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Abstract

TFEB is a basic helix-loop-helix transcription factor that confers protection against metabolic 

diseases such as atherosclerosis by targeting a network of genes involved in autophagy-lysosomal 

biogenesis and lipid catabolism. In this study, we sought to characterize the role of TFEB in 

adipocyte and adipose tissue physiology and evaluate the therapeutic potential of adipocyte-

specific TFEB overexpression in obesity. We demonstrated that mice with adipocyte-specific 

TFEB overexpression (Adipo-TFEB) were protected from diet-induced obesity, insulin resistance, 

and metabolic sequelae. Adipo-TFEB mice were lean primarily through increased metabolic rate, 

suggesting a role for adipose tissue browning and enhanced nonshivering thermogenesis in fat. 

Transcriptional characterization revealed that TFEB targeted genes involved in adipose tissue 

browning rather than those involved in autophagy. One such gene encoded PGC-1α, an established 

target of TFEB that promotes adipocyte browning. To dissect the role of PGC-1α in mediating the 

downstream effects of TFEB overexpression, we generated mice with adipocyte-specific PGC-1α 
deficiency and TFEB overexpression. Without PGC-1α, the ability of TFEB overexpression to 

brown adipose tissue and to elicit beneficial metabolic effects was blunted. Overall, these data 

implicate TFEB as a PGC-1α–dependent regulator of adipocyte browning and suggest its 

therapeutic potential in treating metabolic disease.
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INTRODUCTION

Adipose tissue browning, a process in which adipocyte mitochondria are thermogenically 

uncoupled, is a promising target in the search for physiological mechanisms that can combat 

the obesity-diabetes epidemic. Both classical brown and convertible beige adipocytes 

contribute to physiological thermogenic uncoupling and are capable of increasing whole-

body basal metabolic rate. Thus, a major area of interest is in how adipocyte function can be 

harnessed to combat metabolic disease (1). Transcription factor EB (TFEB) is a basic helix-

loop-helix transcription factor originally characterized as a regulator of autophagy-lysosome 

biogenesis. In response to various stress-related stimuli (2–5), TFEB translocates to the 

nucleus and binds coordinated lysosome expression and regulation (CLEAR) elements in the 

promoter of target genes to enhance their transcription (6). Because of these initial studies, 

the set of TFEB targets has been more fully characterized and is appreciated to include 

genes involved in immunity (7), lipid catabolism (4), and mitochondrial biogenesis (8). In 

turn, TFEB overexpression or deficiency can markedly affect cellular phenotype with 

physiological relevance in settings including atherosclerosis (3, 9), fatty liver disease (4), 

cancer (10), and neurodegeneration (11). However, it remains unknown how TFEB might 

regulate adipocyte phenotype through transcriptional functions related to autophagy-

lysosome biogenesis or otherwise. Autophagy has numerous functions that are relevant to 

the adipocyte phenotype including the degradation of mitochondria and other cellular cargo 

(12, 13). In addition, it is unknown whether TFEB targeting of genes related to lipid and 

mitochondrial metabolism could have relevance to adipose tissue browning. Of particular 

interest, the peroxisome proliferator–activated receptor (PPAR) coactivator-1α (PGC-1α) is 

a central regulator of adipose tissue browning (14) and has been identified as a direct TFEB 

target in other systems (4). In the present study, we sought to characterize the transcriptional 

and physiological impact of adipocyte-specific TFEB overexpression.

RESULTS

Adipocyte-specific TFEB overexpression protects against diet-induced obesity

Because of the therapeutic effects of driving autophagy and TFEB in many other contexts, 

we sought to assess the functional impact of driving the autophagy-lysosome system in 

adipocytes. Mice carrying an adiponectin-Cre transgene were bred with mice carrying a 

previously described TFEB transgene (4) to generate adipocyte-specific TFEB transgenic 

(Adipo-TFEB) mice and littermate controls (Fig. 1A) with overexpression in both white and 

brown adipose (Fig. 1B). Female Adipo-TFEB mice gained less weight in response to diet-

induced obesity (Fig. 1C), an effect that was nearly entirely driven by a specific reduction in 

adiposity (Fig. 1D). This pattern was also observed in male mice (fig. S1, A and B). 

Consistent with these data, gonadal and inguinal white adipose tissue (gWAT and iWAT, 

respectively) masses were reduced but not brown adipose tissue (BAT; Fig. 1E). Adipose 

tissue appeared histologically normal (Fig. 1F) with reduced mean adipocyte size (Fig. 1G). 

