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Abstract

In outbred mice, susceptibility or resistance to diet-induced obesity is associated with rapid 

changes in hypothalamic proopiomelanocortin (POMC) levels. Here, we evaluated three 

hypotheses that potentially explain the development of the different obesity phenotypes in outbred 

Swiss mice. First, rapid and differential changes in the gut microbiota in obese-prone (OP) and 

obese-resistant (OR) mice fed on a high-fat diet (HFD) might cause differential efficiencies 

in fatty acid harvesting leading to changes in systemic fatty acid concentrations that in turn 

affect POMC expression and processing. Second, independently of the gut microbiota, OP mice 

might have increased blood fatty acid levels after the introduction of a HFD, which could affect 

POMC expression and processing. Third, fatty acids might act directly in the hypothalamus to 

differentially regulate POMC expression and/or processing in OP and OR mice. We evaluated 
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OP and OR, male Swiss mice using 16S rRNA sequencing for determination of gut microbiota; 

gas chromatography for blood lipid determination; immunoblot and real-time PCR for protein 

and transcript determination and indirect calorimetry. Some experiments were performed with 

human pluripotent stem cells differentiated into hypothalamic neurons. We did not find evidence 

supporting the first two hypotheses. However, we found that in OP but not in OR mice, 

palmitate induces a rapid increase in hypothalamic POMC, which is followed by increased 

expression of proprotein convertase subtilisin/kexin type 1 (PCSK1, PC1/3). Lentiviral inhibition 

of hypothalamic PC1/3 increased caloric intake and body mass in both OP and OR mice. In 

human stem cell-derived hypothalamic cells, we found that palmitate potently suppressed the 

production of POMC-derived peptides. Palmitate directly regulates PC1/3 in OP mice, and likely 

has a functional impact on POMC processing.
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Introduction

The consumption of large amounts of dietary fats is an important contributing factor in 

the development of obesity (1). Studies have shown that dietary saturated fats can trigger 

hypothalamic inflammation that damages key neurons involved in the regulation of caloric 

intake and energy expenditure (2–5). Recent studies have shown that both inflammation and 

anomalous hypothalamic neuronal function occur as early as one day after the introduction 

of large portions of dietary fats (5, 6).

In a recent study, we explored the question of whether hypothalamic inflammation or 

defective neuronal function would be the earliest hypothalamic abnormality resulting from 

the consumption of a high-fat diet (HFD) (6). Using an outbred mouse model that allows 

the prediction of predisposition or resistance to development of diet-induced obesity (7–10), 

we observed that defective regulation of POMC transcript expression preceded hypothalamic 

inflammation. Obesity-prone (OP) mice showed an early reduction (12 h) followed by a 

rapid (24 h) increase of POMC transcript an effect that was not observed in obesity-resistant 

(OR) mice. The correction of abnormal hypothalamic POMC regulation could attenuate the 

OP phenotype (6).

Here, as a follow-up of our previous report (6), we explored factors potentially involved in 

the defective regulation of hypothalamic POMC in OP mice exposed to saturated fats in the 

diet. Despite the fact that POMC is modulated as early as 12 h after the introduction of a 

HFD, we wanted to explore why in OP mice there is an increased expression of POMC after 

24 h. We initially hypothesized that hypothalamic POMC transcript levels in OP mice could 

be affected by one of the following mechanisms: i, changes in the gut microbiota leading 

to increased fatty acid harvesting; ii, changes in blood fatty acid levels not related to gut 

microbiota; iii, direct action of fatty acids on hypothalamic POMC expression or processing 

(Fig. 1).
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In the first part of the study, we discarded hypotheses i and ii because none of the parameters 

were significantly modified when OP and OR mice were compared. However, when testing 

hypothesis iii, we observed that the systemic infusion of palmitate (palmitic acid, PA) 

produced significant increase of POMC and PC1/3 gene expression in OP but not in OR 

mice. Moreover, lentivirus-mediated inhibition of hypothalamic PC1/3 in the hypothalamus 

was sufficient to promote increased caloric intake and body mass in OR mice. To further 

explore the clinical relevance of fatty acids on POMC-processing to human biology, we 

extended this study to look at the effects of fatty acids in human POMC neurons. We added 

palmitate to human stem-cell derived hypothalamic neurons and observed similar effects on 

PC1/3 expression at a transcriptional level, and a strong downregulation of POMC products 

α-MSH and b-endorphin at the peptide level. These results suggest that PC1/3 is directly 

regulated by palmitate, and this regulation occurs differently in OP and OR mice. Thus, 

palmitate can rapidly alter melanocortin production in both mice and humans.

