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Obesity and associated disorders, including type II diabetes, 
cardiovascular disease and cancer have reached epidemic 
rates around the world1. A hallmark of diet-induced obesity 

(DIO) is hyperleptinemia. Leptin is a 16-kDa hormone produced 
mainly by the adipose tissue in proportion to the size of the fat depots 
and acts through its receptors (LepRb) expressed predominantly 
in the central nervous system (CNS) including the hypothalamus, 
brain stem and midbrain2. Leptin administration to leptin-deficient 
mice (ob/ob) reduces food intake and increases energy expenditure, 
resulting in profound weight loss. In DIO, the circulating leptin lev-
els rise proportionally to adiposity and may reach levels 10–40-fold 
higher than the lean state3. Despite this hyperleptinemic state, obese 
rodents and humans maintain their increased adiposity and show 
a blunted response to exogenous leptin administration, which has 
been characterized as leptin resistance4.

Defective protein homeostasis (proteostasis) has emerged as 
a contributing factor to the metabolic syndrome5–8. Impairments 
in proteostatic processes such as autophagy9,10, the heat-shock 
response11–14, ubiquitin–proteasome pathway8,15,16 and integrated 
stress responses17,18 have been implicated in the pathophysiology 
of obesity and diabetes. A central component of these proteostatic 
mechanisms is HDAC6, a microtubule-associated member of the 
histone deacetylase (HDAC) family that is predominantly local-
ized to the cytoplasm. In addition to its deacetylase activity and E3 
ligase activity19, HDAC6 has nonenzymatic functions largely due 
to its C-terminal ubiquitin-binding domain (UBD)20,21, making it a 

unique HDAC that can interact with proteins normally targeted to 
degradation through the proteasome. Cellular processes regulated 
by HDAC6 include aggresome and stress granule formation22,23, 
autophagy24, heat-shock response and recycling of dysfunctional 
mitochondria through mitophagy25,26. Here, we examine the physi-
ological role of HDAC6 in the regulation of energy homeostasis.

Results
HDAC6 inhibitors reduce obesity. To study the potential role of 
HDAC6 in energy homeostasis, we first targeted its deacetylase 
activity pharmacologically. A hydroxamic acid-based compound, 
tubastatin A (tubastatin), is a potent and selective HDAC6 inhibi-
tor with over 1,000-fold selectivity against other HDACs (except 
HDAC8 with >50-fold selectivity)27. It has been designed to have 
a drug-like structure with relatively simple synthesis27 and its phar-
macokinetics in mice have been characterized28. Tubastatin confers 
protection against oxidative stress and has anti-inflammatory and 
neuroprotective effects27,29–32.

We first analyzed the effect of tubastatin in wild-type male 
mice fed a high-fat diet (HFD) for 16–20 weeks to induce obesity 
(DIO). Following daily intraperitoneal (i.p.) injections, DIO mice 
lost weight for approximately 2 weeks (Fig. 1a). The weight loss 
was accompanied by significantly decreased food intake (Fig. 1b) 
and the effect of tubastatin was dose dependent (Extended Data 
Fig. 1a–f). The anti-obesity effect of the drug was not specific to 
male mice and tubastatin significantly decreased the body weight 
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and food intake of female DIO mice (Extended Data Fig. 1g,h). We 
next tested whether the effect of tubastatin was HDAC6 dependent 
by first assessing the response of the HDAC6 knockout (KO) mice 
to tubastatin. The weight gain of HDAC6 KO mice or their body 
composition were not different than those of wild-type mice on 
HFD (Extended Data Fig. 2a), suggesting that embryonic ablation 
of HDAC6 does not protect mice from DIO. However, tubastatin 
was ineffective in decreasing the body weight or food intake of 
DIO HDAC6 KO mice (Fig. 1c,d and Extended Data Fig. 1b). 
Furthermore, a structurally inactive analog of tubastatin, BRD3067 
(ref. 33), which cannot inhibit the deacetylase activity of HDAC6 
(Extended Data Fig. 1c), did not significantly reduce the food intake 
or body weight of obese mice (Extended Data Fig. 1d,e). In agree-
ment with these findings, two other HDAC6-specific inhibitors, 
CAY10603 and ricolinostat also resulted in significant weight loss 
in DIO wild-type mice (Extended Data Fig. 1f–l).

Fasting and calorie restriction are usually followed by a decrease 
in fat and muscle mass34. Because tubastatin significantly sup-
pressed food intake of obese animals, we measured body compo-
sition of mice at the beginning and 1 month after tubastatin or 
vehicle treatments. In contrast to calorie restriction-induced weight 

loss, tubastatin treatment did not significantly alter the lean mass 
of DIO mice, whereas their fat mass decreased by approximately 
50% (Fig. 1e). These results are in agreement with the HDAC6-null 
mice being resistant to skeletal muscle wasting35 and suggest that 
the tubastatin-induced weight loss was almost exclusively from fat 
depots. Accordingly, plasma leptin levels of DIO mice significantly 
decreased following tubastatin treatment (Fig. 1f).

While HDAC6 inhibition induces weight loss in DIO mice, it is 
not known whether the same treatment prevents development of 
obesity. To address this question and to assess the prolonged effects 
of tubastatin on mouse physiology, we treated young wild-type 
mice with either vehicle or tubastatin for 16 weeks consecutively 
while feeding the mice either regular chow or HFD. Notably, the 
body weight or food intake of lean wild-type mice was not affected 
by the HDAC6 inhibitor over a 4-month treatment (Fig. 1g,h) and 
tubastatin was inert on measured cardiac parameters, including 
heart rate and blood pressure (Extended Data Fig. 3a,b), suggesting 
that inhibition of HDAC6 activity alone does not significantly alter 
metabolism via sympathetic tone or thyroid hormone in lean mice. 
However, when animals were exposed to HFD, tubastatin restricted 
the calorie intake of the animals and reduced weight gain (Fig. 1i,j). 
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Fig. 1 | Inhibition of HDAC6 reverses DIo. a,b, Effect of daily i.p. tubastatin (TubA, 25 mg kg−1, n = 6) or vehicle (Veh, n = 6) administration on wild-type 
(WT) DIO mice. Data show body weight (P = 2.6 × 10−9) (a) and cumulative food intake of the animals (P = 1.7 × 10–5) (b). c,d, Body weight (P = 1 × 10−4) 
(c) and food intake (d) (week 1, P = 0.0012; week 2, P = 7 × 10−6; week 3, P = 0.00097) of TubA-treated WT (n = 17) and HDAC6 KO (n = 14) DIO mice. 
e, Lean and fat mass of DIO mice determined by nuclear magnetic resonance before and 32 d after TubA or Veh treatment (n = 6 per group, fat mass 
at 32 d, P = 1.4 × 10−7). f, Plasma leptin concentration of DIO mice before and 32 d after TubA treatment (n = 6, P = 0.0016). g–j, Food intake and growth 
curves of WT mice on regular diet (chow) or HFD treated by daily i.p. Veh or TubA (25 mg kg−1) (n = 9 mice per group). Week 1, P = 0.0014; week 2, 
P = 0.00043; week 3, P = 0.042; week 4, P = 0.037) (i); P = 1 × 10−10) (j). *P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant as analyzed by one-way or 
two-way analysis of variance (ANOVA) or mixed-effect analysis with Tukey’s post hoc test for multiple comparison or two-tailed Student’s t-test. Data are 
represented as mean ± s.e.m.
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These results collectively suggest that HDAC6 inhibition is an effec-
tive anti-obesity approach.

HDAC6 messenger RNA and protein expression in the metabolic 
tissues that we analyzed, including adipose tissue, skeletal muscle, 

liver and hypothalamus did not show major changes by fasting or DIO 
(Fig. 2a,b). The enzymatic activity of HDAC6 is positively regulated 
by upstream signals, including extracellular signal-activated kinases 
(ERK1/2)36, which are activated during obesity in adipose tissue37. 
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Fig. 2 | obesity induces HDAC6 activity in adipose tissue. a, HDAC6 mRNA expression in the indicated tissues collected from lean and DIO WT mice 
fed ad libitum or fasted overnight (n = 5 for liver and hypothalamus of lean fed and muscle of lean fasted; n = 6 for all other groups). *P < 0.05, **P < 0.01 
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(c) P = 8.1×10−11; n = 6 (d,e) by two-tailed unpaired Student’s t-test). ***P < 0.001 as analyzed by two-tailed Student’s t-test. Data are represented as 
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Analysis of acetylated α-tubulin, the canonical marker of HDAC6 
activity, revealed that DIO mice had significantly decreased α-tubulin 
acetylation in adipose tissue (Fig. 2c) but not in the liver or the hypo-
thalamus (Fig. 2b,e). Notably, obese HDAC6 KO mice did not display 
the same change in α-tubulin acetylation (Fig. 2d). These findings 
demonstrate that HDAC6 activity is elevated in the adipose tissue of 
obese animals and that HDAC6 inhibition effectively reverses obesity.

Tubastatin improves metabolic function in DIO mice. DIO is 
usually accompanied by ectopic fat accumulation and impaired 
glucose homeostasis. When the animals were exposed to HFD they 
displayed significant hyperglycemia, which was reversed by the 
tubastatin treatment (Fig. 3a). Accordingly, DIO mice treated with 
tubastatin performed better in the glucose tolerance test (Fig. 3b). 
Although tubastatin did not alter the body weight or food intake 
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Fig. 3 | Tubastatin treatment improves metabolic function in DIo mice. a, Measurement of 6-h daytime fasting blood glucose 10 weeks after treatments 
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of lean mice (Fig. 1g,h), following a 6-week drug treatment, lean 
mice also had improved glucose tolerance (Fig. 3c), indicating a 
fat-loss-independent effect of tubastatin on glucose metabolism. 
Tubastatin-induced weight loss in DIO mice was also accompanied 
by a significant reduction in hepatic steatosis (Fig. 3d). Accordingly, 
liver and adipose tissue expression of lipid metabolism genes and 
hepatic expression of genes regulating glucose metabolism showed 
a significant decrease (Fig. 3e–g). Tubastatin treatment further led 
to an elevated expression of anti-inflammatory M2 macrophage 
markers Chil3 (also called Ym1) and Arg1 in adipose tissue (Fig. 3h).

Tubastatin-induced fat loss in DIO mice indicates increased 
lipolysis coupled to fatty acid oxidation. Therefore, we next placed 
DIO mice in metabolic chambers and started treating them with 
vehicle or tubastatin, during which period food intake (Fig. 3i) 
and body weight (Fig. 3j) of drug-treated animals significantly 
decreased. DIO mice displayed a decrease in their respiratory quo-
tient (RQ) values, indicating increased utilization of fatty acids as 
the preferred energy source (Fig. 3k and Extended Data Fig. 4a). 
Although tubastatin-treated mice consumed fewer calories than 
the vehicle group (Fig. 3i), we did not observe a compensatory 
decrease in their total energy expenditure (Fig. 3l and Extended 
Data Fig. 4b,c), whereas pair-fed mice displayed decreased energy 
expenditure (Extended Data Fig. 4d). These results suggest that 
tubastatin-induced metabolic changes differ from food restriction, 
which normally triggers a decrease in energy expenditure adap-
tive to decreased caloric intake. Tubastatin-treated mice did not 
display a change in their overall physical activity or other param-
eters of locomotion and sleep (Extended Data Fig. 4e–h), suggest-
ing that tubastatin does not induce any locomotor or circadian 
changes in the animals. Compared to their pair-fed counterparts, 
tubastatin-treated mice lost more fat mass (Extended Data Fig. 4i,j). 
These results collectively suggest that tubastatin-induced weight 
loss is accompanied by significant improvements in overall meta-
bolic health of the animals.