Overall BAT mass was similar, with substantially reduced lipid content (Fig. 1H).
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Adipocyte-specific TFEB overexpression preserves glucose dynamics and protects 
against hepatic steatosis

Given that Adipo-TFEB mice were protected against diet-induced obesity and displayed 

trends for reductions in serum glucose and lipids (fig. S2, A to D), we sought to study its 

potential in ameliorating diet-induced metabolic pathology. Adipo-TFEB mice had lower 

blood glucose during a glucose tolerance test (GTT) after 2 and 4 months on a Western diet 

(WD) (Fig. 2, A and B) and improved insulin sensitivity as assessed by an insulin tolerance 

test (ITT) (Fig. 2C). Further, we showed that adipocyte-TFEB overexpression conferred 

protection against hepatic steatosis. The livers from Adipo-TFEB mice fed a WD featured 

reduced mass and lipid content as indicated by both Oil Red O staining and total liver 

triglyceride content (Fig. 2D). We did not observe improved insulin or glucose tolerance in 

young, chow-fed mice (fig. S2, E to F), suggesting that these changes were secondary to the 

differences in adiposity and TFEB overexpression in adipocytes may not directly regulate 

these phenotypes.

TFEB enhances metabolic rate and adipose tissue browning with minimal functional 
impact on autophagy and lysosomes

Next, we sought to assess the physiological and molecular mechanisms by which TFEB 

might confer protection against diet-induced obesity. Adipo-TFEB mice on a WD displayed 

elevated metabolic rate compared to controls (Fig. 3A) with no differences in substrate 

utilization, physical activity, or food intake (Fig. 3, B to D). We also observed trends toward 

higher metabolic rate in young mice fed a chow diet (fig. S2G) in the absence of overt 

differences in body mass (fig. S2H). Overall, this pattern of increased resting energy 

expenditure was suggestive of enhanced nonshivering thermogenesis and adipose tissue 

browning. Thus, we transcriptionally characterized iWAT and BAT for genes related to both 

classical autophagy-lysosome targets and adipose tissue browning.

Unexpectedly, TFEB overexpression had no clear impact on autophagy or lysosome genes in 

iWAT (Fig. 4A) or BAT (Fig. 4B) from WD-fed mice. We considered the possibility that 

secondary factors related to differences in adiposity between WD-fed Adipo-TFEB and 

control mice might mask the true ability of TFEB to drive the expression of autophagy and 

lysosome genes in adipocytes. Thus, we characterized the autophagy-lysosome system in 

adipose from young, 8-week-old chow-fed mice in which overt differences in adiposity were 

absent. In these mice, TFEB induced modest, ~25 to 50% increases in several known target 

genes (fig. S3A). As a complementary and cell-autonomous model, we also studied 

differentiated stromal vascular cells isolated from iWAT and noted modest or no change for 

most genes (fig. S3B). The degree of TFEB overexpression in this model was similar to that 

in vivo (fig. S4A), and TFEB overexpression did not affect adipogenic efficiency as assessed 

by the expression of several mRNA markers in differentiated cells (fig. S4B). Functionally, 

the relevance of these changes is ultimately contingent on their ability to increase autophagic 

flux, the gold standard measure of overall autophagy-lysosome system function. We 

assessed autophagic flux as the accumulation of the mature autophagosome marker LC3-II 

in the presence of chloroquine, a lysosome inhibitor that prevents their degradation. TFEB 

overexpression modestly increased LC3 expression at baseline but did not obviously 

increase autophagic flux assessed as the increase in LC3 expression with starvation and 
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chloroquine (fig. S3C). The abundance of TFEB target lysosomal proteins Lamp-1 and CtsD 

in iWAT and the enzymatic activity of lysosomal acid lipase did not differ between chow-fed 

control and Adipo-TFEB mice (fig. S3, D and E). One way in which changes in the 

autophagy-lysosome system that could lead to the leanness we observed in Adipo-TFEB 

mice is enhanced lipophagy, the autophagic degradation of lipid droplets (15, 16). However, 

we noted no changes in lipolysis in WAT explants (fig. S3F), and there is little precedence 

for the relevance of adipocyte lipophagy to overall lipolysis in the literature. We found that 

in stromal-vascular adipocytes, TFEB overexpression did not induce the expression of genes 

related to mitochondrial dynamics and mitophagy (fig. S3G) or the recruitment of LC3 to 

mitochondria as a functional index of mitophagy (fig. S3, H and I).

In contrast to the overall modest functional effects of TFEB overexpression in driving the 

autophagy-lysosome system in adipose tissue, we noted a clear induction of adipose tissue 

browning–related genes in iWAT including uncoupling protein 1 (UCP1), which encodes a 

key thermogenic protein, and mitochondrial and lipid metabolism genes such as CIDEA, 

ACO2, CPT1B, COX5B, and CS (Fig. 4C). These genes were not induced in the BAT of 

Adipo-TFEB mice (Fig. 4D). Immunohistochemistry showed substantial regions of UCP-1–

positive beige adipocytes exclusively in the iWAT of Adipo-TFEB mice (Fig. 4E and fig. 