Materials and methods

Reagents and kits

Palmitic acid (cat.no P0500), linoleic acid (cat.no L1376), fatty acid-free bovine 

serum albumin (cat.no A0281), and GW9508 (cat. no 9797), were purchased from 

Sigma Aldrich. Furin inhibitor I (cat. no 14965) was purchased from Cayman 

Chemical Company, and protein convertase inhibitor 537076 (cat. no US1537076) was 

purchased from Calbiochem. Chemically defined lipid concentrate (cat. no 11905031) 

was purchased from Thermo Fisher Scientific (Suppl. Table 1). The iTaqMan™ 

Universal PCR Master Mix (cat.no 4444963) was purchased from Thermo Fisher 

Scientific. The primers for human POMC (Hs01596743_m1), PCSK1 (Hs01026107_m1), 

PCSK2 (Hs00159922_m1), CPE (Hs00175676_m1), PRCP (Hs00234607_m1), SOCS3 
(Hs02330328_s1), GAPDH (Hs99999905_m1), and β-Actin (Hs01060665_g1) and for 

mice POMC (Mm00435874_m1), PC1/3 (Mm00479023_m1), NPY (Mm03048253_m1), 

AgRP (Mm00475829_g1), CART (Mm00489086_m1), ORE (Mm01964031_s1), 

MCH (Mm01242886_g1), TRH (Rn00564880_m1), CRH (Mm01293920_s1), 

F4/80 (Mm00802529_m1) IL6 (Mm00434228_m1), IL10 (Mm01288386_m1), IL1β 
(Mm00434228_m1), TNFα (Mm0043258_m1), CD11b (Mm00434455_m1) CX3CL1 

(Mm00436454_m1), and GAPDH (4352339E) were purchased from Thermo Fisher 

Scientific. The antibodies ab3532 (anti-PC1/3) was purchased from Abcam and t5168 (anti-

alpha tubulin) was purchased from Sigma-Aldrich.

Experimental animals

Five-week old Swiss mice were housed in individual cages at 22 °C on a 12-h light/dark 

cycle with food and water access ad libitum. The Ethics Committee at the University 

of Campinas (protocol #3580-1) approved all experimental procedures involving mice. 

Investigators were not blinded for performing this study. The number of mice employed 

in each experiment was five per group, this information is provided in the legends for the 

Figures. In all experiments using the mice hypothamalus the tissue dissection was performed 

considering the following anatomical limits: apex of the hypothalamic third ventricle as the 
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superior limit, the optical tracts as the lateral limit, the mammillary bodies as the posterior 

limit and the optic chiasm as the anterior limit.

Obesity prone and resistant protocol

Five-week-old male Swiss mice were divided into obesity-prone (OP) and obesity-resistant 

(OR) groups as described previously (6). Briefly, mice were fed a high-fat diet (HDF) for 

24 hours and grouped into quartiles for total food intake. The top 25% were defined as OP, 

whereas the bottom 25% were defined as OR. Thereafter, mice were subdivided into groups 

fed on chow, HFD, or chow plus the use of a micro-osmotic pump for palmitate infusion. 

The macronutrient composition of the diets is presented in Supplementary Table 2.

Osmotic infusion of palmitate

Micro-osmotic pump model 1002 (Alzet-Osmotic Pumps, Cupertino-CA) were loaded with 

palmitate (2.0 mM) or vehicle, and subcutaneously implanted between the scapulae of mice 

according to the manufacturer’s instructions. Palmitate was pre-diluted in ethanol (4%) and 

then brought to final concentration in saline; saline used in control infusion contained the 

same proportion of ethanol as in the palmitate solution. Pump weight was determined before 

and after delivery (0.450±0.00037 and 0.425±0.00027, respectively). Delivery of palmitate 

was 0.25 μL/h.

Mice were fed on chow, and 24 h after the beginning of osmotic infusion, the hypothalamus 

was dissected and processed for mRNA or protein expression analysis.

Stereotaxic surgery and viral injection

Eight-week-old OP and OR mice were stereotaxically injected using a Stoelting (Wood 

Dale, IL, USA) stereotaxic apparatus. A shRNA to inhibit mouse PC1/3 (SHCLNV-

NM_013628) or Scramble (ShC001V) were purchased from Sigma-Aldrich and injected 

bilaterally into the hypothalamic arcuate nucleus. The hypothalamic PC1/3 inhibition was 

evaluated by protein content. The stereotaxic coordinates relative to the Bregma were: 

anteroposterior, −1.50 mm; lateral, +/− 0.3 mm; and depth, 5 mm. Accuracy of the injection 

site was evaluated by the injection of trypan blue. After recovery from surgery, mice were 

fed a high-fat diet or chow for 4 weeks. Body mass gain and food intake were measured 

once per week, and indirect calorimetry was performed at the end of the fourth week.

Immunoblot

For the immunoblot experiments, hypothalamus was homogenized in solubilization buffer 

(1% Triton X-100, 100 mM Tris (pH 7.4), 100 mM sodium pyrophosphate, 100 mM 4 

sodium fluoride, 10 mM EDTA, 10 mM sodium vanadate, 2 mM PMSF and 0.1 mg/mL 

5 aprotinin) at 4°C in a Polytron PTA 20S Generator (Brinkmann Instruments mode EN 

6 10/35). The protein levels were measured by biuret assay and 80 micrograms of protein 

per samples was separated by SDS-PAGE and transferred to nitrocellulose membranes. The 

membranes were blocked in 3% BSA solution in TBST (1× TBS and 0.1% Tween 20) for 2 

h, washed tree times with TBST, and incubated with primary antibodies overnight at 4 °C. 

