus links oxidative stress and inflammation in this brain re-
gion with FAS upregulation in the liver in mice treated with OLA via i.p. 
To achieve this, readouts of these two phenomena were analyzed in mice 
with hypothalamic JNK1/2 deletion that, as shown in Fig. 4B, were 
protected against OLA-induced elevation of hepatic FAS. Of note, in 
those mice receiving OLA via i.p. we did not observed changes in neu-
roketal aggregates, 3-nitrotyrosine residues or oxidized glycer-
ophospholipids in the hypothalamus (Fig. 7A and B and Supplementary 
Figs. 6A and 6B). These in vivo data were supported by pharmacological 
inhibition of JNK with SP600125 (20 μM) added to GT1-7 hypothalamic 
neurons 2 h before OLA. As shown in Fig. 6C, SP600125 did not prevent 
OLA-induced increase in MitoTracker Red CM-H2Xros staining. How-
ever, pre-treatment with NAC (10 mM, 2 h) markedly reduced OLA- 
induced oxidative stress and also prevented JNK phosphorylation in 
this cell line (Fig. 7C and D). Altogether, these results point that OLA 
induces oxidative stress in the hypothalamus in a JNK-independent 
manner. 

Conversely, deletion of JNK1 in the hypothalamus of global JNK2- 
deficient mice attenuated the effect of OLA in elevating GFAP+ and 
Iba1+ cells compared to their respective OLA-treated AAV-GFP controls 
(Fig. 7E). These in vivo results were supported by in vitro data in 
microglia and astrocyte cell lines pre-treated with SP600125 prior to 
OLA which prevented IκBα degradation (Figs. 6E and 7F). These results, 
together with the absence of JNK1 phosphorylation and inflammation in 
the hypothalamus of PTP1B–KO mice, point to the requirement of JNK1 
activation for the observed neuroinflammation in male mice receiving 