S5A), thus indicating that the increased UCP1 mRNA expression resulted in increased 

UCP-1 protein abundance.

To assess whether these observations were functionally meaningful for thermogenesis, mice 

were subjected to a cold tolerance test. Adipo-TFEB mice maintained their core temperature 

at a level higher than control mice, suggesting enhanced thermogenic capacity (Fig. 5A). In 

addition, injection of mice with the β-adrenergic agonist norepinephrine to induce 

thermogenesis resulted in a higher increase in VO2 in Adipo-TFEB mice than control mice 

(Fig. 5B). After cold adaptation, after which browning genes are already markedly induced, 

TFEB mice still displayed higher expression of UCP1 and other browning genes in iWAT 

(Fig. 5C) but not in BAT (with the exception of CIDEA; fig. S5B) and significant elevation 

in core temperature (Fig. 5D). Last, we observed a significant cell-autonomous induction of 

UCP1 expression in stromal vascular cell (SVC)–derived adipocytes, which was synergistic 

with forskolin-induced cyclic adenosine monophosphate production (Fig. 5E). These 

changes were likely more modest than in vivo because cells were differentiated using a beige 

adipogenesis protocol in which basal UCP1 expression is already fairly high.

Mice housed at typical room temperatures (~21°C) are subject to some basal degree of 

thermal stress because this is below their preferred housing temperature. We addressed 

whether TFEB overexpression could increase the expression of mitochondrial and lipid 

metabolic genes in the absence of this thermogenic demand by housing mice at 

thermoneutrality (30°C) for 2 weeks and still observed increased gene expression in iWAT 

(fig. S5C) but not BAT (fig. S5D).

Metabolic phenotypes of TFEB overexpression are PGC-1α dependent

An attractive possibility for how TFEB might target genes involved in adipose tissue 

browning is through its established ability to target several members of the PPAR–PGC-1 

family of transcription factors and transcriptional coactivators (4, 8, 17). This family of 
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genes mediates adipose tissue browning through the coordinated induction of UCP1 and 

other mitochondrial and lipid oxidation genes in adipocytes (18). Thus, we assessed mRNA 

expression of this family of genes and observed increased expression of PPARGC1A and 

PPARA but not PPARD or PPARG with TFEB overexpression in iWAT from WD-fed mice 

(Fig. 6A). PPARGC1A expression was also increased in iWAT from chow-fed mice housed 

at room temperature and further increased synergistically by cold temperature (Fig. 6B). 

Furthermore, PPARGC1A expression was increased in a cell-autonomous manner in 

untreated SVC adipocytes or those treated with forskolin (Fig. 6C). PPARA expression was 

also induced in the iWAT of chow-fed mice (fig. S6A) and in SVC adipocytes (fig. S6B) but 

not in BAT (fig. S6C). Last, PPARGC1A mRNA was still potently induced by TFEB 

overexpression under thermoneutral conditions in iWAT (fig. S6D) but not in BAT (fig. 

S6E).

CLEAR sites and TFEB binding have been documented for the PPARGC1A promoter (4); 

the PPARA promoter has not been assessed. Because PGC-1α seemed to be a strong 

candidate to mediate TFEB-driven browning, we sought to study whether TFEB induction of 

browning genes was PGC-1α dependent in vivo (Fig. 6D). Compared to control mice, 

adipocyte-specific knockout of PGC-1α resulted in depletion of PPARGC1A mRNA in 

iWAT and BAT as expected. Further, PGC-1α deficiency mostly blocked the ability of TFEB 

to increase PPARA expression relative to control mice (Fig. 6, E and F), suggesting that 

PPARA induction was at least partially downstream of PGC-1α. Adipocyte-specific 

PGC-1α deficiency also markedly blocked the effects of TFEB overexpression on the 

induction of browning genes in iWAT, especially UCP1 (Fig. 6G), although a slight 

PGC-1α–independent trend was still observed. Modest reductions in PGC-1α target gene 

expression were seen in BAT, which mostly could not be rescued with TFEB overexpression 

(Fig. 6H).

We next tested whether the physiological effects of TFEB overexpression were PGC-1α 
dependent. PGC-1α deficiency completely blocked the previously observed effects of TFEB 

overexpression on diet-induced weight gain and adiposity in both female (Fig. 7, A and B) 

and male (fig. S7, A and B) mice. Fat pad weights (Fig. 7C) and histological appearance of 

fat pads (Fig. 7D; quantified in fig. S7C) were also unchanged. Consistent with these 

findings, TFEB did not improve glucose tolerance (Fig. 8A) or insulin sensitivity (Fig. 8B). 