The anti-obesity effect of tubastatin requires leptin signaling. 
Food intake and body weight in mammals are regulated in part by 
the adipostatic factor leptin and its activity on circuits such as the 
central melanocortin system38. Mutations in leptin, leptin receptor 
or the melanocortin receptor 4 (MC4R) results in hyperphagic obe-
sity in both rodents and humans. Because tubastatin decreases body 
weight in hyperleptinemic DIO mice but not in normoleptinemic 
lean mice, we tested whether the anti-obesity effect of tubastatin 
required leptin signaling. Notably, tubastatin failed to decrease 
the body weight of db/db mice and had only a transient effect on 
their food intake during the 4-week drug treatment (Fig. 4a,b). The 
body composition or the plasma leptin concentration of db/db mice 
between the vehicle and tubastatin groups did not significantly dif-
fer (Fig. 4c,d). Leptin-deficient ob/ob mice (Fig. 4e,f) or MC4R KO 
mice (Fig. 4g,h) also displayed resistance to the anti-obesity effect 
of tubastatin, strongly arguing that activation of the leptin–melano-
cortin system couples HDAC6 inhibition to weight loss. Therefore, 
we directly tested whether tubastatin can potentiate leptin action 
in vivo. To this end, we first treated lean wild-type mice with saline 
or leptin in combination with vehicle or tubastatin and measured 
the response of the animals to a 24 h fast-induced refeeding. We 
chose a dose of leptin (2.5 mg kg−1) that did not significantly change 
weight gain when administered alone (Fig. 5a). Tubastatin did not 
alter food intake or body weight of saline-treated mice (Fig. 5a,b), 
whereas leptin-treated mice ate less than the saline group (Fig. 5b). 
Notably, tubastatin increased the anorectic effect of leptin; mice that 
were co-treated with leptin and tubastatin ate significantly less and 
gained significantly less weight than all other groups (Fig. 5a,b), sug-
gesting that tubastatin increases the anorectic effect of exogenous 
leptin. We conducted a similar experiment in leptin-deficient ob/ob 
mice, which develop hyperphagic obesity. To see whether tubastatin 
can also sensitize these mice to exogenous leptin, we first treated 
mice with vehicle or tubastatin for 5 d consecutively. Next, we 
started treating mice in each group with either PBS or a low dose of 
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leptin (0.2 mg kg−1) while continuing the vehicle or tubastatin treat-
ments. Leptin or tubastatin did not significantly alter food intake 
or body weight of ob/ob mice during the course of the experiment 
when compared to controls (vehicle + PBS) (Fig. 5c,d). However, 
when leptin was co-administered with tubastatin, food intake of the 
mice was significantly suppressed and their body weight decreased 
(Fig. 5c,d).

While lean wild-type mice and ob/ob mice have low or no cir-
culating leptin, respectively, DIO mice have significantly increased 
leptin concentrations but fail to restrict their weight gain due 
to central leptin resistance3,4,39,40. Therefore, we tested whether 
tubastatin-treated DIO mice would regain their leptin sensitivity. 
We first tested the response of DIO wild-type mice to exogenous 
leptin following tubastatin administration. Because tubastatin alone 
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induces weight loss, which could lead to leptin sensitization, we 
fasted DIO animals after the first vehicle or tubastatin injections 
and followed their food intake and weight gain after leptin treat-
ments. Vehicle-treated mice did not show a significant difference in 
their weight gain or food intake upon leptin treatment (Fig. 5e,f), 
consistent with diet-induced leptin resistance. Tubastatin-treated 
DIO mice lost more weight and ate less than other groups when 
they were co-administered leptin (Fig. 5e,f). Accordingly, the level 
of leptin-induced STAT3 phosphorylation was higher in the arcu-
ate and dorsomedial hypothalamic nuclei of DIO mice following 
tubastatin treatment (Extended Data Fig. 5).

Finally, to assess the potentiation of endogenous leptin signal-
ing, we tested whether tubastatin would induce leptin-responsive 
gene expression in hyperleptinemic DIO mice. To this end, we first 
determined the leptin-regulated transcripts by RNA-sequencing 
after leptin stimulation of the hypothalamic N1-LRb cell line 
(Supplementary Table 1). We confirmed that leptin also induced 
expression of these genes in the hypothalamus of lean mice, sug-
gesting that they are physiological targets of leptin receptor signal-
ing (Fig. 5g). The fold stimulation of leptin-induced transcripts 
in the hypothalamus was relatively low, probably because of the 
low percentage of LepRb-positive cells in the hypothalamus. We 
enriched our leptin-responsive gene list with the recently pub-
lished in vivo transcriptome of hypothalamic LepRb cells, identified 
by TRAP-seq41. Notably, tubastatin treatment led to a significant 
increase in the majority of leptin-responsive genes in the DIO 
hypothalamus (Fig. 5h). Taken together, these results show that 
tubastatin reverses leptin resistance in DIO mice.

HDAC6 regulates body weight in a cell-nonautonomous manner. 
Leptin regulates energy balance predominantly through its central 
action. Therefore we next set to determine whether tubastatin treat-
ment was able to increase leptin sensitivity via acting directly in the 
CNS. When tubastatin was infused centrally to DIO mice at doses 
that significantly inhibited HDAC6 activity (Extended Data Fig. 
6a), we did not detect a significant difference in food intake or body 
weight of the animals in response to tubastatin (Fig. 6a,b). This result 
suggests that tubastatin-induced weight loss was not via direct action 
in the CNS and suggested a peripheral site for the leptin-sensitizing 
effects of tubastatin. Following i.p. administration, analysis of the 
tissue distribution by mass spectrometry indicated that tubastatin 

accumulated mostly in adipose tissue and the liver, with marginal 
levels detected in serum or other tissues (Fig. 6c). Notably, the levels 
of tubastatin in the brain were very low (Fig. 6c) in agreement with 
previous reports on its low brain penetrance28. We also analyzed the 
level of acetylated α-tubulin in tubastatin-treated DIO mice as a 
measure of HDAC6 activity. Tubastatin administration significantly 
increased α-tubulin acetylation, suggesting suppressed HDAC6 
deacetylase activity in the inguinal and gonadal white fat (iWAT 
and eWAT, respectively) and in brown adipose tissue (BAT) (Fig. 
6d). The levels of acetylated α-tubulin in other tissues were either 
marginally elevated (spleen, kidney and muscle) or unchanged 
(liver and hypothalamus) (Extended Data Fig. 6b), suggesting that 
tubastatin inhibited HDAC6 activity predominantly in adipose tis-
sue in an HDAC6-dependent manner (Extended Data Fig. 6c).

To probe the site of action of tubastatin using genetic meth-
ods, we first crossed HDAC6-floxed mice42 with adiponectin-Cre 
(AdipoCre) or synapsin-Cre (SynCre) animals to generate fat-specific 
(HDAC6Adipo∆) or neuronal HDAC6 KO animals (HDAC6Syn∆), 
respectively (Extended Data Figs. 6 and 7). HDAC6Adipo∆ mice 
had normal body weights on a regular diet (Fig. 6e). The energy 
expenditure and RQ of the HDAC6Adipo∆ mice on HFD were com-
parable to the control group, but the KO mice displayed increased 
physical activity during the dark cycle (Extended Data Fig. 6e–g). 
DIO HDAC6Adipo∆ mice gained less weight (Fig. 6e), accumulated 
significantly less fat mass than control mice (Fig. 6f) and resisted 
diet-induced hyperglycemia (Fig. 6g), essentially mimicking the 
phenotypes of tubastatin-treated mice. Accordingly, the anti-obesity 
effect of tubastatin was significantly compromised in HDAC6Adipo∆ 
animals (Fig. 6h). Following 5 weeks of tubastatin treatment, the 
control mice (HDAC6flox/Y and AdipoCre+/− mice) lost 27.5 ± 2.8% 
and 25.9 ± 2.7% of their initial body weights, respectively, whereas 
the HDAC6Adipo∆ mice lost only 11.5 ± 1.1% weight (Fig. 6h). 
Tubastatin treatment significantly decreased the food intake of con-
trol mice but had no significant effect on the cumulative food intake 
of HDAC6Adipo∆ mice (Fig. 6i). These effects were restricted to mice 
with fat-specific ablation of HDAC6; HDAC6Syn∆ mice had a normal 
body weight on standard or HFD (Extended Data Fig. 7d) and there 
was no difference in the effect of tubastatin on HDAC6Syn∆ mice ver-
sus their respective controls (Fig. 6j). We further deleted HDAC6 
in the livers of adult HDAC6flox/Y mice by tail injection of AAV-Cre 
(Extended Data Fig. 8) and these mice responded to tubastatin in a 

Fig. 6 | HDAC6 regulates body weight in a cell-nonautonomous manner. a,b, Daily food intake and body weight change of DIO WT mice treated with 
the indicated doses of TubA (n = 7) or Veh (dimethylsulfoxide (DMSO), n = 7) by daily infusion into the lateral ventricle. i.c.v., intracerebroventricular. c, 
Biodistribution of TubA in indicated tissues and serum collected 2 h after i.p. drug injection (n = 3). d, Immunoblots of Ac-α-tubulin and total α-tubulin 
in the iWAT, eWAT and intrascapular BAT of Veh- or TubA-treated WT DIO mice. Results were obtained from two independent experiments. e, Growth 
curves of regular diet-fed control (HDAC6flox (n = 20 chow, n = 20 HFD and AdipoCre (n = 18 chow, n = 18 HFD) and HDAC6Adipo∆ mice (n = 14 chow, 
n = 19 HFD; HDAC6Adipo∆ HFD versus AdipoCre HFD P = 1.0 × 10−4; HDAC6Adipo∆ HFD versus HDAC6Adipo∆ Chow P = 3.3 × 10−10). f, Body fat composition of 
control (n = 38) and HDAC6Adipo∆ (n = 19) mice on HFD (P = 0.011, unpaired, two-tailed t-test). g, Daytime fasting (6 h) blood glucose of HFD-fed control 
(n = 38) and HDAC6Adipo∆ (n = 19) mice (P = 0.0047 by two-tailed t-test. *P < 0.05, **P < 0.01, ***P < 0.001 as analyzed by Student’s t-test. h–j, Change 
in body weight (HDAC6Adipo∆ Veh versus HDAC6Adipo∆ TubA P = 4.9 × 10−10; HDAC6flox Veh versus HDAC6flox TubA P = 2.6 × 10−10, AdipoCre Veh versus 
AdipoCre TubA P = 2.6 × 10−10, HDAC6Adipo∆ TubA versus AdipoCre/HDAC6flox TubA P = 2.6 × 10−10) and (h) cumulative food intake (HDAC6Adipo∆ Veh 
versus HDAC6Adipo∆ TubA P = 0.73; HDAC6flox Veh versus HDAC6flox TubA P = 1.3 × 10−5, AdipoCre Veh versus AdipoCre TubA P = 4.2 × 10−4, HDAC6Adipo∆ 
TubA versus AdipoCre/HDAC6flox TubA P = 0.04) (i) of HDAC6Adipo∆ mice (n = 10 mice. HDAC6flox Veh; n = 9 mice HDAC6flox TubA; n = 9 mice, AdipoCre 
Veh; n = 9 mice, AdipoCre TubA; n = 8 mice, HDAC6Adipo∆ Veh; n = 10 mice, HDAC6Adipo∆ TubA) (h) and weight change of HDAC6Syn∆ mice (n = 10 mice, 
HDAC6flox Veh; n = 10 mice, HDAC6flox TubA; n = 8 mice, SynCre Veh; n = 7 mice, SynCre TubA, n = 8 mice, HDAC6Syn∆ Veh, n = 8 mice, HDAC6Syn∆ TubA; 
for all genotypes Veh versus TubA P = 2.7 × 10−10) (j) and their respective controls during daily Veh or TubA treatments. k, Expression of leptin-responsive 
transcripts in N1-LRb cells pretreated with plasma from Veh or TubA-treated ob/ob mice for 2 h, followed by leptin (2 ng ml−1) stimulation for 4 h (n = 6; 
TubAPlasma + PBS versus TubAPlasma + Lep, Bcl3 P = 9.4 × 10−4, Elfn1 P = 0.023, Nav2 P = 0.056, Socs3 P = 0.0052). l, 24 h fasted lean WT or HDAC6Adipo∆ 
mice were treated with leptin or saline alone or in combination with TubA. The food intake during refeeding were plotted as percent intake of the 
saline groups (n = 4 for all groups except HDAC6Adipo∆ Veh, where n = 3. WT Veh versus WT TubA: 3 h P = 2.2 × 10−3, 6 h P = 1.3 × 10−5, 16 h P = 2.2 × 10−4, 
24 h P = 5.0 × 10−4; WT TubA versus HDAC6Adipo∆ Tub: 3 h P = 0.025, 6 h P = 7.3 × 10−7, 16 h P = 2.8 × 10−3, 24 h P = 2.6 × 10−4). See also Extended Data Fig. 
9f,g. m, Illustration summary. HFD induces and TubA suppresses HDAC6 activity in adipose tissue. Inhibition of HDAC6 activity leads to central leptin 
sensitization through a potentially new adipokine (Factor X). *P < 0.05, **P < 0.01, ***P < 0.001 as analyzed by mixed-effect analysis (e–i) or one-way (j) or 
two-way ANOVA (k,l) with Tukey’s post hoc test for multiple comparison. Data are represented as mean ± s.e.m.
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comparable manner to their control counterparts (Extended Data 
Fig. 8g,h), collectively suggesting that neuronal and hepatic HDAC6 
are not required for tubastatin-induced weight loss. Notably, liver 
specific deletion of HDAC6 led to higher fat accumulation on 
HFD (Extended Data Fig. 8d), a phenotype that is the opposite of 
HDAC6Adipo∆ mice, which may in part explain the normal adiposity 
of global HDAC6 KO mice (Extended Data Fig. 1i,j).