Fig. 5. OLA i.p. administration decreases antioxidant metabolites and increases lipid peroxidation in the hypothalamus of WT male mice. A. Metabolomic analysis of 
the hypothalamus showing vitamins and related molecules, amino acids, neurotransmitters and intermediates, nucleosides and nucleotides, bioenergetics substrates 
and intermediates of metabolic pathways (WT VEH: n = 6; WT OLA: n = 6; PTP1B–KO VEH: n = 6; PTP1B–KO OLA: n = 6, groups were compared using Student’s t- 
test). B. Lipidomic analysis of the hypothalamus from mice receiving OLA via i.p. (WT VEH: n = 6; WT OLA: n = 6; PTP1B–KO VEH: n = 6; PTP1B–KO OLA: n = 6, 
groups were compared using Student’s t-test). C. Representative images of hypothalamic sections analyzed by immunohistochemistry against neuroketals and 3-nitro-
tyrosine in WT and PTP1B–KO male mice i.p. injected with OLA or VEH (20x, scale bars-100 μm) (WT VEH: n = 3; WT OLA: n = 3; PTP1B–KO VEH: n = 3; PTP1B–KO 
OLA: n = 3). D. Representative LDI-MS imaging (one sample per group) of peroxidized lipid species corresponding to (left to right) 1. PA (22:2; O), C25H45O9P, 
[M+H–H2O]+; 2. PA (21:1; O2), C24H45O10PNa, [M+Na]+; 3. PA (27:2; O), C30H55O9PNa, [M+Na]+; 4. PE (24:2; O3); C29H54NO11P, [M+H]+; 5. PA (27:2; O), 
C30H55O9PK, [M+K]+; 6. PA (27:2; O), C30H55O9PK, [M+K]+; 7. PA (27:2; O2), C30H55O9PK, [M+K]+; 8. PA (27:2; O2), C30H55O10PK , [M+K]+; 9. PC (23:3; O2), 
C31H56NO10PNa, [M+Na]+; 10. PE (26:3; O2), C31H56NO10PNa, [M+Na]+; 11. PC (25:1; O), C33H64NO9PNa, [M+Na]+; 12. PE (30:3; O2), C35H64NO10P, 
[M+H–H2O]+; 13. PC (25:3; O2), C33H60NO10PNa, [M+Na]+; 14. PE (28:3; O2), C33H60NO10PNa, [M+Na]+; 15. PC (25:3; O3), C33H60NO10PNa, [M+Na]+; 16. PS 
(27:2; O), C33H60NO11PNa , [M+Na]+; 17. PC (25:1; O2), C33H64NO10PK, [M+K]+; 18. PC (25:3; O3), C33H60NO11PK, [M+K]+; 19. PS (27:2; O), C33H60NO11PK, 
[M+K]+; 20. PE (30:3; O3), C35H64NO11PNa, [M+Na]+; 21. PG (30:3; O2), C36H65O12PNa, [M+Na]+; 22. PG (30:3; O2), C36H65O12PK, [M+K]+ (more information 
in Supplementary Table 4). Intensity of each ion (arbitrary units) is color-coded (WT VEH: n = 3; WT OLA: n = 3; PTP1B–KO VEH: n = 3; PTP1B–KO OLA: n = 3). E. 
Representative confocal images of MitoTracker Red CM-H2Xros staining in GT1-7 hypothalamic neurons stimulated with OLA (12.5 μM) during a short time-period 
(4 min) with or without pre-treatment with a selective PTP1B inhibitor (iPTP1B, 20 μM, 2 h) and quantification (DMSO: n = 16; OLA: n = 15; iPTP1B: DMSO: n = 8; 
OLA: n = 7 independent experiments). Each point/bar corresponds to mean ± SEM; comparisons between groups: *p < 0.05; **p < 0.01; ***p < 0.001. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. Effects of OLA i.p. administration in astrocyte and microglia activation in the hypothalamus: protective effect of PTP1B inhibition. A. T2 maps of the brain 
from WT and PTP1B–KO mice treated with OLA via i.p. (WT VEH: n = 5; WT OLA: n = 4; PTP1B–KO VEH: n = 4; PTP1B–KO OLA: n = 4). B. NMR images of the brain 
from mice receiving an intrahypothalamic OLA injection at 48 h post-injection. Inflamed area is indicated by a white square (WT VEH: n = 5; WT OLA: n = 5). C. 
Representative confocal images of Iba1 and GFAP immunofluorescence (20x (upper panel), scale bars-100 μm and 63x (lower panel), scale bars-50 μm) of OLA-treated 
mice via i.p. (WT VEH: n = 4; WT OLA: n = 5; PTP1B–KO VEH: n = 3; PTP1B–KO OLA: n = 3; left panels) and quantification of GFAP+ cells (WT VEH: n = 4; WT OLA: 
n = 5; PTP1B–KO VEH: n = 3; PTP1B–KO OLA: n = 3, right panel). D. Representative Western blot images of IκBα in microglia and astrocytes pre-treated with a 
selective PTP1B inhibitor (iPTP1B, 20 μM, 2 h) prior to OLA addition (12.5 μM, 30 min) and their respective densitometric quantifications normalized for Vinculin 
levels (Microglia: DMSO: n = 9; OLA: n = 9; iPTP1B: DMSO: n = 6; OLA: n = 6; Astrocytes: DMSO: n = 11; OLA: n = 11; iPTP1B: DMSO: n = 6; OLA: n = 6 in-
dependent experiments). Each point/bar corresponds to mean ± SEM; comparisons between groups: *p < 0.05; **p < 0.01; ***p < 0.001. 
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OLA treatment via i.p. However, we cannot exclude a synergistic effect 
of the activation of immune cell populations by OLA and the cell 
autonomous effect of this SGA in hypothalamic neurons, which likely 
boosts oxidative stress. 

4. Discussion 

Several preclinical studies have been conducted to investigate the 
molecular basis of the metabolic side-effects associated to the treatment 
with SGAs [8,9]. Among these drugs, OLA has been the focus of many of 

