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Alicia García Gómez-Valadés f, Markus Schwaninger g, Vincent Prevot h, Giles Yeo d, 
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A B S T R A C T   

Sirtuin 3 (SIRT3) is one of the seven mammalian sirtuin homologs of the yeast Sir2 gene that has emerged as an 
important player in the regulation of energy metabolism in peripheral tissues. However, its role in the hypo
thalamus has not been explored. Herein, we show that the genetic inhibition of SIRT3 in the hypothalamic 
arcuate nucleus (ARC) induced a negative energy balance and improvement of several metabolic parameters. 
These effects are specific for POMC neurons, because ablation of SIRT3 in POMC, but not in AgRP neurons, 
decreased body weight and adiposity, increased energy expenditure and brown adipose tissue (BAT) activity, and 
induced browning in white adipose tissue (WAT). Notably, the depletion of SIRT3 in POMC neurons caused these 
effects in male mice fed a chow diet but failed to affect energy balance in males fed a high fat diet and females 
under both type of diets. Overall, we provide the first evidence pointing for a key role of SIRT3 in POMC neurons 
in the regulation of energy balance.   
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1. Introduction 

Communication between the brain and internal organs is essential to 
maintain energy homeostasis. Among several brain areas implicated in 
the interaction with the periphery, the hypothalamus plays a prominent 
role orchestrating the regulation of energy homeostasis. The hypothal
amus is composed by different interconnected nuclei where the arcuate 
nucleus (ARC) stands out as the area best positioned to receive and 
respond to homeostatic signals from the rest of the body. The ARC in
tegrates information from peripheral tissues, with a subsequent coor
dinated neuronal response to a wide variety of nutrients and hormones 
to modulate energy balance [1,2]. The ARC is mainly composed by two 
antagonist neuronal populations, NPY/AgRP neurons that induce a 
positive energy balance and POMC neurons that induce a negative en
ergy balance [3,4]. Both neuronal types regulate food intake, energy 
expenditure and nutrient partitioning. 

Some of the seven mammalian sirtuin homologs of the yeast Sir2 
gene belong to the key factors regulating energy balance in the CNS 
[5–7]. Sirtuins are a family of enzymes that remove acetyl groups from 
lysine residues on specific protein substrates. SIRT1 is the most inten
sively studied sirtuin, which regulates multiple mechanisms controlling 
feeding and energy expenditure [8–11]. On the other hand, SIRT3 is 
known as an oxidative stress relief factor in mitochondria [12–14], but 
also for its implication in functions such as regulation of mitochondrial 
biogenesis and induction of fatty acid oxidation [12]. SIRT3 has been 
studied in peripheral organs and is increased in white adipose tissue 
(WAT), skeletal muscle, and liver after calorie restriction [15–17]. 
SIRT3 null mice were more sensitive to a high caloric diet and had 
increased insulin resistance and glucose intolerance, steatohepatitis, 
hyperlipidemias, and exhibited increased circulating inflammatory cy
tokines with age, compared to wild-type mice fed the same diet [18]. 
Assessment of the contribution of SIRT3 in each individual tissue indi
cated that it plays different roles in a tissue-specific manner. Over
expression of SIRT3 in the liver of a mouse model of non alcoholic fatty 
liver disease improved hepatic function [19]. Similarly, SIRT3 over
expresion in the intestine improves glucose homeostasis and insulin 
resistance in diet induced obese (DIO) mice by enhancing enterocyte 
oxidative metabolism [20]. However, mice lacking SIRT3 in muscle and 
liver do not show apparent metabolic dysregulation [21]. In the brain, it 
has been shown that SIRT3 modulates adaptive responses of cortical 
neurons to physiological challenges and resistance to degeneration [13]. 
Moreover, studies of non-neuronal cells suggest that SIRT3 mediates 
adaptations of mitochondria to increased energy demand [14,15]. 
However, despite the pivotal role of the hypothalamus in the regulation 
of energy balance [22], the potential actions of SIRT3 in hypothalamic 
neurons remains completely unknown. Here, we aim to investigate the 
role of SIRT3 at hypothalamic level. 