To further delineate tubastatin-induced transcriptional changes, 
we conducted RNA-sequencing using WAT from vehicle or 
tubastatin-treated wild-type and HDAC6 KO DIO mice as well as 
WAT from AdipoCre versus HDAC6Adipo∆ mice (Supplementary 
Tables 2–7). There were 739 differentially expressed genes in 
tubastatin-treated wild-type DIO eWAT, whereas only 57 of these 

genes (<8%) were altered in HDAC6 KO mice upon tubastatin 
treatment. Among these 57 transcripts, expression of 28 genes was 
also altered in either HDAC6Adipo∆ mice or global HDAC6 KOs when 
compared to controls, suggesting that tubastatin alters expression 
of these genes in an HDAC6-dependent and independent manner. 
Collectively, we conclude that the nonspecific effect of tubastatin 
on the transcriptome of adipose tissue was marginal. Furthermore, 
ablation of HDAC6 did not seem to induce a compensatory response 
from other HDAC family members; the only exception being an 
approximately 50% decrease in HDAC9 expression in eWAT of 
HDAC6 KO mice (Supplementary Table 5). We did not observe 
a significant change in expression of any HDACs in HDAC6Adipo∆ 
mice (Supplementary Table 4) and tubastatin treatment did not alter 
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expression of other HDACs in wild-type DIO mice (Supplementary 
Tables 2 and 3).

Our results suggest that tubastatin-induced leptin sensitiza-
tion and weight loss works in a cell-nonautonomous manner, 
possibly through a systemic factor. Thus, we devised an in vitro 
leptin-sensitization experiment. Using hypothalamic N1-LRb 
cells, we first confirmed that this cell line responded to leptin in a 
dose-dependent manner (Extended Data Fig. 9a) and we were able 
to recapitulate leptin-induced leptin resistance by pre-incubating 
cells with leptin (Extended Data Fig. 9b). Using a submaximal leptin 
dose, we tested whether the plasma from tubastatin-treated animals 
could increase expression of leptin-responsive genes (Extended 
Data Fig. 9c) in N1-LRb cells in a leptin-dependent manner. To 
avoid potential confounding effects of endogenous leptin, we used 
plasma from vehicle or tubastatin-treated ob/ob mice. Our results 
showed that the plasma from tubastatin-treated mice significantly 
potentiated leptin action (Fig. 6k). The leptin-sensitizing factor 
in plasma was not tubastatin itself as dose–response studies with 
tubastatin, covering the range of the drug detected in plasma, failed 
to increase leptin action (Extended Data Fig. 9d). This putative fac-
tor had a protein nature, as treatment with proteinase K followed 
by heat neutralized the leptin-sensitizing factor in plasma samples 
(Extended Data Fig. 9e). Notably, lean HDAC6Adipo∆ mice lost their 

response to the leptin-sensitizing effect of tubastatin (Fig. 6l and 
Extended Data Fig. 9f,g), suggesting that the tubastatin-induced 
systemic factor was fat-derived (Fig. 6m).

Amylin and GLP-1 potentiate the anorectic effect of leptin, at 
least in part, by IL1R1 and interleukin (IL)-6 signaling43,44. A pen-
tacyclic triterpenoid called celastrol was also proposed to induce 
leptin sensitization and weight loss through an unknown mecha-
nism of action that requires IL1R1 (ref. 45). Furthermore, IL-6 was 
proposed to act as a leptin sensitizer44,46. We found that tubastatin did 
not directly potentiate leptin signaling in N1-LRb cells (Extended 
Data Fig. 9h). Furthermore, IL-6-neutralizing antibodies or genetic 
ablation of IL1R1 did not block tubastatin-induced weight loss in 
obese mice (Extended Data Fig. 9i,j). Tubastatin did not increase 
the transport of fluorescently labeled leptin (Cy3-leptin) across the 
blood–brain barrier (Fig. 7a) and the drug was effective in increas-
ing the potency of leptin when leptin was administered centrally 
(Fig. 7b,c). Collectively, these findings suggest a dual mode of action 
for tubastatin-induced weight loss, in which peripheral HDAC6 
inhibition leads to a potentially unidentified systemic factor that in 
turn acts in the CNS to induce leptin action (Fig. 6m).

HDAC6 is a zinc-dependent enzyme and potent HDAC6 inhibi-
tors, including tubastatin, contain the hydroxamic acid residue 
as the zinc-chelating moiety (Fig. 8a). While HDAC6-specific 
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inhibitors were shown to be safer than pan-HDAC inhibitors47,48, 
the potential problems associated with hydroxamates have hin-
dered their clinical use49. We identified that a non-hydroxamate 
HDAC6-specific inhibitor, which has about 1,000-fold selectivity 
versus all other known HDAC isozymes50 and is structurally unre-
lated to tubastatin (Fig. 8a–d) effectively reduces obesity (Fig. 8e), 
serving as a proof-of-principle study for the potential development 
of non-hydroxamate HDAC6 inhibitors as safe anti-obesity thera-
peutics. Notably, this compound was also ineffective at inducing 
weight loss in db/db mice (Fig. 8f), further supporting our conclu-

sion that HDAC6 inhibition-induced weight loss requires intact 
leptin signaling.

Discussion
In this study we demonstrate that peripheral HDAC6 inhibition, 
predominantly in the adipose tissue, leads to central leptin sensi-
tization and consequent weight loss. Suppression of food intake 
seems to be the major driver of reduced obesity and several lines 
of evidence indicate that tubastatin-induced weight loss involves 
improved leptin action. While tubastatin-treated DIO mice lose 
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approximately half of their fat mass, this response is significantly 
compromised in db/db mice, which lack leptin receptor signaling, 
leptin-deficient ob/ob mice and MC4R KO mice. While tubastatin 
does not affect the body weight or food intake of lean wild-type mice, 
it potentiates the anorectic effect of exogenous leptin and a similar 
response is observed in leptin-deficient ob/ob animals. Following 
an acute tubastatin administration, DIO mice regain their response 
to leptin. Furthermore, administration of tubastatin to hyperlep-
tinemic DIO mice induces expression of leptin-responsive genes 
in the hypothalamus. These results collectively suggest that the 
tubastatin-induced effect on energy homeostasis requires hyperlep-
tinemia and depends on intact leptin receptor signaling.

Tubastatin does not alter the energy balance in lean mice prob-
ably due to their relatively low circulating leptin levels. However, 
long-term administration of tubastatin to these mice leads to a sig-
nificant improvement in their glucose homeostasis. Whether this 
response is leptin dependent or is a cell-autonomous consequence 
of HDAC6 inhibition, potentially in the liver, is currently unknown. 
HDAC6 deficiency, in the global HDAC6 KO mice, was previously 
shown to improve the glucocorticoid-induced systemic glucose 
intolerance51. In addition, leptin has anti-diabetic effects through 
its central action52, suggesting that the tubastatin-induced improve-
ment in glucose metabolism might work through leptin-dependent 
and independent pathways. Leptin acts as a peripheral signal to 
regulate fasting-induced changes in the central neuroendocrine 
axes53. In our study we tested the effect of tubastatin on the regula-
tion of energy balance by leptin. It is worth investigating whether 
this synergy involves other neuroendocrine functions of leptin and 
whether the tubastatin-induced potentiation of leptin’s anorectic 
effect extends to other endocrine regulators of feeding.

Earlier studies conducted using a broad-spectrum HDAC inhibi-
tor butyrate, which inhibits the classical HDACs except HDAC6 and 
HDAC10 (ref. 54), showed that while butyrate did not induce weight 
loss in obese mice following peripheral administration55, its cen-
tral action increased food intake and weight gain56. Furthermore, 
the class I HDAC inhibitor MS275 does not alter food intake in 
mice57,58, further supporting our conclusion that the metabolic 
improvements observed with tubastatin treatment are restricted 
to HDAC6. Peripherally restricted cannabinoid inverse agonists 
increase leptin excretion through kidneys and decrease leptin 
expression from the adipose tissue to resensitize DIO mice to their 
endogenous leptin59. Furthermore, partial blockade of diet-induced 
hyperleptinemia also leads to leptin sensitization60. Decreased lep-
tinemia is unlikely to mediate the tubastatin-induced leptin sensiti-
zation as plasma leptin levels of tubastatin-treated db/db mice were 
not significantly altered, suggesting that HDAC6 inhibition does 
not decrease plasma leptin before weight loss. In addition, plasma 
from tubastatin-treated ob/ob mice, which lack leptin, can induce 
leptin-responsive gene expression only in the presence of leptin 
itself, strongly arguing that HDAC6 inhibition leads to an unknown 
systemic signal that synergizes with leptin. Accordingly, the adipose 
tissue transcriptome of DIO mice indicates changes in the expres-
sion of numerous secreted proteins following tubastatin treatment 
(Supplementary Tables 2 and 3). This nonautonomous mechanism 
also distinguishes HDAC6 inhibition-induced leptin sensitization 
from some of the other leptin sensitizers that were proposed to act 
centrally to relieve endoplasmic reticulum stress4. While we could 
not reproduce these findings (Extended Data Fig. 10d,e) and this 
mechanism of action was also challenged by other groups61,62, how 
central endoplasmic reticulum stress per se is mechanistically cou-
pled to leptin action is still not clear63. Tubastatin does not have an 
anti-obesity effect when infused centrally to wild-type DIO mice. 
Furthermore, neuronal HDAC6 or global IL1R1 expressions are 
dispensable for tubastatin-induced weight loss, thus distinguishing 
the tubastatin-induced restoration of leptin action as a pathway dis-
tinct from other leptin sensitizers4.