(caption on next page) 
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them due to its wide use in clinical practice and the high obesogenic 
profile found in patients under treatment with this SGA [97,98]. Herein, 
we report differences in intrahepatic lipid accumulation by adminis-
tering OLA orally (supplemented in the diet) or via i.p. injection using 
doses previously reported by our group and others [32,36–48,99]. 
Moreover, we have shed light into new molecular insights associated 
with the central-peripheral crosstalk in response to the treatment with 
OLA via i.p. that, as we recently reported, prevented weight gain in male 
mice. Specifically, we found: i) the inhibition of PTP1B as an effective 
approach in preventing intrahepatic lipid accumulation associated to 
the oral treatment with OLA in male mice; ii) the molecular mechanism 
by which i.p. injections of OLA prevent intrahepatic lipid accumulation 
despite of the upregulation of FAS levels through a JNK1-driven hypo-
thalamus-liver crosstalk; iii) the protective effect of PTP1B inhibition 
against hypothalamic oxidative stress and inflammation during chronic 
OLA i.p. treatment in which the levels of this SGA reaching the hypo-
thalamus are higher compared to the oral administration. 

In our recent study we demonstrated that male mice receiving OLA 
via i.p. showed body weight loss, an effect associated with the activation 
of a hypothalamic AMPK-BAT/iWAT UCP-1 axis, in a PTP1B- 
independent manner, whereas weight gain in mice under oral treat-
ment with OLA was prevented in PTP1B–KO mice due to an increase in 
EE [32]. Considering this benefit of the OLA i.p. treatment with a po-
tential translational value, herein we aimed to investigate in more detail 
additional intra- and extra-hypothalamic effects elicited by OLA 
administration via i.p. since this administration route resulted in sig-
nificant higher levels of this SGA in plasma and hypothalamus in com-
parison to those of the oral treatment [32]. As such, we focused the 
present study in the connection between the hypothalamus and the liver 
since it has been reported that this axis modulates lipid metabolism in 
response to T3 [19] and glucose homeostasis in response to leptin [100, 
101]. 

As expected from the changes in body weight, intrahepatic lipid 
accumulation was found in WT mice upon OLA oral administration and, 
also not surprisingly [102,103], this effect was absent in PTP1B–KO 
mice that were protected against weight gain under these experimental 
settings [32]. In fact, the transcriptomic analysis revealed attenuated 
changes in gene families associated to hepatic steatosis/NAFLD pro-
gression in livers from PTP1B–KO mice fed an OLA-supplemented diet 
but, on the contrary, these gene families were markedly altered in WT 
mice (i.e. circadian rhythm [104,105], PPAR signaling pathway [106, 
107], biosynthesis of unsaturated FAs [108,109], glycosaminoglycan 

biosynthesis [110,111], glycosphingolipid biosynthesis [112,113], 
terpenoid backbone biosynthesis and steroid biosynthesis [114,115]). 
These data highlight the protection of PTP1B deficiency against a broad 
spectrum of obesogenic inducers. Of interest, in WT mice treated with 
OLA supplemented in the diet, the hepatic levels of FAS, the rate limiting 
enzyme for the novo lipogenesis and the lipid fluxes related to FA and TG 
synthesis were similar to those from mice receiving chow diet without 
OLA, suggesting that the intrahepatic lipid accumulation is likely a 
consequence of the hyperphagia [32] and adiposity [116] induced by 
the treatment as we recently reported. Additionally, we cannot rule out 
an impact of the oral chronic treatment with OLA in FA catabolism that 
might also contribute to intrahepatic TG accumulation. 

Surprisingly, we found that FAS was upregulated in the livers from 
WT mice treated with OLA via i.p., even though those mice did not 
present hepatic steatosis. This effect is likely due to OLA-induced tran-
scriptional downregulation of Insig2 which, in turn, increases Srebf1 
expression, as reported in adipose-derived stem cells [117]. Notably, 
this lipogenic program was not activated in PTP1B–KO mice. Since de 
novo lipogenesis is an anabolic process highly dependent on ATP 
availability, we measured hepatic ATP content and found that it was 
depleted in the liver of WT mice after OLA exposure. This ATP deficit 
concurred with an increase in the phosphorylation of AMPK, a sensor of 
low energy status, and its target enzyme ACC [118] that leads to their 
activation and inhibition, respectively, being the latter the first step of 
β-oxidation. Altogether, these findings suggest that the intrahepatic 
energy imbalance resulting from OLA i.p. administration might be 
counteracted by the activation of FA catabolism, thereby avoiding lipid 
accumulation. Normally, lipogenesis and β-oxidation are opposite 
regulated in the liver by fasting and feeding; however, in male mice 
treated with OLA via i.p., hepatic Insig2/Srebf1/Fasn expression is also 
controlled by extrahepatic signals in a nutritional-independent manner 
and sensed by AMPK/ACC likely due to the reduction in ATP by its 
utilization in fueling this lipogenic anabolic flux. This molecular 
rewiring results in a futile cycle where lipids are synthesized but, at the 
same time, metabolized, probably by β-oxidation, for ATP replenish-
ment. The involvement of extrahepatic signals in the effects of the i.p. 
OLA treatment was supported by the absence of modulation of FAS/-
phospho-ACC by the treatment of primary hepatocytes with the drug ex 
vivo. In this regard, our results in primary hepatocytes differ from those 
of Zhu and co-workers that found elevations in FAS in hepatic cell lines 
treated with a higher OLA concentration (100 μM) [17]. A step further, 
an elevation of FAS protein levels was found in the liver of mice 