HRP-coupled secondary antibodies were used for detection of the chemiluminescence, and 
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visualization was achieved by exposure to an Image Quant LAS4000 (GE Healthcare, Life 

Sciences), using α-tubulin as loading control.

Indirect calorimetry

Oxygen consumption and carbon dioxide production were measured in an LE405 Gas 

Analyzer (Panlab—Harvard Apparatus, Holliston, MA, USA) over a 24-h period in OP 

and OR mice transfected with shRNA to inhibit mouse PC1/3 or scramble sequence. 

Real-time PCR. Mouse hypothalamic total RNA was extracted using TRIzol (Invitrogen 

cat. #15596026) or using the Nucleospin RNA XS kit (cat. #740902250) for human cells 

following the recommendations of the manufacturer. An amount of 0.5–2.0 μg of RNA was 

used to synthesize cDNA by employing the High Capacity cDNA Reverse Transcription 

Kit (Life Technologies cat. #4368814). Each qPCR reaction contained 40 ng of reverse-

transcribed RNA, specific primers, and TaqMan PCR Master Mix and was performed by 

using the Step One Plus or QuantiStudio 12k Flex (Applied Biosystem).

Serum lipid profile

Serum lipids were directly methylated using a method described elsewhere (11). Fatty acid 

methyl esters (FAME) were analyzed with a gas chromatograph-mass spectrometer (model 

GCMS-QP2010 Ultra; Shimadzu) with a Stabilwax column (length, 30 m; internal diameter, 

0.25 mm; thickness, 0.25 μm; Restek, USA). High-grade pure helium (He) was used as the 

carrier gas with a constant flow rate of 1.0 mL/min and specific GC column temperature 

program. A 1.0 μl sample was injected, the split ratio of the injector being 1:50 with an 

injection temperature of 80 °C. Mass conditions were as follows: ionization voltage, 70 eV; 

ion source temperature, 200 °C; full scan mode in the 35–500 mass range with 0.2 s/scan 

velocity. Oven temperature initially 80 °C for 2 min, was increased up to 150 °C and after 

180 °C, with 10 min at holding time. Thereafter, temperature was increased up to 240 °C 

with 50 min at holding time.

Gut microbiota analysis

The gut microbiota from OP and OR mice fed on chow or high-fat diet for 24 h were 

measured by sequencing 16S rRNA from feces. Fecal gDNA was extracted from 100 mg 

of feces per animal using a QIAmp Fast DNA Stool Mini Kit (Qiagen) according to the 

manufacturer’s instructions and quantified using the Quant-iT Picogreen dsDNA Assay Kit. 

The 16S rRNA V4-V5 regions were amplified using the Platinum Taq DNA Polymerase 

High Fidelity enzyme. For the PCR reaction, 100 ng of gDNA was used in conjunction 

with 10 μM of primers V4F (5’-TCG GCA GCG TGC MGC CGC GGT AA-3’) and V5R 

(5’-GTCTCG TGG GCT CTT YMT TTR AGT TT-3’), in a total reaction volume of 25 

μL. The PCR cycling program was 30 s at 94 °C; 30 cycles of 15 s at 94 °C, 30 s at 62 

°C, 45 s at 68 °C; hold at 4 °C. The product was purified with AMPURE XP reagent and 

quantified with the Quant-iT Picogreen dsDNA Assay Kit. The samples were prepared for 

16S ribosomal RNA gene amplicons for the Illumina MiSeq System, and 4 nmol of the 

samples were used for Miseq Illumina analyses using the V2 2x250bp kit according to the 

manufacturer’s instructions.
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Human hypothalamic differentiation

Human hypothalamic neurons were differentiated from human pluripotent stem cells 

(hPSCs). The methods employed to prepare the cells are described in detail in a report 

published by some of us (12). For hypothalamic differentiation, hPSCs were replated onto 

Geltrex-coated 24 well plates at approximately Day 30 post-differentiation, once POMC-

immunopositive neurons could be clearly detected.

Fatty acid stimulus in human hypothalamic cells

Hypothalamic neurons from human pluripotent stem cells (HUES9) tested for mycoplasma 

contamination were treated at Day 35 post-differentiation with palmitate (4.8 mM), linoleate 

(4.8 mM), chemically defined lipid concentrate (1:50) (Suppl. Table 1), or controls (vehicle, 

BSA or vehicle + BSA) for 8 h. BSA was used at 5% in N2B27 medium as described 

elsewhere(12),43, and the vehicle was 0.2% ETOH in N2B27 medium with 5% BSA. 

After treatment, the cells were collected in TRIzol and prepared for qPCR analyses. Cell 

morphology and viability were tested at the beginning and end of the experimental protocols 

as detailed elsewhere (12).