Tubastatin administration or fat-specific HDAC6 deletion atten-
uates HFD-induced adiposity, whereas global HDAC6 KO mice 
gain weight normally. While it is possible that embryonic deletion 
of HDAC6 might be developmentally compensated, it is worth not-
ing that HDAC6 deletion in the fat versus the liver protected or aug-
mented, respectively, the response to HFD. Thus, the tissue-specific 
pharmacodynamic results shown here, such as the ability of the 
tubastatin to inhibit HDAC6 predominantly in fat but not liver likely 
accounts for the different effects on DIO seen following tubastatin 
administration versus HDAC6 KO. In this regard, for example, 
many well-tolerated drugs target genes that are lethal when embry-
onically ablated64 and similar discrepancies have been observed for 
other factors including NRF2, where both its genetic deletion and 
pharmacological activation protects from DIO65–68. It is also worth 
noting that HDAC6 has deacetylase-independent functions, includ-
ing its E3 ligase and the ubiquitin-binding activities, which are 
retained under tubastatin treatment69 but not in global KO mice. 
Tubastatin-mediated inhibition of HDAC6 was shown to enhance 
its microtubule binding capacity69 and certain proteostatic steps 
regulated by HDAC6, including the heat-shock response, require 
its UBD and are not entirely dependent on its catalytic activity70–72. 
Accordingly, direct treatment of isolated fat explants with tubastatin 
or CAY10603 lead to the induction of heat-shock response which 
was mimicked by only the catalytically inactive HDAC6 (HDAC6CI) 
but not the wild-type protein (Extended Data Fig. 10a–c). While it 
is unclear at this stage whether such a stress response is the driv-
ing factor leading to the metabolic improvements we observed in 
this study, it is possible that HDAC6 inhibitors could induce a gain 
of function in the deacetylase-independent-activities of the protein 
that might in turn be important for protection from obesity.

A former study characterized the role of HDAC6 in adipose 
tissue and reported that fat-specific ablation of HDAC6 leads to 
excess weight gain in mice independent of the diet they consume 
when compared to HDAC6flox mice73. Furthermore, the same study 
reported significantly decreased HDAC6 protein levels in the 
gonadal fat of DIO mice. In contrast, our results obtained from a 
relatively large cohort of mice (n = 14–20 mice per genotype and 
reproduced in two separate cohorts) including both HDAC6flox and 
AdipoCre groups as the controls indicate that fat-specific deletion 
of HDAC6 protects from obesity. Notably, the anti-obesity effect of 
tubastatin is significantly compromised upon fat-specific ablation 
of HDAC6 expression. We further tested the nutrient-dependent 
regulation of HDAC6 expression in various metabolic tissues in 
lean and DIO mice, concluding that HDAC6 mRNA expression did 
not show major changes in various tissues. Notably, the HDAC6 
protein level was similar in the gonadal fat and liver of lean ver-
sus DIO mice. The reason for this apparent discrepancy between 
our results and this former study73 is not clear. However, HDAC6 
inhibition was suggested to inhibit adipogenesis74 and HDAC6 acts 
as a negative regulator of adipose tissue insulin receptor signaling 
to regulate systemic glucose homeostasis75. Our results also suggest 
an improvement of the metabolic syndrome by HDAC6 inhibition.

These findings collectively suggest that peripheral inhibition of 
HDAC6 deacetylase activity results in weight loss and improves glu-
cose homeostasis in large part through increased leptin sensitivity in 
obese animals. It is worth noting that tubastatin induces a transient 
but significant reduction in the food intake of db/db, MC4R and 
ob/ob mice; however, in the presence of hyperleptinemia this effect 
is prolonged and translates into significant weight loss in wild-type 
DIO animals. This phenotype is reminiscent of the preservation of 
body weight set point observed in forced-feeding studies76,77, where 
the hypophagia following cessation of forced feeding is dependent 
on the functional leptin receptor signaling and is mediated by a cir-
culating and potentially adipose-derived catabolic signal. Such a fac-
tor that alone is moderately hypophagic would have an augmented 
anti-obesity action in the presence of intact leptin signaling78. While 
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the details of the communication between peripheral HDAC6 activity 
and central leptin sensitivity is not clear, studies conducted in a range 
of species from Caenorhabditis elegans to mammals suggest the pres-
ence of signaling molecules that originate in response to perturbations 
in proteostasis to regulate energy metabolism and longevity79,80 and 
that loss of HDAC6 in C. elegans leads to extended life span81. Future 
studies will be needed to uncover the potential link between the role 
of HDAC6 in proteostasis and the regulation of energy metabolism.

Unlike other HDACs, inhibition of HDAC6 activity does not 
cause toxicity or apparent adverse effects47,48 and treatment with 
HDAC6 inhibitors protects against muscle atrophy and neurode-
generation29,35 and confers cardioprotection35,82. In light of our find-
ings presented here, potent and safe HDAC6-specific inhibitors 
could represent a pharmacological approach for the treatment of 
metabolic disorders, including obesity.

Methods
Animals. The Institutional Animal Care and Use Committees at the University 
of Michigan, Vanderbilt University and University of Colorado Anschutz 
Medical Campus approved the experimental protocols and euthanasia 
procedures used in this study. Animals were housed at a 12 h dark/light cycle, 
temperature and humidity-controlled rooms (72 °F/22.2 °C and relative humidity 
at 30–70%). Mice were purchased from the Jackson Laboratory (000664, 
C57BL/6J; 000632, B6.Cg-Lep<ob>/J; 000697, B6.BKS(D)-Lepr db/J; 003245, 
B6.129S7-Il1r1<tm1Imx>/J; 006414, B6;129S4-Mc4r<tm1Lowl>/J; 028020, 
B6.FVB-Tg(Adipoq-cre)1Evdr/J; and 003966, B6.Cg-Tg(Syn1-cre)671Jxm/J), 
except HDACflox mice42 (donated by V. Zachariou, Icahn School of Medicine at 
Mount Sinai) and HDAC6 KO mice35,83. HDACflox mice were crossed to AdipoCre 
or Syn1-Cre mice (described below) to generate the tissue-specific knockout 
mice. AdipoCre+/−, SynCre+/− and HDACflox mice were used as the control groups. 
Combined data from the AdipoCre+/− and HDACflox mice were listed as the control 
group as the results of these groups were not statistically different for the reported 
parameters. Generation of the HDAC6 KO mice was described previously35,83. 
Mice were fed either regular chow (5LOD from Lab Diet) or HFD (60 kcal% fat, 
Research Diets, cat. no. D12492) and had free access to food and water unless 
specified. Lean mice were 8–12 weeks old at the beginning of the experiments. 
DIO models were developed by exposing mice to HFD at 4–5 weeks of age for 
16–20 weeks unless stated otherwise in the experiments described. Only male 
mice were used expect for the studies described in Extended Data Fig. 1g,h. 
Body composition was analyzed with Bruker’s minispec LF50 Body Composition 
Analyzer (Bruker) when indicated. IL-6 neutralization was performed by i.p. 
injection of the rat monoclonal InVivoMAb anti-mouse IL-6 antibody from Bio X 
Cell (cat. no. BE0046).

Leptin-food intake studies. Lean wild-type mice were fasted for 25 h. Tubastatin 
was injected at 0, 16 and 24 h of fasting. Leptin was dissolved in sterile PBS and i.p. 
injected 30 min before start of refeeding. Food intake was measured at 1, 3, 6, 16 
and 24 h, body weight was measured 16 and 24 h after refeeding. ob/ob mice were 
pretreated with tubastatin or vehicle for 5 d consecutively and then continued to 
receive vehicle or tubastatin with either PBS or leptin. Injections were performed 
within 1 h before start of dark cycle.

Cell culture. HEK293 and 293T cells were cultured in high glucose DMEM 
(GIBCO) supplemented with 10% FBS and penicillin/streptomycin. Tubastatin 
and BRD3067 were dissolved in DMSO and added to the culture medium for 24 h. 
Embryonic Mouse Hypothalamus Cell Line N1 (mHypoE-N1) was obtained from 
Cedarlane Labs (cat. no. CLU101).

Drugs and reagents. Tubastatin A HCl (tubastatin), CAY10603 and Ricolinostat 
were purchased from different vendors (APExBIO, Selleckchem, AdooQ 
Bioscience and Chemboxer). Tubastatin was dissolved in a solution of 50% PEG-
400, 30% PBS, 20% DMSO or only DMSO for animal studies. CAY10603 and 
ricolinostat were dissolved in DMSO. Recombinant mouse leptin was from A. F. 
Parlow (National Hormone and Peptide Program). HDAC6 activity assay kit was 
from BioVision (cat no. K466); the assay was run according to the manufacturer’s 
instructions.

Drug treatments. Tubastatin, CAY10603 or ricolinostat were administered within 
1 h before dark cycle by daily i.p. injection unless specified otherwise. For i.p. 
injections, drugs or vehicle were injected at 25 µl per animal. For lateral ventricle 
infusions tubastatin was dissolved in DMSO as vehicle and was infused in 500 nl at 
indicated doses once a day before the dark cycle.

Glucose tolerance test. For glucose tolerance tests, mice were fasted overnight. In 
the morning, mice received 1 g kg−1 dextrose i.p. Blood glucose was measured from 
the tail vein at 0, 15, 30, 60, 90 and 120 min after glucose injection.

Leptin and insulin ELISAs. Leptin ELISA kit was from Crystal Chem (cat. no. 
90030). Leptin concentration was measured using mouse plasma according 
to manufacturer’s instructions. Blood was collected in heparinized vials and 
centrifuged for 60 min at 3,000 r.p.m. at 4 °C. Plasma was collected and stored in 
−80 ˚C until further processing.

Lateral ventricle cannulation. Under isoflurane anesthesia, mice were 
stereotaxically implanted with a stainless steel cannula (Plastic One) into their 
right lateral ventricle at the following coordinates with respect to bregma: lateral, 
1.00 mm; anteroposterior, −0.460 mm; ventral, −2.20 mm. Positive cannulation 
was verified by measurement of water intake in response to i.c.v. injection of 
angiotensin II (Sigma).

Western blot. For western blot analysis, cells or tissues were lysed in RIPA 
buffer (50 mM TRIS, pH 7.5, 25 mM NaF, 100 mM NaCl, 5 mM EDTA, 0.1% 
SDS, 1% TritonX-100) supplemented with protease and phosphatase inhibitors, 
20 mM nicotinamide and 20 µM vorinostat. Equal amounts of total lysates were 
separated on 4–15% SDS–PAGE gels (Bio-Rad), transferred to PVDF membranes 
(Millipore) and probed with indicated antibodies. Blots were washed with PBS/T 
(0.1% Tween-20 in PBS) and either developed (for GAPDH–HRP) or probed 
with HRP-conjugated secondary antibodies (Cell Signaling, cat. no. 7074 and 
7076) and developed. Rabbit monoclonal anti-HDAC6 (cat. no. 7612), rabbit 
monoclonal anti-acetyl-α-tubulin (cat. no. 5335), rabbit polyclonal anti-α-tubulin 
(cat. no. 2144), rabbit monoclonal anti-GAPDH–HRP conjugate (cat. no. 8884) 
were from Cell Signaling. Rabbit monoclonal anti-HDAC6 (cat. no. 7612), rabbit 
monoclonal anti-acetyl-α-tubulin (cat. no. 5335) antibodies were validated using 
wild-type and HDAC6 KO mouse tissues as in Extended Data Fig. 2b,c. Primary 
antibodies were used at 1:1,000 dilution with anti-acetyl-α-tubulin antibody used 
at 1:10,000 dilution. Secondary HRP-conjugated antibodies were used at 1:10,000 
dilution. Western blot images were quantified using Adobe Photoshop SC6 and 
ImageJ v.1.51.