Fig. 7. JNK1/2 deletion in the hypothalamus of mice treated with OLA via i.p. prevented hypothalamic inflammation, but not oxidative stress. A. Representative 
images of neuroketals and 3-nitrotyrosine immunohistochemistry of hypothalamic sections of C57BL/6J JNK2-KO/JNK1flox-flox mice injected AAV-GFP or AAV-Cre in 
the hypothalamus prior to the treatment with OLA via i.p. (20x, scale bars-100 μm) (AAV-GFP OLA: n = 5; AAV-Cre OLA: n = 5, groups were compared using 
Student’s t-test). B. Representative LDI-MS imaging (one sample per group) of peroxidized lipid species corresponding to (left to right) 1. PA (22:2; O), C25H45O9P, 
[M+H–H2O]+; 2. PA (21:1; O2), C24H45O10PNa, [M+Na]+; 3. PA (27:2; O), C30H55O9PNa, [M+Na]+; 4. PE (24:2; O3); C29H54NO11P, [M+H]+; 5. PA (27:2; O), 
C30H55O9PK, [M+K]+; 6. PA (27:2; O), C30H55O9PK, [M+K]+; 7. PA (27:2; O2), C30H55O9PK, [M+K]+; 8. PA (27:2; O2), C30H55O10PK, [M+K]+; 9. PC (23:3; O2), 
C31H56NO10PNa, [M+Na]+; 10. PE (26:3; O2), C31H56NO10PNa, [M+Na]+; 11. PC (25:1; O), C33H64NO9PNa, [M+Na]+; 12. PE (30:3; O2), C35H64NO10P, 
[M+H–H2O]+; 13. PC (25:3; O2), C33H60NO10PNa, [M+Na]+; 14. PE (28:3; O2), C33H60NO10PNa, [M+Na]+; 15. PC (25:3; O3), C33H60NO10PNa, [M+Na]+; 16. PS 
(27:2; O), C33H60NO11PNa, [M+Na]+; 17. PC (25:1; O2), C33H64NO10PK, [M+K]+; 18. PC (25:3; O3), C33H60NO11PK, [M+K]+; 19. PS (27:2; O), C33H60NO11PK, 
[M+K]+; 20. PE (30:3; O3), C35H64NO11PNa, [M+Na]+; 21. PG (30:3; O2), C36H65O12PNa, [M+Na]+; 22. PG (30:3; O2), C36H65O12PK [M+K]+ (more information in 
Supplementary Table 4).), in hypothalamic sections of JNK2-KO/JNK1flox-flox mice injected AAV-GFP and AAV-Cre in the hypothalamus prior to the treatment with 
OLA via i.p. Intensity of each ion (arbitrary units) is color-coded (AAV-GFP OLA: n = 3; AAV-Cre OLA: n = 3). C. Representative confocal images from MitoTracker 
Red CM-H2Xros staining of GT1-7 hypothalamic neurons pre-treated with SP600125 (20 μM, 2 h) or NAC (10 mM, 2 h) prior to OLA (12.5 μM) stimulation during a 
short time-period (4 min) and quantification (SP600125: DMSO: n = 8; OLA: n = 8; NAC: DMSO: n = 7; OLA: n = 7). D. Representative Western blot images of 
phosphorylated and total JNK in GT1-7 hypothalamic neurons cell line pre-treated with NAC (10 mM, 2 h) prior to OLA addition (12.5 μM, 5 min). Densitometric 
quantification of phospho-JNK and total JNK normalized for total JNK and Vinculin protein levels, respectively (DMSO: n = 5; OLA: n = 5; NAC: DMSO: n = 5; OLA: 
n = 5 independent experiments). E. Representative confocal images of Iba1 and GFAP immunofluorescence (20x, scale bars-100 μm and 63x, scale bars-50 μm) in 
hypothalamic sections of JNK2-KO/JNK1flox-flox mice injected AAV-GFP and AAV-Cre in the hypothalamus prior to the treatment with OLA via i.p. (AAV-GFP OLA: n 
= 5; AAV-Cre OLA: n = 4) and quantification of GFAP+ cells (right panels, AAV-GFP OLA: n = 5; AAV-Cre OLA: n = 4, groups were compared using Student’s t-test). F. 
Representative Western blot images of IκBα in microglia (left panels, n = 6 independent experiments, groups were compared using Student’s t-test) and astrocytes (right 
panels, n = 6 independent experiments, groups were compared using Student’s t-test) pre-treated with SP600125 (20 μM, 2 h) prior to OLA (12.5 μM, 60 min) 
stimulation and their respective densitometric quantifications normalized for Vinculin levels. Results are expressed in fold of change versus DMSO without SP600125 
condition. Each point/bar corresponds to mean ± SEM; comparisons between groups: *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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receiving an OLA intrahypothalamic injection, evidencing signals 
emerging from the hypothalamus as drivers of the increase in hepatic 
FAS expression by OLA. Notably, our results differ from those of 
Martinez-Sanchez et al. [19] that reported hypothalamic-mediated 
upregulation of hepatic FAS by T3 concomitantly with decreased AMP-
K/ACC phosphorylation that resulted in TG synthesis. Since we did not 
find changes in AMPK/ACC phosphorylation in the liver in the 
time-frame of 30 min-48 h post-OLA central administration, we hy-
pothesized that OLA i.p. treatment also results in the upregulation of 
hepatic FAS expression via central signals but, in this case, AMPK/ACC 
modulation by ATP depletion is likely secondary to de novo lipogenesis 
and the final outcome is the absence of intrahepatic lipid accumulation. 
Of note, the absence of intrahepatic lipid accumulation in male mice 
receiving OLA (10 mg/kg/day) via i.p. was corroborated by the work of 
Zhu et al. in females on a chow diet upon the same experimental settings 
[119]. 