In the absence of PGC-1α, TFEB overexpressing mice succumbed similarly to a cold 

tolerance test (Fig. 8C) and had no significant changes in metabolic rate (Fig. 8D), substrate 

utilization (Fig. 8E), or physical activity (Fig. 8F). We also observed no 

immunohistochemical evidence of beige adipocytes (Fig. 8G and fig. S7D).

DISCUSSION

In this study, we provide evidence that the transcription factor TFEB can physiologically 

regulate adipose tissue to protect against diet-induced metabolic dysfunction. Using a 

murine model of adipocyte-specific TFEB overexpression, we demonstrated that TFEB 

potently reduced diet-induced weight gain and adiposity. These reductions in adiposity 

translated to multiple beneficial metabolic consequences including improved glucose 

tolerance and insulin sensitivity along with reduced hepatosteatosis. Physiologically, 
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leanness in these mice was driven by an increase in metabolic rate without alterations in 

physical activity or food intake. To mechanistically explain these findings, we characterized 

adipose tissue for both classic autophagy-lysosome targets of TFEB, along with markers of 

adipose tissue browning that could explain differences in metabolic rate and adiposity. 

Unexpectedly, TFEB had minimal functional effects on the autophagy-lysosome system in 

adipocytes yet was able to markedly induce browning of WAT and improve cold tolerance in 

mice. We characterized the thermogenic transcriptional coactivator PGC-1α as a key target 

of TFEB in adipocytes and demonstrated that TFEB-induced metabolic improvements were 

nearly entirely PGC-1α dependent. Overall, our results highlight beneficial consequences of 

TFEB function in adipose tissue and emphasize the relative importance of non–autophagy-

lysosome targets in this physiological setting.

Several unanswered questions remain regarding the functions of TFEB in adipocytes. First, 

how is endogenous adipocyte TFEB regulated during physiological scenarios such as cold 

exposure, adipogenesis, fasting, or mitochondrial stress? Some precedence in other systems 

suggests that TFEB is a sensor of various cellular and physiological stresses (2, 3, 5), and 

our results hint that TFEB could be a crucial intermediate upstream of PGC-1α or other 

targets in adipocytes. It is unexpected that TFEB did not robustly drive the autophagy-

lysosome system in adipocytes. The modest mRNA and protein level increases we observed 

in mice and primary cells suggest that these are legitimate TFEB targets but some other 

aspect may be required to truly drive autophagic flux and degradation of specific targets 

such as lipid droplets or mitochondria in adipose. Further, it is possible that repressive 

transcriptional and epigenetic mechanisms that block autophagy and lysosome gene 

transcription may hamper functional effects of TFEB (19, 20). Our findings seem to 

preclude TFEB overexpression as a reasonable model to study the functional effects of 

specifically enhancing adipocyte autophagy, some of which may include increased 

lipophagy or mitophagy (16). Perhaps overexpression of other similar transcription factors 

that regulate autophagy such as melanocyte-inducing transcription factor (MITF) or 

transcription factor E3 (TFE3) would enable the investigation of the effects of enhancing 

adipocyte autophagy. In addition, if TFEB were to potently induce mitophagy, then there 

may be adverse metabolic effects associated with excessive mitophagy-dependent 

mitochondrial clearance as others have observed (12, 21).

However, our findings do not rule out the possibility that endogenous TFEB regulates 

autophagic flux. Endogenous TFEB could serve an elegant role in transcriptionally coupling 

autophagy-mediated organelle turnover with PGC-1α–mediated biogenesis. One study 

suggests that TFEB and the related transcription factors TFE3 and MITF regulate 

autophagy-lysosome gene expression in a redundant fashion (5).

The analyses we performed suggested that TFEB induced PGC-1α–dependent browning in 

iWAT, thereby inducing leanness and increasing whole-body metabolic rate. Although the 

analysis and expression of energy expenditure data are controversial and difficult to give 

appropriate statistical power (22), we noted increases in energy expenditure in WD-fed mice 

and trends for an increase in chow-fed mice before weight divergence. We also noted 

obvious increases in cold tolerance and response to norepinephrine, which indicate an 

increase in thermogenic capacity. Given that food intake was not affected by adipocyte-
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specific TFEB overexpression, we conclude that a small increase in energy expenditure is 

the likely mechanism for leanness in this mouse model.