Immunohistofluorescent staining and microscopy. Wild-type DIO mice were 
treated with i.p. vehicle and leptin or i.p. tubastatin and leptin. Mice were perfused 
by cold 10% formalin 40 min after leptin administration. The brain was removed 
and tissue blocks containing the hypothalamus were dissected and post-fixed in 
10% formalin for 24 h and transferred to 30% sucrose in 0.1 M phosphate buffer 
for cryoprotection. Coronal sections were cut (30 μm) using a freezing microtome 
(Leica SM2000R) and stored at −20 °C in a cryopreservative solution (30% 
ethylene glycol, 1% polyvinylpyrrolidone and 30% sucrose in sodium phosphate 
buffer) until further processing. Recombinant mouse leptin, Cy3 labeled (cat. 
no. FC3-003-13) was purchased from Phoenix Pharmaceuticals. Wild-type DIO 
mice were treated with i.p. vehicle or tubastatin and co-treated with 0.5 nmol 
leptin intravenously (i.v.). The animals were perfused as described above and 
30-µm hypothalamic sections covering the median eminence were mounted onto 
Superfrost slides (Thermo Fisher Scientific), coverslipped with ProLong Gold 
with 4,6-diamidino-2-phenylindole (DAPI) mounting medium (cat. no. P36931; 
Thermo Fisher Scientific) and stored at 4 °C until analysis.

All steps were performed at room temperature, with gentle agitation of 
free-floating sections except for primary antibody incubation. Tissue sections 
were washed with PBS (pH 7.35, 0.1 M PB containing 0.9% NaCl) between 
steps. Sections were treated with 1% sodium hydroxide (cat. no. SIG/221465; 
Sigma-Aldrich) and 1% hydrogen peroxide (20 min, cat. no. H325; Thermo Fisher 
Scientific). The sections were then transferred to 0.3% glycine (10 min; cat. no. 
G48-500; Thermo Fisher Scientific) followed by incubation in 0.04% SDS (cat. no. 
L3771-100G; Sigma-Aldrich).

Primary and secondary antibodies were diluted in an incubation solution 
consisting of 0.25% gelatin (Thermo Fisher Scientific, cat. no. G7-500) in PBS with 
0.5% Triton X-100 (Sigma-Aldrich, cat. no. BP151-500) to prevent nonspecific 
labeling. Once tissue was incubated in the proper fluoroprobe, tissue was protected 
from light from that step forward. After staining, sections were mounted onto 
Superfrost slides (Thermo Fisher Scientific), coverslipped with ProLong Gold 
with DAPI mounting medium (Thermo Fisher Scientific) and stored at 4 °C until 
analysis. Sections from animals in all groups were processed simultaneously 
and the experimenter was blind to the treatment group during tissue processing 
and analysis. For p-STAT3 IHF, staining and analysis was performed on four 
middle arcuate sections per animal per treatment. Sections were incubated with 
rabbit anti-p-STAT3 (1: 500 dilution, 17 h, Cell Signaling, cat. no. 9145S) at 4 °C 
followed by incubation in DyLight 488 goat anti-rabbit (1:500 dilution, 60 min, 
room temperature, Thermo Fisher, cat. no. 35553). Confocal Z-stacks consisting 
of 1.0-μm optical sections were captured at ×20 magnification on a Leica SP8 
inverted, point-scanning confocal system (Leica); fluorophores were detected 
at wavelengths of 488 (p-STAT3) and 565 (Cy3-fluorescent tagged leptin). 
Images were imported into ImageJ software (National Institutes of Health), max 
projections of z-stacks were created, sharpened and adjusted for contrast and 
brightness, identically for all images.

HDAC6 activity assay. Wild-type DIO mice, cannulated in the lateral ventricle, 
were killed 1 hour after vehicle or tubastatin (25 µg) infusion. Brains, except 
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cerebellum, were excised and immediately frozen in liquid nitrogen until 
processing. Brains were homogenized in HDAC6 activity kit lysis buffer 
(BioVision) supplemented with protease and phosphatase inhibitors. HDAC6 was 
immunoprecipitated using an HDAC6 antibody (Novus Biologicals) that is specific 
to the C terminus of the protein. Of note, the Cell Signaling HDAC6 antibody used 
in the western blots can successfully immunoprecipitate the protein but hinders the 
deacetylase domain due to close proximity of the epitope to the second catalytic 
domain and thus is not appropriate for the activity assays. The brain homogenates 
were incubated with the HDAC6 antibody and protein A/G Sepharose beads at 
4 °C for 3 h. The beads were washed four times with lysis buffer and once with the 
assay buffer in the assay kit. The beads were resuspended in assay buffer and the 
assay was run according to the manufacturer’s protocol except with the following 
modifications. Each resuspended agarose bead was divided into two equal volumes 
in the assay plate and in one half, 20 µM vorinostat was added. The fluorescence 
from the vorinostat wells were subtracted to obtain the activity for each sample.

Gene expression analysis (RT–qPCR). Total RNA (1 µg) isolated (Trizol Reagent, 
Invitrogen) from frozen tissues was converted to complementary DNA (cDNA 
reverse transcription kit, Invitrogen) and used to screen expression levels of the 
listed genes. Reactions were amplified in an ABI Prism 7500 FAST sequence 
detector (Applied Biosystems) and acquired data were analyzed using the ΔΔCt 
method to determine the expression level of each transcript normalized to the 
expression level of the housekeeping genes (36B4, TBP and/or β-actin). Primer 
sequences are listed in Supplementary Table 8.

RNA-sequencing. N1-LRb cells were treated for 4 h with PBS or leptin (100 ng ml−1). 
Total RNA was extracted and sequencing was performed by the University of 
Michigan DNA Sequencing Core, using the Illumina Hi-Seq 4000 platform. Tuxedo 
Suite software package was used for alignment, differential expression analysis and 
post-analysis diagnostics. Briefly, reads were aligned to the reference using TopHat 
(v.2.0.13) and Bowtie2 (v.2.2.1.). The default parameter settings were used for 
alignment, with the exception of: ‘–b2-very-sensitive’ telling the software to spend 
extra time searching for valid alignments. FastQC was used for a second round of 
quality control (post-alignment), to ensure that only high quality data would be 
input to expression quantitation and differential expression analysis. For expression 
quantitation, normalization and differential expression analysis, the parameter 
settings: ‘–multi-read-correct’ was used to adjust expression calculations for reads that 
map in more than one locus, as well as ‘–compatible-hits-norm’ and ‘–upper-quartile–
norm’ for normalization of expression values. Genes and transcripts were identified 
as being differentially expressed based on three criteria: test status = ’OK’, FDR ≤ 0.05 
and fold change ≥± 1.5. We annotated genes and isoforms with NCBI Entrez GeneIDs 
and text descriptions. The sequencing of eWAT samples from HDAC6 KO and 
HDAC6Adipo∆ mice was performed by Novogene.

Genotyping protocols. Materials. Ear punches were extracted in a mixture of 50 µl 
per sample Sigma extraction solution (cat. no. E7526) and 12.5 µl per sample Sigma 
tissue preparation solution (cat. no. T3073). Samples were incubated at room 
temperature for 10 min, followed by 95 °C incubation for 3 min. Solutions were 
neutralized by 50 µl per sample Sigma neutralization solution (cat. no. N3910).

Genotyping protocol. For global HDAC6 KO, two separate reactions were used to 
identify the genotype (WT, 326 bp; KO, ~300 bp). Wild-type PCR reaction was run 
using primers: 5ʹ CTG GTT CGT CTG AAG ACA 3ʹ and 5ʹ GTG GAC CAG TTA 
GAA GCC 3ʹ. The reaction proceeded with 95 °C for 3 min, 32 cycles of (95 °C for 
30 s, 60 °C for 30 s, 72 °C for 90 s), 72 °C for 10 min and held at 4 °C.

The KO allele was identified using primers: 5ʹ CCA TGA CCG AGA TCG 
GCG AGC A 3ʹ and 5ʹ CGT GAA TTC CGA TCA TAT TCA AT 3ʹ. The PCR 
reaction was run at 95 °C for 3 min, 35 cycles of (95 °C for 30 s, 60 °C for 30 s, 72 °C 
for 90 s), 72 °C for 10 min and held at 4 °C.

We obtained Adipoq-Cre mice from the Jackson Laboratory (stock no. 
028020). The following four primer mix was used for genotyping PCR (transgene, 
~200 bp, internal positive control 324 bp). Transgene reverse, 5ʹ ACG GAC AGA 
AGC ATT TTC CA 3ʹ; transgene forward, 5ʹ GGA TGT GCC ATG TGA GTC TG 
3ʹ; internal positive forward, 5ʹ CTA GGC CAC AGA ATT GAA AGA TCT 3ʹ; and 
internal positive reverse, 5ʹ GTA GGT GGA AAT TCT AGC ATC ATC C 3ʹ. The 
PCR reaction proceeded with: 94 °C for 2 min, ten cycles of (94 °C for 20 s, 65 °C for 
15 s 0.5 decrease per cycle (touchdown), 68 °C for 10 s); 28 cycles of (94 °C for 15 s, 
60 °C for 15 s, 72 °C for 10 s); 72 °C for 2 min and held at 10 °C.

Syn1-Cre mice were purchased from the Jackson Laboratory (stock no. 
003966). Two sets of primers were used for two separate PCRs (transgene, ~300 bp; 
internal positive control, 324 bp). Transgene forward, 5ʹ CTC AGC GCT GCC 
TCA GTC T 3ʹ; transgene reverse, 5ʹ GCA TCG ACC GGT AAT GCA 3ʹ; internal 
positive forward, 5ʹ CTA GGC CAC AGA ATT GAA AGA TCT 3ʹ; internal 
positive reverse, 5ʹ GTA GGT GGA AAT TCT AGC ATC ATC C 3ʹ.

Wild-type PCR was the same as Adipoq-Cre PCR: 94 °C for 2 min, ten cycles 
of (94 °C for 20 s, 65 °C for 15 s 0.5 decrease per cycle (touchdown), 68 °C for 10 s); 
28 cycles of (94 °C for 15 s, 60 °C for 15 s, 72 °C for 10 s); 72 °C for 2 min and held at 
10 °C. Transgene PCR proceeded as 94 °C for 2 min, 30 cycles of (94 °C 15 s, 62 °C 
15 s, 72 °C 10 s), 72 °C 2 min and held at 10 °C.

HDAC6-floxed mice were identified by confirming both 5ʹ and 3ʹ ends of 
the flox sequence. The 5ʹ floxed reaction (WT, 600 bp; 5ʹ floxed, 650 bp) included 
primers, F: GTA CAA TGT GGC TCA CAG AA; and R: CAG GCA CAG GAA 
TAT GAG TT. The PCR reaction was 94 °C 5 min, 39 cycles of (94 °C 30 s, 60.8 °C 
30 s, 72 °C 1 min), 72 °C 10 min and held at 4 °C. The 3ʹ floxed (WT, 318 bp; 3ʹ 
floxed, 350 bp) primers were F: GGC CTT GTG GCC TGT GAT CT; and R: CAA 
CTC TGC CTC TCC TGG AT. The reaction proceeded with 94 °C 5 min, 39 cycles 
of (94 °C 30 s, 60 °C 30 s, 72 °C 40 s), 72 °C 10 min and held at 4 °C.