To understand the molecular basis behind the elevation in FAS 
protein content in the liver induced by OLA i.p. administration and, 
considering previous studies that point the activation of JNK1 in the 
hypothalamus as modulator of hepatic de novo lipogenesis [19], we 
explored the hypothalamic JNK1-liver axis in WT and PTP1B–KO mice. 
Our results showed increased JNK phosphorylation in the hypothalamus 
of WT male mice receiving OLA via i.p. and, interestingly, under similar 
conditions PTP1B-deficient mice did not show hypothalamic JNK acti-
vation besides similar levels of this SGA found in this brain region in 
both genotypes. As stated above, JNK activation was absent in mice 
receiving oral treatment and, importantly, in those mice significant 
lower levels of OLA were found in plasma and hypothalamus compared 
to the i.p. administration [32]. Thus, as occurred in the activation of the 
hypothalamic AMPK-adipose tissue UCP-1 axis [32], it seems that a 
threshold of OLA needs to be overcomed to activate the connection 
between the hypothalamus and the liver. This was supported by the 
absence of hypothalamic JNK activation in mice receiving OLA at 5 
mg/kg/day via i.p. that, as reported in our previous study [32], resulted 
in a peak of hypothalamic OLA levels comparable to the oral treatment. 
It is noteworthy to highlight that the peak of OLA levels in plasma 
reached 200 ng/ml only in the i.p. treatment at 10 mg/kg and gradually 
decreased reaching levels below 100 ng/ml at 8 h post-injection [32]. By 
contrast, OLA plasma levels in the oral treatment by gavage reached a 
lower peak (~80 ng/ml). These data are in accordance with the guide-
lines for therapeutic drug monitoring in psychiatry, since the plasma 
concentration of OLA is described to range within 20–80 ng/ml at 
12–15 h after dosing in patients with schizophrenia [120–124]. 