2. Material and methods 

2.1. Animal care 

8- to 10-week-old (250–300 g) male Sprague Dawley rats (University 
of Santiago de Compostela), POMC-IRES-Cre male and female mice (on 
C57BL/6J background), age 8–10 weeks old, and AgRP-IRES-cre male 
and female mice (on C57BL/6J background), age 8–10 weeks old from 
Jackson Laboratory, were housed under conditions of controlled tem
perature (23 ◦C) and illumination (12-h light/12-h dark cycle). The 
animals were allowed ad libitum access to water and low-fat (LF) diet 
(10% Kcal fat) or a high fat diet (HFD; 60% Kcal fat) (reference #: 
D12492 and D12450B resp., Research Diets, NJ, US). The care of all 
animals was within institutional animal care committee guidelines, and 
all procedures were reviewed and approved by the Ethics Committee of 
the USC, in accordance with EU normative for the use of experimental 
animals. To test the effect of acute metabolic changes in ARC SIRT3 
levels, 10-week-old male rats were deprived of food for 48 h or refed for 

24 h after fasting while the control group was fed ad libitum. 
Body weights and food intake were monitored weekly after lentivirus 

injection. Whole body composition was measured using nuclear mag
netic resonance imaging (Whole Body Composition Analyzer; EchoMRI, 
Houston, TX) as previously described [23]. Heat production was visu
alized using a high-resolution infrared camera (FLIRS systems) as pre
viously described [23,24]. Animals were killed by decapitation, and the 
tissues were removed rapidly, frozen immediately on dry ice, and kept at 
− 80 ◦C until analysis. 

2.2. Stereotaxic microinjection of lentiviral expression vectors 

Ad libitum fed rats were anesthetized by an intraperitoneal injection 
of ketamine (100 mg/kg body weight)/xylazine (15 mg/kg body weight) 
and subjected to stereotaxic surgery. Lentiviral vectors (1 μl per hemi
sphere) encoding a shSIRT3 that silence SIRT3 expression (shSIRT3) 
(1.0 × 106 PFU/mL, Sigma-Aldrich) or GFP controls (1.0 × 106 PFU/mL, 
Sigma-Aldrich) were injected bilaterally into the ARC AP: 2.85 mm, L: 
±0.3 mm, and V: 10.2 mm, with a 25-gauge needle (Hamilton) [21–23]. 
GFP fluorescence was used as a visual marker of effective transduction of 
the lentivirus at the injection site. Dissection of the ARC was performed 
by micropunches under the microscope, as previously shown [25–28]. 

POMC-IRES-Cre- or AgRP-IRES-Cre C57BL/6 mice of both sexes were 
fed with chow or HFD for 15 consecutive weeks. Mice were anesthetized 
by an intraperitoneal injection of Ketamine/Xylazine cocktail (ketamine 
15 mg/kg BW/xylazine 3 mg/kg BW) and placed in a stereotaxic frame 
(Kopf Instruments). AAV8-hSyn-shSIRT3-DIO-GFP (1.17 × 1013 PFU/ 
ml, Vector Builder) or AAV8-hSyn-DIO-GFP (1.1 × 1013 PFU/ml, Vector 
Builder) under cell-type specific cre promotorers, were injected in the 
ARC. The ARC was targeted bilaterally using a 32-gauge needle con
nected to a 1-ml syringe (Neuro-Syringe, Hamilton) and AAV were 
delivered at a rate of 0.1 μl/min for 5 min (0,5 μl/injection site) ac
cording to the following coordinates: 1.5 mm posterior to the bregma, ±
0.2 mm lateral to midline, and − 6 mm below the surface of the skull as 
previously reported [27,28]. 

2.3. Glucose and insulin tolerance test 

We performed glucose (GTT) and insulin tolerance tests (ITT) in rats 
and mice by injecting D-glucose (2 mg/g) or insulin (0.50 IU/kg) intra
peritoneally (ip) after 6 h fasting. Blood samples were collected imme
diately before and 15, 30, 60 and 120 min after glucose or insulin 
administration. Blood glucose was measured using a Glucometer (Ark
ray) from the tail vein [27,28]. Insulin levels were determined by a 
ELISA kit using reagents and methods provided by Millipore 
Corporation. 