Indirect calorimetry. A standard 12 h light/dark cycle was maintained throughout 
the calorimetry studies. Mice, after acclimation to individual housing for at least 
7 d, were placed in metabolic cages located in the Mouse Metabolic Phenotyping 
Center at Vanderbilt University in a temperature- and humidity-controlled housing 
room. Energy expenditure measures were obtained using a computer-controlled 
indirect calorimetry system (Promethion, Sable Systems). The calorimetry 
system consists of 16 metabolic cages (identical to home cages with bedding) 
each equipped with water bottles and food hoppers connected to load cells for 
monitoring of food and water intake; all animals had ad libitum access to food 
and water throughout the study unless otherwise specified. Details of the system’s 
operation and the calculation of energy expenditure, respiratory exchange ratios 
(RERs) and physical activity parameters were as described84.

Compound synthesis. SE-7552 was synthesized as described and dissolved in 
DMSO for animal studies85. Compound 4 (BRD3067) was synthesized according 
to the reaction steps described (Supplementary Fig. 1). The NMR spectra for 
compound 3 and compound 4 are listed at the end of the section.

Methyl 2-methyl-4-((2-methyl-1,2,3,4-tetrahydro-5H-pyrido[4,3-b]indol-5-yl)
methyl)benzoate. At 0 oC, NaH (7.9 mg, 0.332 mmol, 95% in mineral oil) was added 
to a dimethyl formamide (DMF) solution (1.5 ml) of 2-methyl-2,3,4,5-tetrahydro-
1H-pyrido[4,3-b]indole (1, 31.0 mg, 0.166 mmol). The reaction mixture was 
stirred at 0 °C for 40 min. A DMF solution (1.0 ml) of methyl 4-(bromomethyl)-
2-methylbenzoate (2, 40.3 mg, 0.166 mmol) was added dropwise for 15 min. The 
mixture was further stirred at 0 °C for 5 min and the reaction was quenched with 
saturated NH4Cl (aqueous) and the aqueous layer was extracted with EtOAc 
(4 × 10 ml). The combined organic layer was dried over Na2SO4 (anhydrous), 
concentrated in vacuo and the crude was purified by Biotage ISCO silica gel 
chromatography to yield compound 3 (31.0 mg, 53%) as oil. 1H-NMR (CDCl3) δ 
(ppm) 2.54 (s, 3H), 2.61 (s, 3H), 2.81 (t, J = 5.6 Hz, 2H), 2.89 (t, J = 5.3 Hz, 2H), 3.79 
(s, 2H), 3.87 (s, 3H), 5.25 (s, 2H), 6.83 (d, J = 8.1 Hz, 1H), 6.95 (s, 1H), 7.09–7.20 
(m, 3H), 7.48 (dd, J = 1.9, 6.1 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H). Mass spectrometry 
(MS) electrospray ionization (ES) 349.2 [M + H]+, liquid chromatography (LC)–
MS retention time = 0.923 min.

N-hydroxy-2-methyl-4-((2-methyl-1,2,3,4-tetrahydro-5H-pyrido[4,3-b]indol-5-yl)
methyl)benzamide. At room temperature, NH2OH.HCl (71.8 mg, 1.034 mmol) and 
KOH (173.3 mg, 3.09 mmol) were added to a THF/methanol (1:1) solution (2 ml) 
of 3 (72.0 mg, 0.206 mmol). The reaction mixture was stirred at room temperature 
for 2.0 h. The reaction was quenched with 10.0 ml 1 N HCl (aqueous) to adjust 
the pH of 1. The mixture was concentrated in vacuo. The crude was purified by 
HPLC (Phenomenex Gemini C18, H2O (0.1% TFA) /CH3CN gradient 0–50% for 
5 min to produce compound 4 (61.0 mg, 84%). 1H-NMR (MeOD) δ (ppm) 2.31 
(s, 3H), 3.13 (s, 3H), 3.15–3.20 (m, 2H), 3.56–3.63 (m, 1H), 3.84–3.90 (m, 1H), 
4.40 (d, J = 14.3 Hz, 1H), 4.77 (d, J = 14.3 Hz, 1H), 5.40 (d, J = 7.8 Hz, 2H), 6.87 (d, 
J = 8.0 Hz, 1H), 6.99 (s, 1H), 7.11-7.23 (m, 3H), 7.34 (d, J = 8.0 Hz, 1H), 7.51 (d, 
J = 7.5 Hz, 1H). MS (ES) 350.2 [M + H]+, LC–MS retention time = 0.65 min.

Tubastatin A in plasma and tissues: LC–MS measurements. Materials. 
Proteomic-grade trifluoroacetic acid packaged in sealed amber glass ampules was 
purchased from Thermo Fisher Scientific. HPLC-grade (J.T. Baker) water and 
acetonitrile were purchased from VWR. Pooled control mouse plasma (EDTA, 
unfiltered) was obtained from Bioreclamation.

Instrumentation. HPLC analyses were carried out using a Thermo Accela/HTC 
PAL system (Thermo Finnigan) equipped with a Brinkmann CH-30 external 
column heater (Metrohm). Tandem MS detection was performed using a Thermo 
Finnigan Quantum Ultra triple-stage quadrupole mass spectrometer (Thermo 
Fisher Scientific) equipped with an Ion Max API source, a standard ESI probe and 
a 50-μm ID stainless steel high voltage capillary. The mass analyzer was calibrated 
every 4–6 weeks over a mass range of m/z 182 to m/z 997 using a mixture 
of tyrosine peptides following the manufacturer’s recommended calibration 
procedure. Data acquisition and analysis were carried out using Xcalibur v.2.0.7 
and Thermo Finnigan LCQuan v.2.7, respectively.

Liquid chromatographic conditions. A Hypersil Gold-AQ analytical column 
(2.1 mm × 100 mm, 1.8-μm particle size; Thermo Fisher Scientific) was used for all 
chromatographic separations. The column and autosampler tray temperatures were 
maintained at 50 °C and 5 °C, respectively. Mobile phases were made up of 0.1% 
TFA in (A) H2O and in (B) CH3CN. Gradient conditions were 0–1 min, B = 0%; 
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1–6 min, B = 0–100%; 6–8 min, B = 100%; 8–8.5 min, B = 100–0%; 8.5–13 min, 
B = 0%. The flow rate was maintained at 300 μl min−1; a software-controlled divert 
valve was used to transfer eluent from 0–3.5 min and from 5.5–13 min of each 
chromatographic run to waste. The total chromatographic run time was 13 min.

The sample injection volume was 10 μl. The autosampler injection valve and 
syringe needle were flushed sequentially with mobile phase B (two cycles) and 
mobile phase A (two cycles) between sample injections. To minimize complications 
resulting from the gradual buildup of hydrophobic tissue components, the column 
was washed overnight with a solution containing methyl tert-butyl ether (MTBE) 
after each batch of samples were injected (CH3CN/i-PrOH/MTBE/H2O, 4:3:2:1).

Mass spectrometry. The mass spectrometer was operated in positive ion mode. 
Quantitation was based on multiple reaction monitoring detection (tubastatin A, 
m/z 336.1 → 293.1, collision energy 11; BRD3067, m/z 350.1 → 307.1, collision 
energy 11; Q3 scan width 1.0; scan time 0.080 s) (Supplementary Fig. 2). The 
following optimized ion source parameters were used for the detection of analyte 
and internal standard: N2 sheath gas 30 psi; N2 auxiliary gas 25 psi; spray voltage 
4.5 kV; capillary temperature 300 °C; and declustering voltage 10 V.

Sample processing. Plasma and tissue samples were stored at −80 °C in 
polypropylene tubes and allowed to thaw on ice before processing. Plasma 
samples (100 μl) were deproteinized with HPLC-grade acetonitrile (300 μl) 
containing internal standard BRD3067. Brain, liver, muscle, heart and kidney were 
homogenized at 0 °C by sonication (Fisher Sonic Dismembrator, 3 × 15 s; power, 
3) at a tissue density of approx. 0.75 g ml−1 in H2O/methanol (9:1) containing 
100 mM NH4OAc. A portion of the homogenate (10 μl) was diluted with control 
mouse plasma (90 μl), lightly vortexed and deproteinized with acetonitrile (300 μl) 
containing internal standard BRD3067. Hypothalamus, spleen and BAT samples 
were extracted in HPLC-grade acetonitrile (400 μl) with sonication (3 × 15 s; power, 
3). The insoluble fraction was removed by centrifugation and a portion of the 
supernatant (10 μl) was diluted with control mouse plasma (90 μl), lightly vortexed 
and deproteinized with acetonitrile (300 μl) containing internal standard BRD3067. 
Epididymal and subcutaneous white adipose tissues were extracted in methanol/
chloroform (2:1, 400 μl) with sonication (3 × 15 s; power, 3). The insoluble fraction 
was removed by centrifugation and a portion of the supernatant (10 μl) was 
diluted with control mouse plasma (90 μl), lightly vortexed and deproteinized with 
acetonitrile (300 μl) containing internal standard BRD3067. Precipitated proteins 
were removed by centrifugation; the supernatants were transferred to clean tubes 
and evaporated under a gentle stream of nitrogen gas. Residues were reconstituted 
in water/methanol (3:1) and transferred to autosampler vials capped with 
Teflon-lined rubber septa. External plasma calibration samples were spiked with 
known concentrations of tubastatin A and processed as described above.