A step further, our results herein demonstrate that the upregulation 
of hepatic FAS found in mice treated with OLA via i.p. relays on hypo-
thalamic JNK1 activation since its deletion abolishes this effect in the 
liver. Increased phospho-JNK1 was also found in GT1-7 hypothalamic 
neurons directly stimulated with OLA, supporting a cell autonomous 
effect that, as abovementioned, was not found in primary hepatocytes. 
Additionally, our results in vagotomized mice show that JNK1-mediated 
hypothalamic signals upregulate hepatic FAS through the vagus nerve, 
as reported for central T3 administration [19]. The ability of OLA at 10 
mg/kg administered via i.p. to modulate hepatic lipogenesis is sup-
ported by Ferno and coworkers [125] showing that an intramuscular 
injection of OLA at doses ranging from 150 to 250 mg/kg increased 
Srebf1 and Fasn expression in the liver of male rats in a dose-dependent 
manner, evidencing in both studies that a threshold of OLA is needed to 
activate lipogenic gene expression in the liver which herein we found to 
be controlled by hypothalamic JNK1-mediated signals. Moreover, as 
previously reported by the same group, female rats receiving a single i.p. 
injection of OLA presented a rapid and robust elevation of serum free FA 
and glucose levels followed by hepatic lipid accumulation [126] even 
though in a more recent study also conducted in female rats, but 
receiving a long-acting OLA formulation via intramuscular injection 
[127], they showed up-regulated hepatic Srebf1 and Fasn levels in the 
liver without TG accumulation, in agreement with our results. Taking all 

these studies into account, under our experimental settings the peak of 
OLA reached in the hypothalamus when the dose of 10 mg/kg is 
administered via i.p. is likely required to activate the hypothalamic 
JNK1-hepatic FAS axis and, as previously reported [32], the hypotha-
lamic AMPK-adipose tissue UCP1 axis that prevented hepatic steatosis 
and weight gain, respectively. Of interest, our results support that these 
two axes controlled by OLA and emerging from the hypothalamus are 
independent since the modulation of hypothalamic JNK1 does not alter 
the outcomes of the hypothalamic AMPK-adipose tissue UCP1 axis and 
vice versa. Furthermore, these results were supported by data from 
PTP1B-deficient mice that preserved OLA-mediated hypothalamic 
AMPK-adipose tissue thermogenesis and weight loss [32] whereas those 
mice did not present hypothalamic JNK activation. 

It is noteworthy to highlight that our results herein show for the first 
time that the hypothalamic JNK activation in OLA-treated WT male mice 
via i.p. correlated with a marked reduction in antioxidant mediators in 
this brain region [74–83] which, in turn, increases protein nitration and 
lipid peroxidation, pointing to an increase in ROS levels and augmented 
oxidative stress in the hypothalamus during chronic OLA treatment by 
this administration route. These results in vivo were supported by the 
increase in MitoTracker Red CM-H2Xros staining observed in GT1-7 
hypothalamic neurons treated directly with OLA. In this line, the same 
effect was found in different neuron-derived cell lines including 
mHypoA-59 neurons treated with a higher concentration of OLA (100 
μM) [24] or SH-SY5Y neurons. In the latter, oxidative stress was 
concomitant with mitochondrial depolarization and damage and 
increased autophagy [128]. Conversely, other studies revealed antioxi-
dant effects of OLA in neurons. For example, OLA treatment of primary 
cultured rat cerebral cortical cells resulted in elevation of glutathione 
S-transferase protein levels and activity [107]. Nevertheless, as ex-
pected, our results show that NAC prevented OLA-induced oxidative 
stress and JNK phosphorylation in GT1-7 hypothalamic neurons but, 
unexpectedly, this beneficial effect was not found upon JNK inhibition 
with SP600125, suggesting that OLA induces oxidative stress in the 
hypothalamus regardless of JNK activation. This was corroborated by 
the in vivo data showing OLA-induced oxidative stress in the hypothal-
amus of mice with specific deletion of JNK1 in this brain region, rein-
forcing that JNK1 activation might be secondary to the oxidative stress 
induced by the OLA i.p. treatment. These results are in line with data 
from Wu and coworkers that, even though in a different context, re-
ported enhanced JNK phosphorylation and kinase activity in mesangial 
cells from diabetic mice that was reverted by NAC treatment [129]. 
Moreover, the abovementioned study shows that JNK inhibition did not 
reduce oxidative stress. On the other hand, although we did not find 
neither JNK activation nor features of oxidative stress in WT mice fed an 
OLA-supplemented diet or in mice treated orally by gavage, again 
probably by the insufficient levels reaching the hypothalamus, the study 
of Pillai et al. reported that treatment of male rats for 180 days with OLA 
(10 mg/kg/day) added to drinking water reduced the expression and 
activity of the antioxidant enzymes manganese-superoxide dismutase, 
copper-zinc superoxide dismutase and catalase in cytosolic extracts of 
whole brain [130]. 