2.4. Western blot analysis 

Western blot was performed as previously described [26–28]. 
Briefly, protein lysates from ARC (14 μg) WAT and BAT (20 μg) were 
subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis, 
electrotransferred on a polyvinylidene difluoride membrane, and pro
bed with various primary antibodies (Supplementary Table 1). For 
protein detection, we used horseradish-peroxidase–conjugated second
ary antibodies (Dako Denmark, Glostrup, Denmark) and chem
iluminescence (Pierce ECL Western Blotting Substrate; Thermo 
Scientific, Waltham, MA). Then, the membranes were exposed to 
radiograph film (Super RX, Fuji Medical X-Ray Film; Fujifilm, Tokyo, 
Japan) and developed with developer and fixing liquids (AGFA, Mortsel, 
Belgium) under appropriate dark room conditions. The protein levels 
were normalized to β-actin, GAPDH or α-tubulin for each sample. 

2.5. Hematoxylin/eosin staining 

WAT and BAT samples were fixed in 10% formalin buffer for 24 h, 
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and then dehydrated and embedded in paraffin by a standard procedure. 
Sections of 3 μm thickness were prepared with a microtome and stained 
using a standard Hematoxylin/Eosin Alcoholic (BioOptica) procedure 
according to the manufacturer’s instructions [23,26,28]. 

2.6. Immunofluorescence 

Pomc-Cre and AgRP-Cre mice were anesthetized with ketamine- 
xylazine and perfused intracardially with saline (0.9% NaCl) followed 
by 10% buffered formalin. Fixed brains were immersed in 30% sucrose 
and 0.01% sodium azide in PBS at 4 ◦C for 2 days. Next, 3 sets of coronal 
sections (40-μm-thick) were cut in a freezing microtome Leica CM1850 
UV and stored at − 20 ◦C in cryo-protectant. 

One set of free-floating sections from each animal was washed three 
times in TBS 0.1 M for 10 min each and incubated in blocking solution 
(2% donkey serum + 0.3% Triton X-100) in TBS 0.1 M for 60 min. Then, 
sections were incubated in rabbit anti-POMC (1/200; Phoenix pharma
ceuticals, Cat# H-029-30), goat anti-AgRP (1/5000; Phoenix pharma
ceuticals, Cat# H-003-57) or chicken anti-GFP (1/1000, Invitrogen 
A10262 Cat# 10,524,234) in blocking solution for 24 h at 4 ◦C. After 
incubation in the primary antibody, sections were rinsed with TBS 0.1 M 
three times for 10 min each and then incubated in the secondary anti
body: Cy3 donkey anti-rabbit (Jackson ImmunoResearch Labs Cat#711- 
165-162); Cy3 donkey anti-goat (Jackson ImmunoResearch Labs 
Cat#705-165-147) and goat anti-chicken Alexa 488 (abcam Cat# 
ab150169) for 60 min at room temperature. Sections were then washed 
and coverslipped with Fluorogel coverslip mounting solution [27,28]. 

2.7. Statistical analysis and data presentation 

Data are expressed as mean ± SEM. Protein data was expressed 
relative to (%) to the levels in control (GFP-treated) rats/mice. Error 
bars represent SEM. Statistical significance was determined by student’s 
t-test when two groups were compared or one- or two-way analysis of 
variance (ANOVA) with post-hoc two-tailed Bonferroni test when more 
than two groups were compared. P < 0.05 was considered significant. 