Mass spectrometry

Human hypothalamic neurons were treated at D29 with palmitate (4.8 mM in 0.2% ethanol 

+ 5% BSA), GW9508 (100 μM), furin inhibitor I (25 μM), protein convertase inhibitor 

537076 (25 μM), and controls (0.2% ethanol + 5% BSA or 0.1% DMSO in medium) for 

24 h. After treatment, the cells were lysed in 80% acetonitrile (ACN) to enrich for peptides 

and prepared for liquid chromatography-tandem mass spectroscopy (LC-MS/MS) analysis 

as described in detail elsewhere (13). Peptide quantification was performed by taking the 

area under the curve for peaks with m/z and column retention times corresponding to the 

peptides of interest.

Statistical analysis

All results are presented as mean ± SEM. Levene’s test for the homogeneity of variances 

was employed to check the required assumptions for parametric ANOVA. The results were 

analyzed by two-way ANOVA followed by Tukey’s or Bonferroni’s post test to determine 

the significance of individual differences when three or more groups were compared and by 

Student’s t-test when two groups were compared. The level of significance was set at P < 

0.05. Comparison of peptide quantification groups was performed by t-test with Holm-Sidak 

correction for multiple comparisons, with alpha set at 0.05.

Results

The gut microbiota is affected similarly by dietary fats in OP and OR mice

To test the hypothesis that gut microbiota would be affected differently when OP and 

OR mice were exposed to large portions of dietary fats, mice were fed on chow or HFD 

(composition of diets in Suppl. Table 2) for 24 h, and feces were collected for 16S 

rRNA sequencing. There were no significant differences in food intake and body mass 

between the groups. Under high-fat feeding there was a decrease in Bacterioidetes, but this 
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occurred similarly in OP and OR mice (Suppl. Fig. 1). In addition, gut bacterial taxonomy 

identification at the Phylum, Class, and Order levels revealed that the consumption of a HFD 

resulted in a modification in the general landscape of the gut microbiota; however, in no 

condition was there a significant difference between OP and OR mice (Fig. 2a-2f).

Blood levels of fatty acids are similar between OP and OR mice

Gas chromatography revealed that mice fed on a HFD presented a significant increase in 

saturated and a significant decrease of unsaturated blood fatty acids (Fig. 2g-2h and Suppl. 

Tables 3-4). However, changes occurred similarly in OP and OR mice.

Palmitate increases hypothalamic POMC in OP but not OR mice

In order to test the effect of saturated fatty acids on the hypothalamus, OP and OR mice 

were implanted with an osmotic micro-pump loaded with either vehicle or palmitate, and 

experiments were performed after 24 h. Palmitate infusion did not modify 24-h caloric 

intake and body mass (not shown), as well as the systemic blood levels of fatty acids (Fig, 

2g-2h and Suppl. Tables 3-4); however, in OP but not OR mice, palmitate infusion led to 

an increase in hypothalamic POMC and PC1/3 expression (Fig. 3a, 3i and 3j). When PC1/3 

was measured comparing mice fed on chow vs. HFD without previous sorting by obesity 

predisposition, only a trend for increasing PC1/3 was found in HDF (not shown). Palmitate 

infusion resulted in no significant changes in the expressions of CART, NPY, AgRP, Orexin, 

MCH, CRH, and TRH (Fig. 3b-3h). These results are in concert with the ones obtained 

when OP and OR mice are fed for short period on a HFD, as previously shown (6).

Palmitate induces hypothalamic inflammation in OP but not OR mice

The infusion of palmitate resulted in increased hypothalamic expressions of CX3CL1 (Fig. 

4a), F4/80 (Fig. 4b) and CD11b (Fig. 4c) in OP but not OR mice. Moreover, there were 

significant differences between OP and OR mice receiving palmitate in the hypothalamic 

expression of IL-1β (Fig. 4e). Neither palmitate nor obesity predisposition impacted in the 

hypothalamic levels of TNFα (Fig. 4d), IL-6 (Fig. 4f), and IL-10 (Fig. 4g).

Inhibition of hypothalamic PC1/3 increases caloric intake and body mass in mice

In order to disturb the pattern of regulation of hypothalamic PC1/3 expression, we inhibited 

PC1/3 gene expression using a lentivirus expressing shRNA targeting PCSK1. As depicted 

in Fig. 5a, the lentivirus #3 (LV3) was capable of reducing PC1/3 expression to 65% of 

control levels in the hypothalamus. As a consequence of hypothalamic PC1/3 inhibition, 

OR mice presented increased body mass, becoming phenotypically similar to their OP 

counterparts (Fig. 5b). Body mass gain was accompanied by increased caloric intake in OR 

mice (Fig. 5c) but not by a reduction of energy expenditure (Fig. 5d-5i). In fact, OR mice 

submitted to hypothalamic inhibition of PC1/3 consumed more O2 and produced more CO2 

during the light cycle, suggesting that most of the body mass gain was due to increased 

caloric intake. The inhibition of PC1/3 in the hypothalamus of OP mice was also efficient 

at increasing body mass (Fig. 5a). This was accompanied by a non-significant increase in 

caloric intake (Fig. 5b) and by no major changes in energy expenditure (Fig. 5c-5h) except 

for an increase in the respiratory quotient (RQ) during the dark cycle of the day (Fig. 5h). 
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During calorimetry, inhibition of PC1/3 resulted in changes neither in spontaneous physical 

activity nor in resting metabolic rate (not shown).