The present study also provides novel findings on the protective ef-
fect of PTP1B deficiency against OLA-mediated oxidative stress in the 
hypothalamus due, at least in part, to an increase in the levels of me-
tabolites with antioxidant properties. Notably, the higher levels of 
neuroketal adducts and 3-nitrotyrosine found in the hypothalamus of 
PTP1B–KO mice under basal conditions (VEH-treated) could result from 
increased mitochondrial activity as we recently demonstrated in hepatic 
progenitor cells lacking this phosphatase [131]. It is relevant to high-
light that PTP1B inhibition has been proposed as a potential therapeutic 
strategy for neurological disorders, as reviewed [132], due to the neu-
roprotective actions of several PTP1B inhibitors (i.e. sodium orthova-
nadate [133], Mucuna pruriens extract [134]) that reduced oxidative 
stress. Of interest, other approaches targeting oxidative stress have been 
shown to be effective in ameliorating schizophrenia-like symptoms in 
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preclinical models [135,136]. 
Oxidative stress coexists with inflammation in both physiological 

and pathological contexts [137]. This concurrence was found herein in 
the hypothalamus of OLA-treated mice via i.p. that manifested features 
of low grade neuroinflammation evidenced by GFAP and Iba-1 immu-
nostaining. In agreement with our results, a previous study in adult male 
rats treated with OLA (10 mg/kg/day) via osmotic pumps for 8 weeks 
showed increased density of total microglia and increased Iba-1+ cells 
with amoeboid morphology in several brain regions including the hy-
pothalamus [138]. In another study, single-cell RNA-sequencing of 
striatal samples from male mice exposed to OLA supplemented in a high 
fat diet (50 mg/kg diet) highlighted differences in gene expression in 
pathways related to neuron/synapse development, alternative splicing 
and mitochondrial function, as well as in family genes associated with 
microglial activation and inflammation [139]. In vitro, our results also 
showed cell autonomous effects of OLA by direct activation of inflam-
matory pathways, specifically by increasing JNK phosphorylation and 
IκBα degradation in both astrocytes and microglial cells. In this regard, 
OLA activates human astrocytes via Toll-like Receptor 4/NFκB inflam-
matory pathway [140]. Mechanistically, we found that the hypotha-
lamic hallmarks of neuroinflammation were absent in mice with JNK1 
deletion in this brain region despite of the oxidative stress features. 
These results suggest that targeting JNK activation is more efficient in 
ameliorating OLA-mediated inflammation rather than in counteracting 
oxidative stress. Even though more research will be needed to explain 
this divergence, our results are supported by the study of Wu et al. in 
mesangial cells in which JNK inhibition reduced MCP-1 production, but 
not affected oxidative stress [129]. It is also noteworthy to highlight 
that, although our goal in the present study is to provide more insights in 
the hypothalamic-mediated peripheral effects of an i.p. versus oral OLA 
treatment in male mice, females are also susceptible to the oxidative and 
inflammatory side-effects induced by this SGA [141]. In this regard, 
additional studies are being carried out to unravel sex-specific effects 
associated to our findings in energy balance and hepatic lipid meta-
bolism in both i.p. and oral treatment with OLA. 