3. Results 

3.1. SIRT3 levels are regulated by nutrient availability 

SIRT3 is expressed in POMC and AgRP neurons [29], specifically 
located in the ARC and essential in the control of energy balance. In 

order to investigate regulation of ARC SIRT3 levels by nutritional status, 
we measured SIRT3 in rats fed ad libitum, fasted and refed conditions. 
Rats fasted during 48 h exhibited a loss of body weight, whereas the 
refeeding during 24 h led to a partial recovery (Fig. 1A). SIRT3 levels 
were increased in the ARC of fasted rats, which recovered to baseline 
after refeeding (Fig. 1B). Next, we sought to investigate if the SIRT3 
levels were also regulated after chronic metabolic changes such as 
diet-induced obesity. We found that SIRT3 levels in the medio-basal 
hypothalamus (MBH) of obese mice were decreased compared to con
trol mice (Fig. 1C and D). Therefore, our results suggest that hypotha
lamic SIRT3 might play a metabolic role. 

3.2. Genetic inhibition of SIRT3 in the ARC decreases nutrient intake and 
weight gain 

We next employed virogenetic approaches to inhibit SIRT3 in the 
ARC of adult rats. For this purpose, we injected lentiviruses encoding 
scrambled or shSIRT3 together with GFP into the ARC. The infection 
efficiency was assessed by the expression of GFP in the ARC (Fig. 2A) 
and by protein levels of SIRT3 in the ARC that were significantly 
decreased in shSIRT3 treated animals compared to shGFP injected 
controls (Fig. 2B). Inhibition of ARC SIRT3 led to significantly less 
weight gain than scrambled injected controls after 4 weeks on a chow 
diet (Fig. 2C). Accordingly, the genetic knockdown of SIRT3 in ARC also 
decreased nutrient intake (Fig. 2D). Body composition revealed that 
shSIRT3 injected rats accrued less fat mass compared to rats injected 
with shGFP (Fig. 2E). 

SIRT3 is known to be involved in the regulation of insulin resistance 
and glucose homeostasis in peripheral tissues. Specifically, SIRT3 KO 
mice exihibit an aggravation of insulin resitance by impairment of 
muscle glucose uptake [30,31]. Therefore, we tested whether the 
observed actions of hypothalamic SIRT3 on body weight could be 
expanded to the control of glucose homeostasis and insulin sensitivity. 
First, we measured glucose and insulin levels after 6 h of fasting. Our 
results showed that SIRT3 inhibition in the ARC does not affect basal 
glucose levels (Fig. 2F) or basal insulin levels (Fig. 2G). A more in-depth 
investigation of glucose homeostasis, using GTT (Fig. 2H and I) and ITT 
(Fig. 2J and K), confirmed that SIRT3 knockdown in the ARC does not 
affect glucose tolerance or insulin sensitivity. 

Fig. 1. (A) Body weight of rats under different nutritional status (fed, fast 48 h, refed 24 h) under standard diet. (B) Protein levels of SIRT3 in the ARC of rats under 
different nutritional status (fed, fast 48 h, refed 24 h). (C) Body weight gain of DIO mice. (D) Protein levels of SIRT3 in the MBH of DIO mice. Values are mean ± SEM 
of 8 animals per group. *P ≤ 0.05, **P ≤ 0.01 vs controls (Paired t-test and one-way ANOVA). 
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3.3. Genetic inhibition of SIRT3 in the ARC is associated with lipid 
mobilization, stimulated BAT thermogenesis and browning of WAT 

Consistent with the observed decrease in body weight and food 
intake after the genetic inhibition of SIRT3 in the ARC, we found 
increased protein levels of POMC and decreased protein levels of NPY in 
this brain area (Fig. 3A). We also found that the inhibition of SIRT3 in 
the ARC significantly increased the BAT interscapular temperature and 
decreased the size of the lipid droplets in the BAT (Fig. 3B–D). Consistent 
with these data, we found increased protein levels of the thermogenic 
markers uncoupling protein − 1 (UCP1) and − 3 (UCP-3) levels in BAT of 

shSIRT3 treated rats (Fig. 3E). Furthermore, shSIRT3 injected rats 
showed a diminished size of white adipocytes compared to shGFP 
treated rats (Fig. 3F). In the white adipose tissue, we also assessed the 
different components of lipid metabolism, and found a decrease in LPL 
(that may suggest a reduction in fatty acid uptake) and a significant 
increase in the phosphorylated levels of hormone sensitive lipase 
(pHSL), a surrogate marker of fatty acid lipolysis (Fig. 3G). However no 
changes were observed in other enzymes of the fatty acid biosynthesis 
namely acetyl coenzyme A carboxylase (ACC) and fatty acid synthase 
(FAS). (Fig. 3G). 