Palmitate increases human hypothalamic POMC and POMC processing enzymes

In order to test the capacity of palmitate to directly regulate POMC neurons and, 

particularly, to evaluate if this regulation could occur in human cells, we employed a 

recently discovered method to differentiate hPSCs into human hypothalamic neurons. This 

method is fully described in a previous publication (12). As depicted in Fig. 6, palmitate, but 

not linoleic acid or a mixture of lipids (containing 0.8 μM palmitate; complete composition 

in Suppl. Table 1), was capable of inducing the expression of POMC (Fig. 6a), the enzymes 

that process POMC into active peptide neurotransmitters PC1/3 (Fig. 6b), PC2 (Fig. 6c), 

and CPE (Fig. 6d), and the enzyme that inactivates some of the products of POMC, PRCP 
(Fig. 6e). None of the conditions modified the expression of SOCS3 (Fig. 6f). None of the 

treatment protocols produced cell damage.

Palmitate reduces the production of POMC-derived neuropeptides in human hypothalamic 
neurons

Since palmitate led to consistent changes in the expression level of prohormone convertases 

in both mice in vivo and human stem cell-derived hypothalamic neurons in vitro, we 

hypothesized that palmitate might alter the processing of POMC into the peptides that 

alter feeding behavior by acting on MC4R, thereby mediating the phenotypic differences 

observed between OP and OR mice. This effect might be mediated by the binding of 

palmitate to the free fatty acid receptors GPR40 or GPR120, or via some other mechanism. 

To test this hypothesis, we applied quantitative peptidomic methods to measure the effects 

of palmitate on the concentration of the human POMC-derived peptides desacetyl-alpha-

melanocyte stimulating hormone (d-α-MSH(1-13)) and beta-MSH (β-MSH(1-18)), and 

beta-endorphin (β-EP(1-31)). LC-MS/MS is highly sensitive and specific, and provides 

information on thousands of peptides in parallel, providing internal controls for global, 

nonspecific changes in peptide concentration. We first added small molecule inhibitors of 

prohormone convertases that are required for POMC processing (25 uM Furin inhibitor 

1, or 25 uM 537076), and found that these compounds reduced the concentration of 

POMC-derived peptides (Fig. 6g), suggesting that this method might be sufficiently sensitive 

to detect changes induced by physiological levels of palmitate. In contrast, treatment 

of hPSC-derived neurons with 100 μM GW9508, a small molecule agonist of GPR40 

and GPR120, had no significant effect on the expression of any peptides we analysed, 

suggesting that activation of these receptors is not likely to directly affect the expression of 

POMC-derived peptides. We next exposed cells to 4.8 mM palmitate or vehicle controls, 

and found that palmitate lead to a significant reduction in the broadly expressed peptides 

thymosin to approximately 65% of control levels, and to an significant reduction in d-α-

MSH(1-13), β-MSH(1-18), and β-EP(1-31) to approximately 30% of control levels (Fig. 

6h). To test whether POMC-derived peptides were more strongly affected by palmitate 

than other peptides, we normalized POMC-derived peptide concentrations to ubiquitin- and 

thymosin-derived peptides. We found that even after normalizing for nonspecific changes 

in peptide concentration, palmitate induced a significant approximately 50% reduction in 

the concentration of POMC-derived peptides (Fig. 6j). These reductions were similar in 
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magnitude to those observed with pharmacological inhibition of prohormone convertases 

(Fig. 6i).

Discussion

The hypothalamic melanocortin system provides the most robust neural signals to inhibit 

caloric intake (14). In humans, mutations in the MC4R gene are the most frequent 

monogenic causes of obesity in subjects with a body mass index greater than 40 (15–17). 

However, in non-monogenic obesity, the epidemiological and mechanistic involvement of 

the melanocortin system in the abnormal regulation of caloric intake and energy expenditure 

is not clear.

Experimental studies performed during the last 10 years have shown that in diet-induced 

obesity, hypothalamic inflammation triggered by dietary fats can affect POMC neurons of 

the medio-basal hypothalamus (2–5, 18). The role of abnormal POMC neuronal function in 

obesity has been tested in a number of experimental studies employing models submitted 

to obesity-inducing methods for prolonged periods of time (19–22). However, until recently, 

little was known about the regulation of this system in rodents exposed to excessive dietary 

fats for very short periods of time, and particularly if POMC abnormal regulation could 

impact on different phenotypes of outbred rodents with resistance or susceptibility to 

obesity. Thaler and coworkers were the first to show that hypothalamic inflammation is 

triggered as early as one day after the introduction of a HFD (5). With this concept in 

mind, we asked what the earliest hypothalamic abnormality induced by the consumption 

of dietary fats segregating obese prone and obese resistant outbred mice would be (6). In 

a previous work, we showed that the early effects of dietary fats to disturb physiological 

patterns of regulation of food intake and energy expenditure occurred predominantly through 

the melanocortin system and that dopaminergic/hedonic system was affected at a later 

time-point (6). Also, we confirmed that hypothalamic inflammation is induced a few 

hours after the introduction of dietary fats, but we found that an abnormal regulation of 

POMC expression and processing into β-endorphin and α-MSH occurs even earlier than 

inflammation and segregates the different phenotypes regarding propensity and resistance to 

obesity (6).