In agreement with the protection against OLA-mediated oxidative 
stress in the hypothalamus of PTP1B–KO mice, those mice were also 
protected against the low grade neuroinflammation upon the OLA i.p. 
treatment. These results are in agreement with our previous study in 
retinal explants in which a PTP1B inhibitor reduced GFAP levels upon 
treatment with a cocktail of cytokines [142] highlighting the efficacy of 
inhibiting PTP1B in reducing neuroinflammation. This was also sup-
ported by other studies where PTP1B was inhibited or activated in the 
CNS. For instance, PTP1B overexpression in microglial cells enhanced 
nitric oxide production and proinflammatory gene expression following 
LPS exposure, suggesting that this phosphatase boosts the microglial 
proinflammatory response [143] whereas a selective PTP1B inhibitor 
markedly attenuated LPS-mediated inflammation which was corrobo-
rated in vivo in the hippocampus and cortex of mice. Noteworthy, 
PTP1B-deficient mice presented elevated basal levels of GFAP positive 
cells, an effect that could be associated with the basal oxidative stress in 
the hypothalamus discussed above. Nevertheless, even though a recent 
study by Suh et al. [144] revealed that female mice orally treated with 
OLA presented microgliosis which paralleled with an increase of hypo-
thalamic Ptpn1 mRNA levels, no changes in Ptpn1 expression were found 
in the hypothalamus of male mice 48 h post-OLA intrahypothalamic 
injection despite of the presence of inflammatory features in the brain 
RMN images. This result leads us to hypothesize that PTP1B expression 
might not be directly modulated by OLA-induced inflammation in male 
mice receiving this SGA directly in the hypothalamus. Instead, its inhi-
bition generates a protective environment with more 
antioxidant/anti-inflammatory players likely preventing OLA-related 
molecular alterations. 

The translational value of our studies is supported by the work of 
Hunt et al. showing that, even after multiple doses, intravenous OLA 
administration is safe for patients [145]. Importantly, neuroimaging 

studies have shown progressive changes in the brain of patients with 
schizophrenia through time despite of the treatment with antipsychotics 
[146]. Specifically, the oral treatment with OLA caused adverse changes 
in the brain structure such as an alteration of cortical thickness in a 
hemisphere-independent manner [147]. Importantly, OLA treatment 
has been also associated with a more inflammatory profile in some pa-
tients by the increase of proinflammatory cytokines (IFN-γ, IL-4 and 
IL-6) in plasma [148] and, interestingly, ω-3 FA supplementation 
improved the cognitive function of patients with schizophrenia that 
presented metabolic syndrome [149]. Furthermore, even though the 
effect of oral OLA in the oxidative status of patients is controversial, 
there are evidences of a mild oxidative stress induced by this SGA 
[150–152] in agreement with our results. On the other hand, patients 
under SGA treatment have higher risk of developing NAFLD, particu-
larly those receiving OLA orally [14,153]. These reports highlight the 
relevance of our findings since an injectable formulation of OLA or the 
inhibition of PTP1B in combination with OLA administered orally pre-
vented liver steatosis as shown herein, as well as weight gain [32]. 
Furthermore, clinical trials with PTP1B inhibitors such as trodusque-
mine (i.e., NCT00606112) are currently undergoing and, surprisingly, 
schizophrenia-like symptoms were alleviated by trodusquemine in mice 
[154]. All these findings, together with our results, envision targeting 
PTP1B as a therapeutic strategy to prevent metabolic side-effects in 
patients receiving OLA orally, as well as to confer protection against 
central oxidative stress and inflammation likely associated to long-term 
injectable treatments. It is noteworthy to highlight the absence of 
neuronal cell death in the hypothalamus of mice receiving OLA i.p. 
treatment that support mild and not detrimental effects in this brain 
region. 

In conclusion, this study has shed light into the interactome between 
the hypothalamus and the liver in response to an OLA i.p treatment, 
pointing this hypothalamic-driven crosstalk as responsible for a futile 
cycle in hepatic lipid metabolism which avoids steatosis. These results, 
together with the protection conferred by PTP1B deficiency against 
hepatic steatosis in the oral treatment and also against hypothalamic 
JNK activation, oxidative stress and neuroinflammation in the i.p. 
treatment, strongly suggest that a therapeutic strategy targeting PTP1B 
might be also beneficial to prevent metabolic comorbidities in patients 
under OLA treatment in precision medicine. 
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