Statistics and reproducibility. The statistical analysis was conducted on GraphPad 
software (Prism, v.7–9) and each statistical test is listed in the figure legends. 
Statistical corrections were performed using Sidak or Tukey’s multiple comparison 
tests as recommended by GraphPad Prism. P < 0.05 were considered significant 
and exact P values for the reported comparisons are listed in figure legends. 
Majority of the experiments are conducted at least twice to ensure reproducibility, 
except for the RNA-seq experiments, which were conducted once. In the metabolic 
cage studies described in Fig. 3k,l, the data collected during the time frame when 
the metabolic cages were opened for mouse injections were excluded from analysis. 
For the studies that involve stereotaxic surgeries into the lateral ventricle, the 
animals that tested negative during the water intake test (angiotensin II test) were 
excluded from the study. In most experiments, the investigators were not blinded 
to the experiment except for the experiments presented in Fig. 6h–j. Experimental 
sample sizes used are noted in the figure legends. Cohort sizes were determined 
based on the experience of the authors (I.C., R.D.C., M.G.L. and T.A.M.) as well 
as the published literature of similar experimental protocols. Numbers of animals 
used in the metabolic cage measurements were determined based on the available 
animal housing chambers of the units in our facilities.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Figures 2 and 6 and Extended Data Figs. 1, 2 and 6–10 have associated raw data 
provided as source data files. All raw data are also available upon request. 5edu.pdb 
was used for the docking reported in Fig. 8. RNA-seq results are deposited to the GEO 
database with accession no. GSE190156. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | effect of HDAC6 Inhibitors on DIo Mice. a, b, Body weight change (Veh vs. 12.5 mg/kg TubA P = 2.8E−3, Veh vs. 25 mg/kg TubA 
P = 4.8E-12, Veh vs. 50 mg/kg TubA P = 7E-15) and cumulative food intake (Veh vs. 12.5 mg/kg TubA P = 0.012, Veh vs. 25 mg/kg TubA P = 7.7E-7, Veh 
vs. 50 mg/kg TubA P = 1.1E-10 by two-wat ANOVA with Tukey correction for a and b) of DIO wild-type mice treated with indicated doses of tubastatin 
or vehicle (n = 5 mice, Veh; n = 4 mice for drug groups). c, Wild-type DIO mice were treated with vehicle or the indicated doses of tubastatin. Ac-
αtubulin and total αtubulin was analyzed in eWAT lysates (n = 3. Veh vs. 12.5 mg/kg TubA P = 0.045, Veh vs. 25 mg/kg TubA P = 3.2E-4, Veh vs. 50 mg/
kg TubA P < E-15, by one-way ANOVA with Dunnett correction). d, Time-course food intake measurements of DIO wild-type mice following tubastatin 
administration (n = 4. 6 h P = 4.1E-3, 16 h P = 6E-6, 24 h P = 6.8E-8 by two-way ANOVA with Sidac correction). e, f, Cumulative food intake (1day P = 5.4E-
3, 2day P = 2.9E-3, 3day P = 8.6E-, 4day P = 0.025 by multiple unpaired two-sample t-test) (e) and body weight change (P = 9.7E-3 by two-way ANOVA 
with Sidak correction for e and f) (f) of DIO wild-type mice treated twice with vehicle (n = 10) or tubastatin. (n = 8). g, h, Female DIO wild-type mice were 
treated with vehicle (n = 4) or tubastatin (n = 5) for two weeks. Change in body weight (P = 4.4E-6) (g), and cumulative food intake (P = 0.015 by two-way 
ANOVA with Sidak correction for g and h) (h) of the animals.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | HDAC6-specific Weight Loss response to HDAC6 inhibitors. a, Growth curves of WT (n = 18 mice) and HDAC6 KO (n = 12 mice) 
mice on high fat diet (left) and their body composition (right). b, Body weight of daily vehicle (n = 5) or tubastatin (i.p., 12.5 mg/kg, n-6) treated DIO 
HDAC6 KO mice. c, Structure of tubastatin and BRD3067 (top). Immunoblots from 293 T lysates 24 hr after drug treatment. d, e, Body weight (BRD3067 
vs. TubA P = 7.0E-3, Veh vs. TubA P = 2.0E-3) and food intake (day 1 BRD3067 vs. TubA P = 5.8E-4, Veh vs. TubA P = 9.7E-9, day 2 BRD3067 vs. TubA 
P = 2.6E-5, Veh vs. TubA P = 2.8E-7, day 3 BRD3067 vs. TubA P = 9.5E-3, Veh vs. TubA P = 2.6E-5, day 4 BRD3067 vs. TubA P = 1.7E-5, Veh vs. TubA 
P = 3.0E-8, day 5 BRD3067 vs. TubA P = 4.7E-5, Veh vs. TubA P = 6.2E-9, day 6 BRD3067 vs. TubA P = 2.0E-3, Veh vs. TubA P = 3.4E-9, Veh vs. BRD3067 
P = 1.8E-3, day 7 BRD3067 vs. TubA P = 8.5E-4, Veh vs. TubA P = 1.4E-6, two-way ANOVA with Tukey post-hoc test) of vehicle, tubastatin, or BRD3067-
treated DIO wild-type mice (n = 6). f, g, Body weight change of DIO wild-type mice treated daily with vehicle (n = 12), ricolinostat (25 mg/kg, i.p., n = 12, 
P = 2.7E-7 by two-way ANOVA with Sidak correction) (f) or CAY10603 (12.5 mg/kg, i.p., n = 4, P = 2.5E-9 by two-way ANOVA with Sidak correction) (g). 
h, i, Weight change (P = 9.2E-4) and cumulative food intake (P = 8.9E-6 by two-way ANOVA with Sidak correction for h and i) of wild-type and HDAC6 
KO DIO mice treated daily with i.p. CAY10603 (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 as analyzed by two-way analysis of variance (ANOVA) with 
Sidak’s correction Tukey’s post-hoc test for multiple comparison. Data are represented as mean ± s.e.m.
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Extended Data Fig. 3 | Tubastatin does not affect blood pressure or heart rate. a, b, Heart rate and blood pressure of wild-type mice measured real-time 
during the first 4 days of the vehicle or tubastatin administrations (n = 3 mice per group). Data are represented as mean ± s.e.m.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Tubastatin improves metabolic function in diet-induced obese mice. a, RER, b, EE, and c, linear regression analysis of EE versus 
lean body mass (LBM) by ANCOVA of DIO wild-type mice treated with vehicle (n = 6) or tubastatin (n = 5). Linear regression was plotted using https://
www.mmpc.org/shared/regression.aspx. d, Energy expenditure (EE) of DIO wild-type mice placed into metabolic chambers where they were allowed to 
eat ad libitum (n = 5) or provided the proportion of food consumed by the TubA group compared to the vehicle group (Pair-Fed, n = 6) (Dark P = 0.02, Light 
P = 0.026 by two-way ANOVA with Sidac correction). e-h, DIO mice were placed into metabolic chambers and treated with vehicle (n = 17) or tubastatin 
(n = 15) for 5 consecutive days. Total distance travelled in the cage (e, f), mean pedestrian speed (g), and percentage of sleep of the animals during the 
treatment period (h). i, Body weight change of DIO wild-type mice treated with vehicle (Veh and Pair-fed groups) or tubastatin (n = 6 per group) for 12 
consecutive days. Pair-fed group’s food intake was matched to the daily average food intake of the tubastatin group’s (Veh vs. Pair-fed P = 1.3E-6, Veh vs. 
TubA P = 4.7E-7). j, Change in fat mass (Veh vs. Pair-fed P = 6.1E-4, Veh vs. TubA P = 2.3E-6, Pair-fed vs. TubA P = 0.015 by one-way ANOVA with Tukey’s 
post-hoc test for i and j) of the mice in (i). *P < 0.05, **P < 0.01, ***P < 0.001 as analyzed by one-way ANOVA with Tukey’s post-hoc test or Sidak test for 
multiple comparison. Data are represented as mean ± s.e.m.
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Extended Data Fig. 5 | Tubastatin increases hypothalamic leptin signaling. Wild-type DIO mice were treated with i.p. vehicle of tubastatin (n = 3 mice 
per group), and co-treated with i.p. leptin. Mice were perfused, and hypothalamic STAT3 phosphorylation was analyzed by immunofluorescent staining. 
Arcuate nucleus (ARC) (P = 0.0054) and dorsomedial hypothalamic (DMH) (P = 0.094) confocal images of p-STAT3Y705 stainings (left) and the 
quantification of the fluorescent intensities (right bar graphs) Scale bar: 20 µm. The experiment was conducted in two independent cohorts. *P < 0.05, 
**P < 0.01, ***P < 0.001 as analyzed by unpaired two-tailed t-test.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | HDAC6-dependent regulation of obesity is peripherally mediated. a, Brain HDAC6 activity of DIO mice following icv vehicle or 
TubA (25 µg) administration (n = 6, P = 2.8E-6 by unpaired two-tailed t-test). b, Immunoblots of acetylated αTubulin (Ac-αTubulin), total αTubulin or 
GAPDH in spleen, kidney, skeletal muscle, liver, and the hypothalamus. The results were confirmed in two independent cohorts. c, Ac-αTubulin and total 
αTubulin immunoblot of eWAT samples from DIO HDAC6 KO mice treated with vehicle or tubastatin. This experiment was done in cohort of animals. d, 
HDAC6 mRNA expression in the cortex (brain), the hypothalamus, adipose tissue, liver and skeletal muscle of the indicated genotypes (n = 3 per group; 
BAT P = 4.5E-4, iWAT P = 7.2E-3, eWAT P = 5.6E-5 by unpaired multiple t-test. The results were repeated in two independent experiments). e, f, Total 
(left panels) and time-course (right panels) energy expenditure (e) and respiratory exchange ratios (RER) (f) of AdipoCre (n = 5) and HDAC6Adipo∆ (n = 6) 
mice. g, Physical activity profile of the mice in (e) (n = 4 for AdipoCre, n = 6 for HDAC6Adipo∆; Dark P = 4.4E-3). Data are represented as mean ± s.e.m.
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Extended Data Fig. 7 | Phenotype of the neuron-specific HDAC6 knockout mice. a, b, Immunoblots of HDAC6 and total αTubulin in the hypothalamus 
(Hypoth), cortex, liver, and skeletal muscle of SynCre controls (n = 3) and HDAC6Syn∆ (n = 3) mice (a), and the quantification of HDAC6 band intensities 
normalized to tubulin (Cortex P = 4.6E-4, Hypothalamus P = 9.6E-3 by multiple unpaired t-test) (b). Immunoblot results were confirmed in two cohorts 
of mice. c, mRNA expression of HDAC6 in the indicated tissues (n = 4; Cortex P = 0.012, Hypothalamus P = 1.3E-3 by multiple t-test). d, Body weight of 
control and neuron-specific HDAC6 knockout (HDAC6Syn∆) mice on standard or high-fat diet (n = 18, HDAC6flox chow; n = 20, HDAC6flox HFD; n = 16, 
SynCre chow, n = 17, SynCre HFD; n = 18, HDAC6Syn∆ chow; n = 20, HDAC6Syn∆ HFD; HFD vs. Chow for all genotypes P = 1.2E-11, HDAC6flox HFD vs. SynCre 
HFD P = 6.3E-5, HDAC6flox HFD vs. HDAC6Syn∆ HFD P = 1E-6 by mixed-effect analysis with Tukey’s post-doc test.). *P < 0.05, **P < 0.01, ***P < 0.001. 
Data are represented as mean ± s.e.m.
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Extended Data Fig. 8 | Metabolic phenotype of the liver specific HDAC6 Ko mice. Wild-type (n = 7 mice) and HDAC6flox/Y (n = 8) mice were treated with 
tail-vein injection of AAV8-TBG-iCre. Mice were placed on HFD four weeks after viral injection. a, Liver HDAC6 expression analyzed by qPCR (P = 2.5E-8 
by two-tailed unpaired t-test). b, Body weight of the cohorts on HFD. c, Weekly food intake of the mice measured at indicated times. d, Body composition 
measured after 19-week of HFD exposure) Fat P = 0.049, Fluid P = 7.2E-3 by multiple unpaired t-test). e, Glucose tolerance test conducted after 20 weeks 
on HFD. f, Insulin tolerance test conducted after 23 weeks on HFD. g-I, Mice were treated with 25 mg/kg tubastatin by daily i.p. injections. Weight change 
(g), cumulative food intake (h), and body composition after tubastatin treatment (i). *P < 0.05, **P < 0.01, ***P < 0.001. Data are represented as mean ± 
s.e.m.
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Extended Data Fig. 9 | See next page for caption.