Emerging evidence in the last years have demonstrated that 

Fig. 2. (A) GFP expression in the hypothalamic ARC after stereotaxic injection of shSIRT3 lentivirus (B) Protein levels of SIRT3 in the ARC of male rats stereo
taxically injected with scrambled or shSIRT3 lentiviruses. (C) Effect on body weight (D) and food intake and (E) Fat mass. Fasting levels of glucose (F) and insulin (G) 
glucose tolerance test (H) and area under the curve (I) insulin tolerance test (J) and area under the curve (K) in male rats fed chow diet that received shSIRT3 or GFP 
scrambled lentiviruses in the ARC. β-actin was used to normalize protein levels. Dividing lines indicate spliced bands from the same gel. Values are mean ± SEM of 
7–18 animals per group. *P ≤ 0.05, **P ≤ 0.01 vs controls (Paired t-test and two way ANOVA). 

Fig. 3. (A) Protein levels of NPY, AgRP and POMC in the hypothalamic ARC of male rats stereotaxically injected with scrambled or shSIRT3 lentiviruses in the ARC 
(B) Representative infrared thermal images (C) BAT temperature (D) representative pictures of BAT histology and (E) BAT protein levels. (F) Representative pictures 
of WAT histology and (G) WAT protein levels of pHSL, HSL, ACC, FAS and LPL (H) WAT protein levels of UCP-1, UCP-3, PRDM16 and CIDEA in male rats fed chow 
diet injected with shSIRT3 or GFP scrambled lentiviruses into the ARC. α-tubulin, GAPDH or β-actin were used as loading control. Dividing lines indicate spliced 
bands from the same gel. Values are mean ± SEM of 7–18 animals per group. *P ≤ 0.05, **P ≤ 0.01 vs controls (Paired t-test). 
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activation of beige/brite adipocytes in the WAT, a process known as 
browning, has impact on total energy balance [32,33]. According to the 
decreased body weight after shSIRT3 injection in the ARC we found that, 
in addition to the increased thermogenesis in BAT, the protein levels of 
the thermogenic marker UCP1 was significantly increased in WAT, 
although no changes were detected in the other thermogenic markers 
studied (Fig. 3H). These data suggest that, in addition to elevated BAT 
activity, the browning of WAT might be also an important mechanism to 
reduce body weight following SIRT3 knockdown. 

3.4. SIRT3 is expressed in AgRP and POMC neurons 

Taking advantage of the public dataset of ARC single cell tran
scriptomics [34] we analyzed SIRT3 expression levels across various cell 
clusters in this brain region, including the well-defined subsets of AgRP 
and POMC neurons (Fig. 4A and B). SIRT3 was found to be ubiquitously 
expressed in the 22 cell clusters within the ARC (Fig. 4C). We observed 
an enrichment in AgRP and POMC clusters, where the degree of coloc
alization was 14.05% and 13.96% respectively (Fig. 4D and E). 

3.5. Genetic inhibition of SIRT3 in AgRP neurons does not regulate energy 
balance 

To shed more light about which neuronal population within the ARC 
is required for the metabolic actions elicited by SIRT3 inhibition, we 
generated mice with selective ablation of SIRT3 in AgRP neurons by 
injecting AAV8-hSyn-shSIRT3-DIO-GFP into the ARC of male and female 
AgRP-IRES-Cre mice fed a chow diet. The specificity of the infection was 
demonstrated because GFP staining was restricted to AgRP neurons 
(Supplementary Figure 1A). Male and female AgRP-SIRT3 KO mice 
showed no differences in food intake and body weight when compared 
with their control littermates (Supplementary Fig. 1B-1E). In addition, 
the deletion of SIRT3 in mice fed a HFD did not alter body weight and 
feeding (Supplementary Fig. 1F and 1G). Thus, these data determine 
that the effects of ARC SIRT3 inhibition over the control of energy bal
ance are independent of AgRP neurons. 