BAT is commonly held to be the dominant site of thermogenesis in mice, at least based on 

its high UCP-1 abundance relative to other depots (23, 24). TFEB may have functionally 

driven an aspect of BAT function not captured in the transcriptional targets we assessed, and 

it remains possible that BAT activity contributed to the increased metabolic rate, cold 

tolerance, and response to norepinephrine we observed. The expression of UCP1 in iWAT is 

likely only a small part of an overall transcriptional program relevant to thermogenic activity 

that includes many more mitochondrial and lipid metabolic genes. Several other groups have 

also begun to explore relevant mechanisms of beige fat thermogenesis, which are often 

independent of UCP-1 (25, 26).

Our results demonstrated that the physiological effects of adipocyte-specific TFEB 

overexpression depended largely on PGC-1α. As a transcriptional coactivator, PGC-1α 
partners with many transcription factors including PPARα, interferon regulatory factor 4, 

and PPARα to regulate genes involved in browning (18, 27, 28). We also noted a tendency 

for increased expression of browning genes driven by TFEB independently of PGC-1α. This 

finding is consistent with others’ observations in skeletal muscle, in which TFEB does not 

explicitly require PGC-1α to induce beneficial metabolic phenotypes. However, it was never 

specifically examined whether these effects were attenuated by PGC-1α deficiency (8). In 

contrast, our data suggest that the modest PGC-1α–independent transcriptional effects of 

TFEB are insufficient to affect physiological phenotypes in adipose tissue. Overall, TFEB 

appears to be a promising target for driving browning and oxidative metabolism in adipose 

tissue with intriguing implications for treating metabolic disease.

MATERIALS AND METHODS

Animals

Animal protocols were approved by the Washington University Animal Studies Committee. 

All mice used in this study were on C57BL/6J background (backcrossed at least seven 

generations). Mice carrying a TFEB transgene allele were as previously described (3, 4, 9). 

These mice were crossed with Cre-recombinase transgenic mice under the control of the 

adiponectin promoter to generate Adipo-TFEB mice. For studies examining mice with 

concurrent adipocyte-specific PGC-1α deficiency, these alleles were crossed into a 

homozygous PGC-1α flox background (29). TFEB transgene, Cre, and PGC-1α flox allele 

genotyping was performed using standard polymerase chain reaction (PCR) techniques 

(table S1). Mice housed in a specific pathogen–free barrier facility were weaned at 3 weeks 

of age to a standard mouse chow providing 6% calories as fat. All mice were housed at 21°C 

unless otherwise specified. For diet-induced obesity experiments, mice were fed starting at 

~2 months of age with WD: 0.15% cholesterol, 42% calories as fat, and 15% calories as 

protein (TD 88137, Harlan). In each experiment, only samples from the same sex and 

similar age were compared.

Evans et al. Page 7

Sci Signal. Author manuscript; available in PMC 2020 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistics

Results are expressed as mean ± SEM. All data were examined for normality using the 

Shapiro-Wilk test and for equal variances using an F test. Mann-Whitney U tests and 

Welch’s corrections, respectively, were used where appropriate. Normally distributed two-

group data were compared using two-tailed unpaired t tests. Three-group data were 

compared using one-way analysis of variance (ANOVA) with Tukey’s post hoc 

comparisons.

Real-time PCR

Total RNA was extracted using the Ambion PureLink RNA Kit (Invitrogen) and reverse 

transcribed using the SuperScript VILO cDNA synthesis kit (Invitrogen). Real-time PCR 

was performed using a ViiA-7 real-time PCR system and SYBR-Select Master Mix 

(Applied Biosystems). Prevalidated primers spanning introns were used for amplification 

(table S1). Assays were performed in duplicate and normalized to ribosomal protein 36B4 

mRNA levels.

Body composition and morphometric analyses

Body composition of animals was determined after 16 weeks on a WD using 

EchoMRI-100H (EchoMRI LLC) and presented as fat and lean mass. Total adiposity (%) 

was calculated as the measured fat mass portion of whole-body mass measured immediately 

before the body composition scan. Adipose tissue weights are presented as the sum of both 

fat pads. BAT was dissected of surrounding WAT before weighing and other analyses.

Adipocyte sizing and lipid content analyses

A minimum of two 20× fields per mouse were imaged in inguinal, gonadal, and brown 

adipose hematoxylin and eosin (H&E)–stained slides by a blinded observer at identical 

settings. Images were processed identically to remove background using Adobe Photoshop 

CS5. Adipocyte sizing analyses were performed using the Adiposoft plugin for ImageJ 

software. BAT lipid content was assessed by identically thresholding grayscale-converted 

images to match lipid area and presented as the percentage of total area.

Serum metabolic analyses

Mice were fasted for 5 hours in the morning before tail vein bleeding to collect serum. 