In the present study, we tested three hypotheses that could explain the differential regulation 

of POMC neurons in OP and OR mice. Importantly, as hypothalamic abnormalities 

generated by the consumption of large amounts of dietary fats is a very early phenomenon, 

preceding by far the actual development of obesity, we employed an animal model that is 

not obese, but only pre-selected for their predisposition to develop obesity, as previously 

described (6). The first hypothesis was that excessive dietary fats could promote different 

changes in the gut microbiota in OP and OR mice, leading to increased lipid harvesting 

in OP, which, in turn, could promote changes in POMC neuron activity. Obesity, in both 

humans and rodents, is accompanied by changes in the gut microbiome landscape (23, 

24). One of the most dramatic consequences of the acquisition of an obesity-related gut 

microbiota is the increased capacity to harvest lipids from the diet (24). In the present 

study, despite the fact that increased dietary fat consumption promoted changes in the gut 

microbiome, the changes were similar in OP and OR mice, refuting hypothesis #1. This is 
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strongly supported by recent studies showing that environment (diet in this case) and not 

genetics explain most of the changes gut microbiota associated with different phenotypes 

(25).

Hypothesis #2 predicted that even in the absence of different microbiome landscapes, OP 

and OR mice could still have intrinsic capacities to differentially harvest dietary lipids, and 

this could in turn promote differential regulation of POMC neurons. In living organisms, 

most of the long-chain fatty acids in the body are stored as esterified lipids inside the 

cells. Importantly, FFAs present in the blood reach the hypothalamus, and the consumption 

of large amounts of dietary fats impacts not only on the blood levels of lipids but also 

on the amount and composition of the lipids reaching the hypothalamus (26). Here we 

used gas chromatography to determine the composition of blood lipids in OP and OR 

mice fed chow and a HFD for one day. Despite the considerable impact promoted by 

the increased consumption of dietary fats on the composition of blood FFAs, the changes 

occurred similarly between OP and OR mice, making hypothesis #2 null.

The third hypothesis predicted that even in the presence of similar amounts and composition 

of blood FFAs, OP and OR mice would differentially regulate POMC neurons when fed a 

HFD. The results obtained by several experimental approaches supported this hypothesis. 

The saturated fatty acid palmitate could increase hypothalamic POMC in OP mice only. 

Moreover, this was accompanied by increased expression of the POMC-processing enzyme 

PC1/3 and by increased expression of inflammatory cytokines. Of note, Schwinkendorf and 

coworkers (27) found no changes in rat hypothalamic POMC expression treated with a 

single icv bolus injection of palmitate; however, experimental animals were not separated by 

obesity prone/obesity resistance phenotypes, which seems to be an important experimental 

requirement in this context. POMC is a precursor peptide that is processed by sequential 

enzymatic digestion to produce distinct hormones and neurotransmitters (28, 29). In the 

neurons of the medio-basal hypothalamus, α-MSH and β-endorphin are the most abundant 

products of POMC (29). Previously, it was believed that POMC neurons of the medio-basal 

hypothalamus would provide only anorexigenic signals by producing α-MSH to be released 

in projections to the paraventricular and lateral hypothalamic nuclei (30, 31). However, 

a recent study has shown that depending on the stimulus, POMC neurons can provide 

both orexigenic and anorexigenic signals depending on the balance between α-MSH and 

β-endorphin (32).

The finding that PC1/3 expression was increased in OP mice raised the suspicion that 

POMC could be anomalously processed, which could contribute for the development of 

the obesity prone phenotype. Surprisingly, upon inhibition of PC1/3 both OP and OR mice 

increased body mass gain. Particularly, in the case of OR mice, this phenotype change 

was sufficient to promote an increase in body mass similar to that in OP mice. In both 

humans and experimental animals, mutations of PC1/3 are known to promote changes in 

body mass (33, 34). The obese phenotype caused by mutations of PC1/3 is mostly due to 

changes in caloric intake (29), similar to the findings in our model in the present study. 

Previously, only few studies have evaluated the regulation of PC1/3 by dietary factors or 

hormones/signals involved in energy homeostasis. Perello and coworkers have shown that 

the arcuate nucleus expression of PC1/3 is reduced during fasting, and the infusion of 
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leptin can restore its levels (35). Ethanol and morphine have also been shown to reduce the 

expression of PC1/3 (36, 37). The present study is the first to demonstrate that dietary fats 

can also modulate the expression of hypothalamic PC1/3 differently in OP and OR mice. 

Because POMC processing can result in the production of both orexigenic and anorexigenic 

neurotransmitters, which could explain the phenotype obtained as a result of the inhibition 

of PC1/3, we decided to employ a cell system to further explore the effects of palmitate in 

POMC neurons.