3.6. Genetic inhibition of SIRT3 in POMC neurons decreases weight gain 
and increases energy expenditure 

To ascertain if SIRT3 inhibition requires POMC neurons for the 
metabolic actions elicited in the ARC, we next generated mice with se
lective ablation of SIRT3 in POMC neurons, by injecting AAV8-hSyn- 
shSIRT3-DIO-GFP into the ARC of POMC-IRES-Cre mice. Our results 
showed the specificity of the infection because GFP staining was 
restricted to POMC neurons (Fig. 5A). POMC-SIRT3 KO mice fed a chow 
diet showed reduced body weight without changes in food intake 
(Fig. 5B and C). Consitently with these data, POMC-SIRT3 KO mice 
exhibited increased energy expenditure, without changes in locomotor 
activity or respiratory quotient (Fig. 5D–F). In order to ascertain the 
posible role of SIRT3 in POMC neurons on glucose homeostasis, we first 
measured basal glucose after 6 h of fasting. Our results showed that 
SIRT3 inhibition in the POMC reduced basal glucose levels (Fig. 5G). 
However, we did not find any change in the glucose tolerance between 
groups (Fig. 5H and I). These results confirm that SIRT3 inhibition in 
POMC neurons, but not AgRP neurons, regulate energy balance in the 
ARC. 

3.7. Genetic inhibition of SIRT3 in the POMC neurons increases lipid 
mobilization, BAT thermogenesis and browning of WAT 

In agreement with the increased energy expenditure in the POMC- 
SIRT3 KO mice, they displayed a higher body and interscapular sur
face temperature adjacent to BAT (Fig. 6A–C), less lipid droplets in the 
BAT (Fig. 6D) and up-regulated protein levels of BAT UCP1 and UCP-3 
(Fig. 6E). POMC SIRT3 KO mice also showed reduced white adipocyte 
size (Fig. 6F) and increased expression of lipid oxidation markers, as 
reflected by a significant increase in the phosphorylated levels of HSL, 
while no changes in other enzymes of the fatty acid metabolism, namely 
LPL, ACC or in FAS (Fig. 6G). In addition to the effects in BAT, deletion 
of SIRT3 in POMC neurons significantly increased protein levels of the 
thermogenic marker UCP1, UCP3, PRDM16 and CIDEA in WAT 
(Fig. 6H). These data suggest that lipid oxidation, BAT thermogenesis 
and the browning of WAT participate in the reduction of body weight of 
POMC SIRT3 KO mice. 

Fig. 4. FACS sorting and single-cell RNA sequencing of AgRP neurons (A) and POMC neurons (B) and sirt3 expression in the ARC (C) % Sirt3 co-expression in AgRP 
neurons (D) % Sirt3 co-expression in POMC neurons (E) from (GEODatabase repository, GEO Accession: GSE92707). 
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3.8. Genetic inhibition of SIRT3 in the POMC does not affect body weight 
in female mice 

Since there is evidence for sex differences in obesity and body fat 
distribution, possibly related to differences in how body metabolism is 
regulated by the central nervous system, we also injected AAV8-hSyn- 
shSIRT3-DIO-GFP in the ARC of POMC-IRES-Cre female mice fed a 
chow diet to delete SIRT3 in POMC neurons. Notably, our results claim 
for a sex-specific role on the actions of SIRT3 in POMC neurons since no 
effect on body weight, food intake, BAT thermogenesis, glucose or in
sulin sensitivity were detected in female SIRT3 POMC KO mice 
compared to their control littermates injected with the scrambled GFP 
virus (Supplementary Figure 2). 