Colorimetric kit assays were used to measure glucose (TR14598, Thermo Fisher Scientific), 

triglycerides (TR22421, Thermo Fisher Scientific), free fatty acids (NC9517308–12, Wako 

Diagnostics), and cholesterol (TR13421, Thermo Fisher Scientific).

GTT and ITT

GTT and ITT were performed in mice after 2 or 4 months on a WD or at 8 to 9 weeks of age 

in chow-fed mice. Mice were weighed, transferred to clean cages, and fasted for 5 hours. 

Mice were injected with 1 g of glucose/g body mass or insulin (0.75 U/kg) for GTT and ITT, 

respectively. Blood glucose levels were measured immediately before injection and at 30, 

60, and 120 min after injection using a glucometer and tail bleed.
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Hepatic steatosis assessment

Oil Red O staining was performed on optimal cutting temperature compound-embedded 

liver samples as described previously (30). Lipids were extracted from the livers using a 

modification of the Folch method (31). Liver segments were homogenized in cold 2:1 

chloroform: methanol and then centrifuged at 12000 rpm for 10 min at 4°C. A 15-μl aliquot 

from the lower organic phase was isolated and allowed to evaporate. Triglyceride content 

was assayed per the manufacturer’s protocols (TR22421, Thermo Fisher Scientific) and 

normalized to starting wet tissue mass.

Western blotting

Cells or tissues were lysed in a standard radioimmunoprecipitation assay lysis buffer. 

Standard techniques were used for protein quantification, separation, transfer, and blotting. 

The following primary antibodies were used: Cathepsin D (1:4000; a gift from S. Kornfeld, 

Washington University), Lamp-1 (1:2000; sc-19992, Santa Cruz Biotechnology), LC3 

(1:1000; NB100–2220, Novus Biologicals).

Adipocyte culture studies

Stromal vascular preadipocytes from inguinal adipose tissue from ~6-week-old mice were 

isolated and cultured and differentiated as previously described (32). Where indicated, cells 

were stimulated with 10 μM forskolin (Sigma-Aldrich) for 4 hours. For autophagic flux 

assays, cells were starved in serum-free Hank’s balanced salt solution and treated with 

chloroquine (50 μM) or vehicle for the given times.

Mitophagy assay

Differentiated stromal vascular preadipocytes were fixed in 1% paraformaldehyde and 

stained for the mitochondrial inner membrane protein cytochrome C oxidase subunit 4 

(COX4) (ab14744, Abcam) and autophagosome marker LC3 (PM036, MBL International). 

Confocal images were captured at ×60 magnification, and Mander’s coefficient for 

colocalization (the portion of COX4 that was also positive for LC3) was calculated for at 

least 35 cells per group taken from at least 10 different fields and 2 different slides.

Lipolysis assays

Fat pads from 8- to 10-week-old mice were excised and weighed into ~100-mg portions. 

Pads were then minced into <10-mg pieces and preincubated for 1 hour in Dulbecco’s 

modified Eagle’s medium containing 2% bovine serum albumin (BSA). Pads were then 

incubated in 250 μl of Krebs-Ringer HEPES buffer [125 mM NaCl, 5 mM KCl, 1.8 mM 

CaCl2, 2.6 mM MgSO4, and 5 mM HEPES (pH 7.2)] plus 2% BSA (fatty acid free) with or 

without isoproterenol (10 μM) for 2 hours at 37°C. Medium was removed and assayed for 

glycerol (MAK117, Sigma-Aldrich), and release was normalized to fat mass. Lysosomal 

acid lipase activity was assessed as previously described (3) in iWAT.

Indirect calorimetry, physical activity, and food intake

Mice were placed in metabolic cages (PhenoMaster, TSE Systems) and allowed to 

acclimate. Mice were tested for 24 hours for O2 consumption, CO2 production, and activity 
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assessed as beam breaks (Systems LabMaster software v4.8.7). Data were analyzed as the 

average over 12-hour dark or light cycle intervals. Cumulative food intake was assessed 

daily in individually housed mice for 14 days total, taking into account spilled food. For 

analysis of norepinephrine-stimulated oxygen consumption, mice were allowed to acclimate 

for 3 hours in a small, (~2 liters) single-chamber system with water and chow provided. 

Mice were injected with norepinephrine [1 mg/kg intraperitoneally (ip)], and oxygen 

consumption was measured (Oxymax system, Columbus Instruments).

Immunohistochemistry

Immunohistochemical staining of inguinal adipose tissues for UCP-1 was performed using 

the VECTASTAIN Elite ABC-HRP Kit and UCP-1 primary antibody (1:100; UCP11-S, 

Alpha Diagnostics). Images were captured and analyzed by a blinded observer.