In 2015, two groups reported the generation of hypothalamic neurons from hPSCs (38, 

39), providing an unprecedented opportunity to test whether the results obtained in mouse 

models might be relevant to humans, and to gain insight into the molecular and cellular 

mechanisms underlying phenotypes observed in vivo. In order to determine if dietary 

fats acted directly on hypothalamic neurons to regulate PC1/3 expression and POMC 

processing, we performed experiments on hPSC-derived hypothalamic neurons, which 

contain a substantial fraction of POMC neurons (12).

In our study we showed that the long-chain saturated fatty acid palmitate induces 

increased expression of the transcripts for POMC and the POMC processing enzymes 

PC1/3, PC2, CPE, and PRCP in human hypothalamic neurons. This finding not only 

provides the first demonstration that a nutrient can directly affect POMC synthesis and 

processing in hypothalamic neurons, but it also shows that a long-chain saturated fatty 

acid known to be strongly associated with the abnormal function of the hypothalamus in 

obesity (4) can disrupt the complex processing system required to produce α-MSH and 

β-endorphin. Indeed, we observed significantly reduced expression of the neuropeptides 

α-MSH, β-MSH and β-endorphin from human hypothalamic cultures in response to 

palmitate. Pharmacological stimulation of the unsaturated fatty acid receptors GPR40 

and GPR120, which are expressed in the hypothalamus (40), had no detectable effect 

on POMC processing, suggesting that palmitate alters POMC processing by a method 

other than GPR40- and GPR120-mediated signaling. In addition, other compositions of 

fatty acids, such as the one in the lipid mixture, could not reproduce the findings 

with palmitate, reinforcing the lipid-specific nature of this regulation. At first, it could 

sound counterintuitive that increased expression of POMC processing enzymes resulted in 

reduction of the products, α-MSH and β-endorphin. However, the fact that PRCP catalyzes 

the inactivation of α-MSH suggests that the whole catalytic chain of POMC is accelerated, 

explaining the fact that the amount of the final products is reduced. The enzymatic system 

that inactivates β-endorphin is currently unknown; thus, at this time, we cannot be sure this 

rational applies for both α-MSH and β-endorphin.

In conclusion, this study has shown that in an outbred model of diet-induced obesity, 

changes in the gut microbiome landscape and lipid harvesting do not segregate with the 

distinct obese predisposition phenotypes. We showed that a saturated fat can directly 

modulate the expression of POMC and its processing enzymes, an effect that segregates 

with the obese phenotype. Moreover, in human hypothalamic neurons, palmitate can directly 

regulate POMC expression and the expression of its enzymes and products. Thus, the direct 

regulation of POMC by dietary saturated fat emerges as an important mechanism involved in 

the development of diet-induced obesity.
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Abbreviations

AgRP Agouti-related protein

CPE Carboxypeptidase E

HFD High-fat diet

IL-10 Interleukin 10

IL-1⍰ Interleukin 1 beta

IL-6 Interleukin 6

NPY Neuropeptide Y

OP Obesity-prone

OR Obesity-resistant

PC1/3 Prohormone convertase 1/3

PC2 Prohormone convertase 2

PCR Polymerase-chain reaction

POMC Proopiomelanocortin

PRCP Prolyl carboxypeptidase

TNF-⍰ Tumor necrosis factor alpha
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Research in context section

Evidence before this study

In experimental obesity the abnormal regulation of hypothalamic POMC expression and 

processing into α-MSH and β-endorphin is an important factor defining obese prone and 

obese resistance phenotypes. However, little is known about the mechanisms linking the 

consumption of a high fat diet and the regulation of POMC.

Added value of this study

The study shows that in an outbred strain of mice, obesity predisposition is related neither 

to differences in diet-induced modification of gut microbiota nor to differences in dietary 

fat harvesting from the diet. The main difference explaining the phenotypes is the direct 

action of dietary saturated fat to regulate POMC processing. The study provides the 

first evidence that saturated fat can directly regulate the expression of POMC processing 

enzymes resulting in different productions of α-MSH and β-endorphin.

Implications of all the available evidence

The development of methods that correct the abnormal regulation of POMC processing in 

obese prone subjects can be potentially useful as strategy to treat obesity.
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Figure 1. Schematic representation of the hypotheses tested in this study.
In hypothesis #1, we evaluated if, upon high-fat diet (HFD) feeding, obesity-prone (OP) and 

obesity-resistant (OR) mice would undergo different changes in the gut microbiota, which 

would result in different lipid harvesting from the diet impacting on the hypothalamus to 

produce the different phenotypes. In hypothesis #2, we evaluated if, independently of the gut 

microbiota, OP and OR mice would present differences in blood lipids, which would impact 

on the hypothalamus to produce the different phenotypes. In hypothesis #3, we evaluated if 

saturated fat could directly impact on the hypothalamus to produce the different phenotypes. 