3.9. Genetic inhibition of SIRT3 in the POMC neurons does not regulate 
energy balance in DIO animals 

To shed more light on the involvement of SIRT3 in obesity, and 
taking into account that SIRT3 levels are decreased in the MBH of DIO 
mice, we challenged male and female SIRT3 POMC KO mice with 60% 
HFD for 15 weeks. However, in contrast with our expectations, no 
changes in body weight, food intake, adipocyte size, BAT lipid content, 
glucose tolerance or insulin sensitivity were found after injection of 
AAV8-hSyn-shSIRT3-DIO-GFP in the ARC of male and female POMC- 
IRES-Cre mice under HFD (Fig. 7A-J). Therefore, our results suggest 
that the effect of SIRT3 ablation in POMC neurons is blunted by DIO. 

4. Discussion 

Recent studies have identified sirtuins as potential therapeutic tar
gets for the treatment of metabolic diseases such as obesity or type II 
diabetes [6,35]. SIRT3, which is a nicotinamide adenine 
dinucleotide-dependent enzyme that exerts post-translational modifi
cations of its target proteins, was originally identified as a mitochondrial 
and oxidative stress regulator [6]. This knowledge mainly arose from 
studies on global or conditional knock-in or knock-out mouse models 
focusing on the role of SIRT3 in peripheral tissues [18–20]. However, 
the potential metabolic role of SIRT3 in the CNS has remained largely 
unexplored. In this work, we find for the first time that SIRT3 levels in 
ARC are regulated by nutrient availability and that its genetic inhibition 
in this hypothalamic area reduces body weight, adiposity, food intake, 
and stimulates BAT thermogenic activity and the browning of WAT. 
Interestingly, these effects rely on POMC neurons, because the deletion 
of SIRT3 in this neuronal population, but not in AgRP neurons, exert the 
same metabolic actions as displayed by the inhibition of SIRT3 in the 
whole ARC. 

We found that energy deficiency elevated the protein levels of SIRT3 
in the ARC, which were restored after refeeding. Moreover the levels 
decreased in a state of positive energy balance, such as diet-induced 
obesity. This regulation is similar to what has been found in periph
eral tissues such as skeletal muscle, BAT or liver [15–19] or for other 
sirtuins in the hypothalamus [36,37]. At the molecular level, these ac
tions involve the upregulation of POMC, the precursor of melanocortins, 
that not only control feeding behavior and adiposity [38,39], but also 
play a key role in the control of body temperature [40,41]. 

Fig. 5. (A) Immunofluorescence picture showing that GFP infection was restricted to POMC neurons. (B) Effect on body weight (C) food intake (D) energy 
expenditure (E) locomotor activity (F) respiratory quotient (G) Basal blood glucose levels (H) glucose tolerance test and (I) area under the curve in male mice fed 
chow diet that received AAV8-hSyn-shSIRT3-DIO-GFP or AAV8-hSyn-DIO-GFP scrambled viruses in the POMC neurons. Values are mean ± SEM of 6–7 animals per 
group. *P ≤ 0.05, **P ≤ 0.01 vs controls (Paired t-test and two way ANOVA). 
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In our study we showed that SIRT3 in POMC neurons modulates 
body weight and energy expenditure by altering BAT and WAT meta
bolism. More specifically, silencing SIRT3 in POMC neurons stimulates 
BAT thermogenesis by triggering the level of some well-known 

molecular markers such as UCP-1 and UCP-3. Furthermore, the capacity 
of UCP-1 to increase the browning of WAT, provides an additional 
mechanism by which downregulation of SIRT3 in POMC neurons may 
control energy balance and reduce body weight gain. This central 

Fig. 6. (A) Representative infrared thermal images (B) BAT temperature (C) rectal temperature (D) representative pictures of BAT histology and (E) BAT protein 
levels. (F) representative pictures of WAT histology and (G) WAT protein levels of pHSL, HSL, ACC, FAS and LPL and (H) WAT protein levels of UCP-1, UCP-3, 
PRDM16 and CIDEA in male mice fed chow diet injected with AAV8-hSyn-shSIRT3-DIO-GFP or AAV8-hSyn-DIO-GFP scrambled viruses in POMC neurons. α-tubulin, 
GAPDH or β-actin were used as loading control. Dividing lines indicate spliced bands from the same gel. Values are mean ± SEM of 6–7 animals per group. *P ≤ 0.05, 
**P ≤ 0.01 vs controls (Paired t-test). 

