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SUMMARY

Thermoneutral conditions typical for standard human living environments result in brown adipose 

tissue (BAT) involution, characterized by decreased mitochondrial mass and increased lipid 

deposition. Low BAT activity is associated with poor metabolic health, and BAT reactivation may 

confer therapeutic potential. However, the molecular drivers of this BAT adaptive process in 

response to thermoneutrality remain enigmatic. Using metabolic and lipidomic approaches, we 

show that endogenous fatty acid synthesis, regulated by carbohydrate-response element-binding 

protein (ChREBP), is the central regulator of BAT involution. By transcriptional control of 

lipogenesis-related enzymes, ChREBP determines the abundance and composition of both storage 

and membrane lipids known to regulate organelle turnover and function. Notably, ChREBP 

deficiency and pharmacological inhibition of lipogenesis during thermoneutral adaptation 

preserved mitochondrial mass and thermogenic capacity of BAT independently of mitochondrial 

biogenesis. In conclusion, we establish lipogenesis as a potential therapeutic target to prevent loss 

of BAT thermogenic capacity as seen in adult humans.

In Brief

Schlein et al. show that carbohydrate-response element-binding protein (ChREBP) controls de 
novo lipogenesis (DNL) in brown adipose tissue (BAT) and determines BAT whitening in response 

to thermoneutral housing. ChREBP deficiency prevents enrichment of DNL-derived lipids and 

mitophagy during BAT involution, which is associated with higher thermogenic capacity.

Graphical Abstract
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INTRODUCTION

The remarkable capacity for energy combustion of thermogenic brown adipocytes represents 

a valuable therapeutic target for treating obesity, dyslipidemia, and atherosclerosis (Bartelt 

and Heeren, 2012; Chen et al., 2020; Schlein and Heeren, 2016). Within BAT, in response to 

sympathetic stimulation, heat is produced via non-shivering thermogenesis through the inner 

mitochondrial membrane protein uncoupling protein 1 (UCP1), thereby significantly 

affecting whole-body metabolism (Cannon and Nedergaard, 2004). Numerous positron 

emission tomography/computer tomography (PET/CT) studies in healthy adult humans have 

demonstrated the presence of BAT, which can be activated and recruited by cold exposure or 

pharmacological intervention (Cypess et al., 2009,2015; Hany et al., 2002; Nedergaard et al., 

2007; O’Mara et al., 2020; Saito et al., 2009; van der Lans et al., 2013; van Marken 

Lichtenbelt et al., 2009; Virtanen et al., 2009; Zingaretti et al., 2009). Importantly, lower or 

absent BAT PET/CT signals were detected in aged, obese, and/or insulin-resistant 

individuals (Cypess et al., 2009; Saito et al., 2009; van Marken Lichtenbelt et al., 2009), 

indicating that a decline in metabolic health correlates with reduced BAT activity. 

Importantly, although cold exposure can undoubtedly exert profound beneficial effects on 

human metabolism, most humans spend most of their lives under thermoneutral or near-

thermoneutral conditions (Cannon et al., 2020; Fischer et al., 2018, 2019a).

Thermoneutrality is defined as the ambient temperature range where basal metabolism is 

sufficient to maintain body temperature, and thus no BAT recruitment or activity is needed. 

In mice, and presumably humans, prolonged living at thermoneutral temperatures results in 

BAT whitening, an involution process characterized by functional loss, lipid accumulation, 

and decreased mitochondrial mass in BAT (de Jong et al., 2019; Škop et al., 2020). One 

hallmark of BAT adaptation to thermoneutrality is the accumulation of triacylglycerols 

(TAGs) (de Jong et al., 2019) that can originate from several metabolic pathways. In BAT of 

cold-exposed mice, high amounts of lipids are taken up from circulating TAG-rich 

lipoproteins (TRLs) (Bartelt et al., 2011). Moreover, cold stimulates de novo lipogenesis 

(DNL), the synthesis of saturated and monounsaturated fatty acids from glucose-derived 

acetyl coenzyme A (CoA) (Mottillo et al., 2014). This synthetic pathway is regulated on the 

transcriptional level, especially by carbohydrate-response element-binding protein 

(ChREBP; encoded by Mlxipl) and sterol-regulatory element-binding protein 1 (encoded by 

Srebf1). In the liver, these transcription factors are equally important for the expression of 

DNL enzymes, such as ATP citrate lyase (encoded by Acly), acetyl CoA carboxylase α 
(encoded by Acaca), fatty acid synthase (encoded by Fasn), and elongases, such as 

elongation of very long-chain fatty acids protein 6 (encoded by Elovl6) and stearoyl-CoA 

desaturase 1 (encoded by Scd1) (Shimano and Sato, 2017; Wang et al., 2015). In adipose 

tissues, the contribution of each transcription factor to DNL gene expression is less well 

defined (Adlanmerini et al., 2019; Shimano and Sato, 2017; Vijayakumar et al., 2017). In the 

context of BAT whitening, it is important to note that at thermoneutrality, both TRL uptake 

and DNL are profoundly suppressed (Heine et al., 2018; Sanchez-Gurmaches et al., 2018), 

reflecting reduced energy demands of thermogenically inactive BAT. Therefore, the lipid 

source and the mechanisms underlying fat accumulation under this condition are unclear. 