POMC, proopiomelanocortin.
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Figure 2. Specific impact of dietary intervention on gut bacterial Phylum, Class, Order and 
graphic representation of the relative amounts of fatty acids in the blood of mice.
The gut microbiota was analyzed by sequencing V4-V5 regions of 16S rRNA in feces 

samples. In a, c and e white bars represent OR fed on chow and grey bars OP fed on chow; 

In b, d, and f white bars represent OR fed on HFD for 24 h and grey bars OP fed on HFD 

for 24 h; Phylum, Class, and Order were quantified and represented graphically and by 

heat map. Saturated (g) and unsaturated (h) fatty acids were determined in blood samples 

collected from OP and OR mice fed on chow (CT) or a HFD for 24 h or infused with 

palmitate (Palm) for 24 h. The control group for Palm received saline through the osmotic 

pump; results were statistically similar to the control groups of mice fed chow; therefore the 

graphs (g and h) display chow control, only. In all conditions n = 5; *p < 0.05 vs. respective 

CT; #p<0.05 vs. respective HFD. CT, control fed on chow; OR, obesity-resistant mice; OP, 

obesity-prone mice; HFD, high-fat diet; Palm, palmitate infused.
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Figure 3. Graphic representation of transcript expression in the hypothalamus of mice.
Obese-prone (OP) and obese-resistant (OR) mice were implanted subcutaneously with a 

micro-osmotic pump loaded with vehicle or palmitate, which were delivered for 24 h. The 

hypothalamus was extracted for RNA preparation and used for real-time PCR determination 

of transcript expression of POMC (a), CART (b), NPY (c), AgRP (d), orexin (ORE) (e), 

MCH (f), CRH (g), THR (h), and PC1/3 (i); in addition protein extract was employed in 

immunoblot determination of PC1/3 expression (j). In all experiments n = 5; * p < 0.05 vs. 

respective vehicle treated control. Palm, palmitate; vehi, vehicle.
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Figure 4. Graphic representation of transcript expression in the hypothalamus of mice.
Obese-prone (OP) and obese-resistant (OR) mice were implanted subcutaneously with a 

micro-osmotic pump loaded with vehicle or palmitate, which were delivered for 24 h. The 

hypothalamus was extracted for RNA preparation and used for real-time PCR determination 

of transcript expression of CX3CL1 (a), F4/80 (b), CD11b (c), TNFα (d), IL1β (e), IL6 (f), 

IL10 (g). In all experiments n = 5; * p < 0.05 vs. respective vehicle treated control; #p<0.05 

vs. OR treated with palmitate. Palm, palmitate; vehi, vehicle.
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Figure 5. Phenotype of mice under hypothalamic inhibition of PC1/3.
Lentivirus particles carrying three different sequences aimed at inhibiting the expression of 

PC1/3 (LV1-LV3) and a scramble sequence (Scr) were injected bilaterally into the arcuate 

nucleus (stereotaxic coordinates: anteroposterior, -1.50 mm; lateral, +/- 0.3 mm; and depth, 

5 mm) of obese-prone (OR) mice, and protein expression was determined by immunoblot 

(a). Groups of obese-prone (OP) and OR mice were treated with the scramble or LV3 

lentivirus and fed on a high-fat diet for 4 weeks (b-i). Total body mass gain (b) and 

mean daily food intake (c) were measured. At the end of the experimental period, mice 
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were submitted to indirect calorimetry for determination of O2 consumption (d, g), CO2 

production (e, h), and calculation of respiratory quotient (f, i). In all experiments n = 5; in a, 

* p < 0.05 vs. Scr; in b-c, *p < 0.05 vs. respective Scr; in g-h, *p < 0.05 vs. respective OP; in 

I, *p<0.05 vs. respective Scr. aTub, alpha-tubulin, protein loading control.
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Figure 6. Transcript expression in human hypothalamic neurons and palmitate treatment effects 
on POMC processing in human neurons.
For transcript expression analyses human hypothalamic neurons were maintained in medium 

(n2b27) with no treatment or treated with bovine serum albumin (bsa), vehicle plus bsa (vehi 

+ bsa), palmitate (palm), linoleic acid (linoleic), or a chemically defined lipid concentrate 

(mix) for 8 h and then harvested for preparation of RNA and determination of transcript 

expression of POMC (a), PCSK1 (b), PCSK2 (c), CPE (d), PRCP (e), and SOCS3 (f) 

using real-time PCR. To test the effects of palmitate on POMC processing (g-j), human 

hypothalamic neurons were maintained in N2B27 medium and switched to medium with 
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drug vehicle (0.1% DMSO) or drugs, or palmitate (PA) vehicle (0.2% ethanol + 5% BSA) 

or 4.8 mM PA for 24 h before being harvested for peptide identification and quantification 

by LC-MS/MS. g) Small molecule prohormone convertase inhibitors specifically reduced 

the measured concentration of POMC-derived peptide, whereas the GPR40/120 agonist 

GW9508 had no detectable effect. h) 4.8mM PA treatment led to a significant reduction in 

peptide expression for both broadly-expressed (thymosin) and POMC-derived peptides i and 

j) Normalization of POMC-derived peptides to internal standards confirmed the sensitivity 

of these peptide concentrations to both prohormone convertase inhibitors (i) and to palmitate 

(j). In all experiments n = 4; *p < 0.05 vs. all other conditions.
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