Fig. 7. (A) Effect on body weight (B) food intake (C) glucose tolerance test and (D) insulin tolerance test (E) representative pictures of WAT histology and (F) 
representative pictures of BAT histology in male mice fed HFD that received AAV8-hSyn-shSIRT3-DIO-GFP or AAV8-hSyn-DIO-GFP scrambled viruses in the POMC 
neurons. (G) Effect on body weight (H) food intake (I) glucose tolerance test and (J) insulin tolerance test in female mice fed HFD that received AAV8-hSyn-shSIRT3- 
DIO-GFP or AAV8-hSyn-DIO-GFP scrambled viruses in the POMC neurons. Values are mean ± SEM of 6–7 animals per group. 

M. Quiñones et al.                                                                                                                                                                                                                              



Redox Biology 41 (2021) 101945

8

regulation of thermogenesis implies a novel pathway by which SIRT3 
regulates body weight gain and metabolic parameters, since previous 
reports focused on SIRT3-mediated regulation of thermogenesis by 
direct actions in brown adipocytes [16,42]. Interestingly, the metabolic 
role of SIRT3 seems to be specific to POMC neurons since changes in 
body weight or energy expenditure occurred when the virogenetic in
hibition SIRT3 was targeted to this neuronal population but not to AgRP 
neurons. We also identified that SIRT3 in POMC neurons regulates 
adipocyte lipid metabolism as showed by the findings that the expres
sion of fatty acid mobilization markers was augmented after silencing 
SIRT3 in POMC neurons, as represented by the higher phosphorylated 
levels of HSL protein. These changes in lipid metabolism together with 
the increased thermogenic capacity of WAT, likely contribute to the 
reduction of adiposity and consequently body weight. Moreover, we 
discard any effect of SIRT3 in POMC neurons on the regulation of 
glucose homeostasis or insulin sensitivity. These data were unexpected 
because the deletion of SIRT3 in the ARC or POMC neurons leads to a 
loss of body weight and adiposity, two parameters that strongly influ
ence glucose tolerance and insulin sensitivity. In this sense, it was 
recently reported that the over-expression of SIRT3 specifically in the 
intestine of DIO, but not lean mice, enhances glucose tolerance and re
duces insulin resistance in absence of changes in body weight and 
adiposity [20]. Therefore, it seems that the effects of SIRT3 on glucose 
homeostasis occur in a tissue-specific manner. 

Besides, given that gender strongly influence obesity and multiple 
metabolic pathways [43], we conducted experiments in females to 
investigate whether the deletion of SIRT3 could have a similar effect in 
both sexes. Our results suggest a clear sexual dimorphism in the action of 
hypothalamic SIRT3 in energy balance, because the reduced weight gain 
and increased thermogenic effect after the depletion of SIRT3 in POMC 
neurons of male mice were not seen in females. Indeed, this data are 
important for further research to determine the biological mechanism by 
which SIRT3 regulates body weight. The divergent actions of SIRT3 in 
our animal models is in concordance with the aforementioned hetero
geneity of POMC and AgRP neurons [34,44]. 

Finally, we also did not find any metabolic effect of hypothalamic 
SIRT3 ablation in DIO animals, because the inhibition of this enzyme in 
POMC neurons of DIO mice did not produce any significant alterations 
in body weight, food intake or glucose homeostasis. Future studies will 
be necessary to address the molecular pathways involved in this diet- 
induced resistance, but it is well established that in obese states the 
signalling of a large number of pathways are disrupted causing resis
tance to hormones such as leptin and insulin [2,45]. 

In conclusion, we provide the first experimental evidence impli
cating hypothalamic SIRT3 in the regulation of energy balance, by 
modulating body weight, adiposity, non-shivering thermogenesis in BAT 
and browning in WAT. Importantly these effects are sex and nutrient 
dependent and rely on the action of SIRT3 in POMC neurons. 
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