Cold tolerance tests, cold adaptation, and thermoneutrality

Mice were individually housed at 4°C in prechilled cages with minimal bedding and wire 

cage tops and provided ad libitum access to chow diet and water. Rectal temperatures were 

recorded just before cold exposure and hourly thereafter with a digital thermometer and 

probe (EasyView 10, Extech Instruments). For cold adaptation, mice were group-housed in 

prechilled cages at 4°C (four to five mice per cage) for 48 hours. For thermoneutrality 

experiments, mice were housed at 30°C for 2 weeks beginning at 8 weeks of age before 

tissue collection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Adipocyte-specific TFEB overexpression attenuates diet-induced obesity.
(A) Experimental strategy outlining adiponectin-Cre–driven TFEB transgene expression to 

generate Adipo-TFEB mice. (B) mRNA levels of TFEB in WAT and BAT in 8-week-old, 

chow-fed female mice (n = 4 control and 5 Adipo-TFEB mice). (C to H) Various metabolic 

parameters were measured in female mice fed a Western diet for 16 weeks. (C) Body mass 

response to diet-induced obesity (n = 22 control and 13 Adipo-TFEB mice). (D) Total fat 

mass, lean mass, and adiposity (n = 16 control, 9 Adipo-TFEB mice). (E) Fat pad masses 

upon sacrifice (n = 16 control and 9 Adipo-TFEB mice). (F) Representative H&E staining of 

gWAT, iWAT, and BAT. Scale bar, 100 μm. (G) gWAT and iWAT adipocyte size distributions 

(pooled from n = 6 control and 4 Adipo-TFEB mice). (H) BAT lipid content (n = 11 control 
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and 7 Adipo-TFEB mice). All data are presented as means ± SEM. Student’s two-tailed t 
test, *P < 0.05.
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Fig. 2. Adipocyte TFEB improves glucose and insulin tolerance and hepatic steatosis.
All analyses were performed in male mice fed a Western diet for the indicated duration. (A) 

Glucose tolerance test (GTT) and area under the curve (AUC) after 2 months on a Western 

diet (n = 16 control and 8 Adipo-TFEB mice). (B) Glucose tolerance test (GTT) and AUC 

after 4-month WD (n = 16 control and 8 Adipo-TFEB mice). (C) Insulin tolerance test and 

AUC in male mice fed WD for 4 months (n = 16 control and 8 Adipo-TFEB mice). (D) 

Liver mass, representative Oil Red O staining, and liver triglycerides in male mice fed WD 

for 4 months (n = 3 to 5 mice for each genotype). Scale bar, 100 μm. All data are presented 

as means ± SEM. Student’s two-tailed t test, *P < 0.05.
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Fig. 3. TFEB overexpression increases metabolic rate in diet-induced obesity.
Metabolic cage analyses were averaged over dark (active) and light (inactive) cycles (n = 9 

control and 5 Adipo-TFEB female mice after 4 months on a Western diet). (A) Oxygen 

consumption. (B) Respiratory exchange ratio (RER). (C) Physical activity. (D) Cumulative 

chow food intake was measured daily over 14 days (n = 8 control and 6 Adipo-TFEB male 

mice). Data are presented as means ± SEM. Student’s two-tailed t test, *P < 0.05.
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Fig. 4. TFEB transcriptionally drives browning in iWAT.
Transcriptional characterization in fat pads from female mice fed a Western diet for 4 

months. (A) Autophagy and lysosomal genes in iWAT (n = 9 control and 7 Adipo-TFEB 

mice). (B) Autophagy and lysosomal genes in BAT (n = 9 control and 7 Adipo-TFEB mice). 

(C) Adipose tissue browning genes in iWAT (n = 9 control and 7 Adipo-TFEB mice). (D) 

Adipose tissue browning genes in BAT (n = 9 control and 7 Adipo-TFEB mice). (E) 

Representative UCP-1 immunohistochemistry of iWAT (n = 5 control and 5 Adipo-TFEB 
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mice). Scale bar, 100 μm. Data are presented as means ± SEM. Mann-Whitney U (for 

UCP-1 only) and Student’s two-tailed t test, *P < 0.05.
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Fig. 5. TFEB drives PGC-1α, and PGC-1α deficiency limits TFEB-induced browning.
(A) Core (rectal) temperatures assessed hourly during a cold tolerance test at 4°C (n = 6 

control and 7 Adipo-TFEB 8-week-old, chow-fed male mice). (B) Oxygen consumption in 

response to norepinephrine (N.E.) injection (1 mg/kg ip; n = 6 control and 5 Adipo-TFEB 