NATuRe MeTABoLISM | www.nature.com/natmetab

http://www.nature.com/natmetab


Articles NATuRE METAbOlISMArticles NATuRE METAbOlISM

Extended Data Fig. 9 | The anti-obesity effect of HDAC6 inhibition requires a potentially unidentified systemic factor. a, Leptin dose–response curves of 
N1-LRb cells stably expressing the luciferase construct under a STAT3-responsive promoter (n = 32 per time point). b, Immunoblots for p-STAT3 and total 
STAT3 from the lysates of N1-LRb cells pretreated with leptin or PBS for 24 hr followed by leptin stimulation at the indicated doses. c, mRNA expression 
of leptin-responsive transcripts in N1-LRb cells treated with vehicle or leptin (100 ng/mL) for 4 h (n = 3 for Nav2; n = 4 for other groups, Bcl3 P = 3.9E-5, 
Elfn1 P = 4.5E-5, Nav2 P = 0.012, Socs3 P = 1.5E-7 by multiple unpaired t-test). d, mRNA expression of leptin responsive transcripts in N1-LRb cells treated 
with TubA at indicated doses for 2 hr, and stimulated with leptin (2 ng/mL) for 4 hr (n = 4). The results was confirmed in two independent experiments. 
e, Plasma from vehicle or TubA-treated ob/ob mice was deproteinized by proteinase K treatment followed by heat inactivation. Expression of the leptin 
responsive transcripts in N1-LRb cells pretreated with deproteinized plasma for 2 h, followed by leptin (2 ng/mL) stimulation for 4 h (n = 4). f, g, Food 
intake (Veh Saline vs. Veh Leptin; 3 h P = 3.6E-4, 6 h P = 7.2E-4, 16 h P = 8.7E-7, 24 h P = 1.3E-5; TubA Saline vs. TubA Leptin; 3 h P = 0.011, 6 h P = 9.4E-3, 
16 h P = 9.4E-10, 24 h P = 7.1E-9; Veh Leptin vs. TubA Leptin: 3 h P = 0.34, 6 h P = 0.038, 16 h P = 0.032, 24 h P = 0.30) and body weight change (Veh Saline 
vs. Veh Leptin; 16 h P = 1.2E-6, 24 h P = 0.014; TubA Saline vs. TubA Leptin; 16 h P = 8.7E-9, 24 h P = 3.2E-6; Veh Leptin vs. TubA Leptin: 16 h P = 8E-4, 
24 h P = 0.025 by two-way ANOVA with Tukey’s post-hoc test for f and g) of 24h-fasted lean HDAC6Adipo∆ mice upon treatment with vehicle, saline, TubA 
and/or leptin (n = 6 mice for Veh groups, n = 8 mice for TubA groups). h, N1-LepRb cells were treated with celastrol (500 nM) or tubastatin (1 µM) for 
24 hr, and stimulated with leptin for 15 min. The level of STAT3 phosphorylation and αtubulin acetylation was analyzed by immunoblots, and confirmed in 
two independent experiments. i, Body weights of DIO wild-type mice treated with vehicle (n = 4), tubastatin (n = 3), IL6 neutralizing antibodies (anti-IL6, 
n = 4), or tubastatin+anti-IL6 (n = 4; Veh+Saline vs. TubA+Saline P = 3.2E-9, Veh+anti-IL6 vs. TubA+anti-IL6 P = 3.3E-5 by two-way ANOVA with Tukey’s 
post-hoc test). j, Body weight change of DIO IL1R1 KO mice treated with vehicle (n = 5) or tubastatin (n = 6, P = 1E-15 by two-way ANOVA with Sidak 
correction). *P < 0.05, **P < 0.01, ***P < 0.001 as analyzed Student’s t-test, two-way ANOVA with Tukey’s post-hoc test, or Sidak’s multiple comparison. 
Data are represented as mean ± s.e.m.
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Extended Data Fig. 10 | HDAC6 inhibitors induce heat shock response. a, b, HSP70 mRNA level in iWAT explants from DIO mice 24 hr after, vehicle 
(n = 41) vs. TubA (n = 42, P = 1.1E-3) (a) or Vehicle (n = 4) vs. CAY10603 (n = 4, P = 3.8E-4, by two-tailed unpaired t-test for a and b) (b) treatments. c, 
HSP25 and HSP70 mRNA expression in 293 T cells transfected with the indicated constructs (n = 6. HSP25: GFP vs. HDAC6CI P = 1.5E-9, HDAC6 WT vs. 
HDAC6CI P = 2.8E-9; HSP70: GFP vs. HDAC6CI P = 3E-5, HDAC6 WT vs. HDAC6CI P = 4.5E-9, GFP vs. HDAC6 WT P = 3.1E-5). d, TSC2 +/+ and TSC−/− 
mouse embryonic fibroblasts (MEFs) were treated with vehicle (DMSO) or celastrol for 24 hr. Cell lysates were analyzed by immunoblots. The results were 
confirmed in three independent experiemnts e, p-PERK and total PERK protein levels in liver homogenates from wild-type DIO mice treated with vehicle or 
celastrol. Th experiment was conducted in two independent cohorts of mice with similar outcomes. Data are represented as mean ± s.e.m.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software code was used

Data analysis Graphs and statistical analysis were done using GraphPad, Prism versions 7-9. Western blot images were quantified using Adobe Photoshop 
SC6 and ImageJ version 1.51. Tuxedo Suite software package was used for alignment, differential expression analysis, and post-analysis 
diagnostics. The RNA sequencing reads were aligned to the reference using TopHat (version 2.0.13) and Bowtie2 (version 2.2.1.). 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Figures 2 and 6, and Extended Data Figures 1, 2, and 6-10 have associated raw data provided as source data files. All raw data is also available upon request. 
5edu.pdb was used for the docking reported in Fig. 8.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Experimental sample sizes used are noted in the figure legends. Cohort sizes for animal studies and other experiments (e.g., immunoblots) 
were determined based on the experience of the co-authors (IC, RDC, MGL, and TAM) as well as the published literature of similar 
experimental protocols. Number of animals used in the metabolic cage measurements were determined based on the available animal 
housing chambers of the unit in our facilities.

Data exclusions In the metabolic cage studies described in Fig. 3k and 3l, the data collected during the time frame the metabolic cages were opened for 
mouse injections were excluded from analysis. This criteria was pre-established to avoid the potential misleading readings by oxygen and 
carbondioxide sensors due to free gas exchange, and due to the animals being removed out of the chambers due to injections. For the studies 
that involve stereotaxic surgeries into the lateral ventricle, the animals that tested negative during the water intake test (Angiotensin II test) 
were excluded from the study.

Replication Majority of the animal experiments in the study were conducted at least in two separate cohorts. There is no data presented that is known to 
be irreproducible. The RNA sequencing analyses  were conducted once.  Experiments reported in Figures 1-6 were conducted at least twice. 
The effect of tubastatin in DIO female mice reported in Extended Data Fig. 1g, h, results in Extended Data Fig. 3, Extended Data Fig.6 e-g, and 
the effect of SE-7552 in db/db mice presented in Fig. 8f were conducted once. The effect of liver specific ablation of HDAC6 presented in 
Extended Data Fig. 8 were analyzed in one cohort. Fat and neuronal HDAC6 KO cohorts were analyzed in at least two independent cohorts. 

Randomization Allocation of samples/animals were random.

Blinding In most experiments, the investigators were not blinded to the experiment except for the experiments presented in Fig. 6h-j. Most 
experiments were conducted and analyzed by the same investigator except the results presented in Fig. 6h-j.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used mouse IL-6 antibody from Bio X Cell (Cat# BE0046), Rabbit monoclonal anti- 

 HDAC6 (Cat# 7612), Rabbit monoclonal anti-Acetyl-α-Tubulin (Cat# 5335), Rabbit polyclonal anti-α- 
 Tubulin (Cat# 2144), Rabbit monoclonal anti-GAPDH HRP conjugate (Cat# 8884) were from Cell 
Signaling (Danvers, MA). HDAC6 antibody from Novus Biologicals Cat#: NB100-61065) was used for immonoprecipitation. 
anti-p-STAT3 was used for IHF staining (Cell Signaling catalog #: 9145S) and western blots. HRP-conjugated secondary antibodies (Cell 
Signaling, Cat# 7074 and 7076) were used for western blotting.

Validation Rabbit monoclonal anti-HDAC6 (Cat# 7612), Rabbit monoclonal anti-Acetyl-α-Tubulin (Cat# 5335) antibodies were validated using 
wild-type and HDAC6 KO mouse tissues as in Extended Data Fig. 2b, c, and also by Cell Signaling using western blots ("Western blot 
analysis of extracts from HeLa and Jurkat cells using HDAC6 (D21B10) Rabbit mAb.; Western blot analysis of extracts from C2C12 
cells, wild-type mouse embryonic fibroblasts (MEFs), and HDAC6 (-/-) MEFs using HDAC6 (D21B10) Rabbit mAb (upper) or β-Actin 
(13E5) Rabbit mAb #4970 (lower); "Western blot analysis of extracts from HeLa cells, untreated or TSA-treated (400 nM for 16 
hours), using Acetyl-α-Tubulin (Lys40) (D20G3) XP® Rabbit mAb (upper) and α-Tubulin (11H10) Rabbit mAb #2125 (lower). The acetyl-
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specificity of the antibody was verified by blocking with an acetyl- or non-acetylpeptide."). The other antibodies from Cell Signaling 
(anti-GAPDH HRP conjugate-Cat# 8884, anti-p-STAT3 Cat#: 9145) have been validated through various protocols including western 
blotting, immunoprecipitation and/or IHC/IF as stated on the vendor's web site ("Western blot analysis of extracts from NIH/3T3 and 
HeLa cells using GAPDH (D16H11) XP® Rabbit mAb (HRP Conjugate)."; "Western blot analysis of extracts from IFN-alpha treated 
Jurkat cells and HeLa cells (left), as well as EGF treated A431 cells (right), using Phospho-Stat3 (Tyr705) (D3A7) XP® Rabbit mAb..; 
Immunohistochemical analysis of paraffin-embedded human neuroendocrine lung carcinoma using Phospho-Stat3 (Tyr705) (D3A7) 
XP® Rabbit mAb performed on the Leica® BOND™ Rx.; mmunohistochemical analysis of paraffin-embedded human prostate 
adenocarcinoma using Phospho-Stat3 (Tyr705) (D3A7) XP® Rabbit mAb performed on the Leica® BOND™ Rx.; Immunohistochemical 
analysis of paraffin-embedded Apc (min/+) mouse intestine, using Phosho-Stat3 (Tyr705) (D3A7) XP® Rabbit mAb."; ). IL-6 neutralizing 
antibody have been used and validated by several laboratories listed on the suppliers (BioXCell) website: https://bxcell.com/product/
m-il-6/#references

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Human embryonic kidney (HEK-293) cells and 293T cells were from ATCC, and Embryonic Mouse Hypothalamus Cell Line N1 
(mHypoE-N1, catalog #: CLU101) from Cellutions Biosystems Inc.

Authentication Cell lines were not independently authenticated.

Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in the study.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 000664 - C57BL/6J - The Jackson Laboratory age;  
000632 - B6.Cg-Lep<ob>/J - The Jackson Laboratory;  
000697 - B6.BKS(D)-Lepr db /J - The Jackson Laboratory;  
003245 - B6.129S7-Il1r1<tm1Imx>/J - The Jackson Laboratory;  
006414 - B6;129S4-Mc4r<tm1Lowl>/J - The Jackson Laboratory;  
028020 - B6.FVB-Tg(Adipoq-cre)1Evdr/J - The Jackson Laboratory;  
003966 - B6.Cg-Tg(Syn1-cre)671Jxm/J - The Jackson Laboratory.  
HDACflox mice were donated by Dr. Venetia Zachariou, Icahn School of Medicine at Mount Sinai). HDAC6 KO mice were described in 
Gao et.al., Mol Cell Biol. 2007 Dec;27(24):8637-47.) and were maintanined by crossing mice to wild type C57BL/6J mice. 
Male and female mice were used at the age range 8-30 week.

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve field-collected samples

Ethics oversight The Institutional Animal Care and Use Committees (IACUC) at the University of Michigan, Vanderbilt University , and University of 
Colorado Anschutz Medical Campus approved the experimental protocols and euthanasia procedures used in this study. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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