10-week-old female mice). (C) Adipose tissue browning genes in iWAT (n = 8 control and 6 

Adipo-TFEB 3-month-old male mice) after 48 hours of group housing at 4°C. (D) Rectal 

(core) temperature in the mice from (C). (E) UCP1 mRNA in differentiated primary iWAT 

SVC adipocytes treated with vehicle or forskolin (10 μM) (n = 3 biological replicates for 

each group and representative of at least two independent experiments). Data are presented 

as means ± SEM. Student’s two-tailed t test, *P < 0.05 compared to respective control.
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Fig. 6. TFEB drives PGC-1α, and PGC-1α deficiency limits TFEB-induced browning.
(A) Transcriptional characterization of PPARGC1A and PPAR isoforms in iWAT (n = 9 

control and 7 Adipo-TFEB female mice fed a Western diet for 4 months). (B) iWAT 

PPARGC1A mRNA in chow-fed mice with or without cold adaptation (n = 6 control and 5 

Adipo-TFEB for 21°C and n = 8 control and 6 Adipo-TFEB for 4°C 3-month-old male 

mice). (C) PPARGC1A mRNA in differentiated primary iWAT SVC adipocytes treated with 

vehicle or forskolin (10 μM) (n = 3 biological replicates for each group and representative of 

at least two independent experiments). (D) Experimental strategy to test whether TFEB-
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induced transcriptional changes are PGC-1α dependent. (E and F) mRNA expression of 

TFEB, PPARGC1A, and PPARA in iWAT and BAT [n = 5 control, 16 Adipo–PGC-1α KO 

(knockout), and 9 Adipo–PGC-1α KO + Adipo-TFEB female mice fed a Western diet for 4 

months]. (G and H) Mitochondrial and lipid oxidation gene expression in iWAT and BAT (n 
= 5 control, 16 Adipo–PGC-1α KO, and 9 Adipo–PGC-1α KO + Adipo-TFEB female mice 

fed a Western diet for 4 months). Data are presented as means ± SEM. Student’s two-tailed t 
test, *P < 0.05 compared to respective control for two-group comparisons. For (E) to (H), 

one-way ANOVA and Tukey’s multiple comparison test, *P < 0.05 compared to control, # 

compared to respective Adipo–PGC-1α KO.
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Fig. 7. TFEB requires PGC-1α for protection against diet-induced obesity.
Analyses in female mice fed a Western diet for 4 months. (A) Body mass (n = 19 Adipo–

PGC-1α KO and 11 Adipo–PGC-1α KO + Adipo-TFEB mice). (B) Total fat mass, lean 

mass, and total adiposity (n = 16 Adipo–PGC-1α KO and 9 Adipo–PGC-1α KO + Adipo-

TFEB mice). (C) Fat pad masses upon sacrifice (n = 16 Adipo–PGC-1α KO and 9 Adipo-

PGC-1α KO + Adipo-TFEB mice). (D) Representative H&E staining of gWAT, iWAT, and 

BAT (n = 6 Adipo–PGC-1α KO and 6 Adipo–PGC-1α KO + Adipo-TFEB mice). Scale bar, 

100 μm. Data are presented as means ± SEM. Student’s two-tailed t test, *P < 0.05.
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Fig. 8. Physiological metabolic effects of TFEB overexpression are PGC-1α dependent.
(A) Glucose tolerance test (GTT) (n = 10 Adipo–PGC-1α KO and 9 Adipo–PGC-1α KO + 

Adipo-TFEB male mice fed a Western diet for 4 months). (B) Insulin tolerance test (n = 10 

Adipo–PGC-1α KO and 8 Adipo–PGC-1α KO + Adipo-TFEB male mice fed a Western diet 

for 4 months). (C) Core (rectal) temperatures assessed hourly during a cold tolerance test at 

4°C (n = 7 Adipo–PGC-1α KO and 5 Adipo–PGC-1α KO + Adipo-TFEB 6-month-old male 

mice fed a chow diet). (D) Metabolic cage analyses averaged over dark (active) and light 

(inactive) cycle (n = 8 Adipo–PGC-1α KO and 8 Adipo-PGC-1α KO + Adipo-TFEB female 

mice fed a Western diet for 4 months): oxygen consumption. (E) Respiratory exchange ratio. 

(F) Physical activity. (G) Representative iWAT UCP-1 immunohistochemistry (IHC) from n 
= 6 Adipo–PGC-1α KO and 6 Adipo–PGC-1α KO + Adipo-TFEB female mice fed a 

Western diet. Scale bar, 100 μm. Data are presented as means ± SEM. Student’s two-tailed t 
test, *P < 0.05.
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