Despite the clinical potential of BAT-related treatments for obesity-associated metabolic 
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diseases, the mechanisms underlying BAT whitening, and thus potential low therapy 

responsiveness, remain enigmatic.

Here, we report that BAT whitening is predominantly fueled by newly synthesized fatty 

acids accumulating within storage and membrane lipids and not by accretion of dietary fatty 

acids. This study introduces the concept of BAT involution as an active process driven by the 

lipogenic transcription factor ChREBP. ChREBP deficiency leads to a resistance to lipid 

accumulation and mitochondrial breakdown, and thus ChREBP-deficient mice are resistant 

to BAT involution, which can also be recapitulated by pharmacological inhibition of 

lipogenesis. In summary, we describe a pathway in BAT that allows to regulate and prevent 

BAT whitening.

RESULTS

Fatty Acid Synthesis Is Essential for BAT Whitening

Adaptation of mice to thermoneutrality (30°C) leads to increased lipid accumulation and 

decreased UCP1 density in BAT (Figure 1A). Residual UCP1 staining was observed in 

thermoneutral BAT, indicating that the cellular identity of brown adipocytes is preserved 

under this condition. To elucidate the source of the accumulating lipids, we performed fatty 

acid profiling using gas chromatography and calculated the ratio of palmitoleic acid (16:1) 

to linoleic acid (18:2), a marker of the amount of endogenously synthesized versus dietary 

fatty acids. This lipogenic index was increased in thermoneutral BAT in both TAGs (Figure 

1B) and phospholipids (Figure 1C) after housing at thermoneutrality for 1 or 4 weeks, 

demonstrating higher use of endogenous fatty acids for synthesis of complex lipids. Of note, 

the higher relative contribution of DNL versus exogenous fatty acids to cellular fatty acid 

pools occurred despite decreased expression of Chrebp-beta, a main regulator of lipogenesis 

in human and mouse adipose tissues (Eissing et al., 2013; Herman et al., 2012; Vijayakumar 

et al., 2017), its lipogenic target genes encoded by Acly, Acaca, Fasn, Scd1, and Elovl6, as 

well as to a smaller extent the lipogenic transcription factors of the SREBP family in 

thermoneutral BAT (Figure S1A). As expected, expression of markers of thermogenesis and 

mitochondrial biogenesis markers was decreased at thermoneutrality in an acclimation time-

dependent manner (Figure S1A). The absolute expression levels of Chrebp-alpha were 2-

fold higher compared with the Chrebp-beta isoform (Figure S1B). To investigate whether 

increased endogenously produced fatty acids have an impact on the BAT involution process, 

we acclimated ChREBP-deficient (ChREBP-knockout [KO]) mice and their wild-type 

littermates to 30°C. The total ChREBP-KO mice lack exons 12–14 and, therefore, have no 

DNA-binding activity (Iizuka et al., 2004). The expression data indicate that the truncated 

version of Chrebp-alpha mRNA is still expressed in ChREBP KO to a similar level as the 

wild-type version (Figure 1D). Chrebp-alpha mRNA can be detected in the KO mice 

because the qPCR was designed to detect the exon 1a/exon 2 boundary, which is not deleted 

in the KO mice. Importantly, the expression of lipogenesis genes in BAT of ChREBP-KO 

mice housed at thermoneutrality and room temperature was markedly reduced compared 

with wild-type controls (Figure 1D). The expression levels of Srebf1, Srebf2, and Srebp1c 
were not significantly affected. Because expression of DNL genes such as Acly, Acaca, and 

Fasn is markedly reduced in BAT of ChREBP-KO mice, these data indicate that the SREBP 
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family members at least under this condition are not able to compensate for the loss of 

ChREBP in regulating DNL genes in BAT. Glucose influx increases ChREBP activity 

(Wang et al., 2015); thus, we also compared the expression of these genes under fasting and 

refeeding conditions in BAT of wild-type and ChREBP-KO mice. Refeeding resulted in 

higher Chrebp-beta, Fasn, and Acaca gene expression in wild-type mice, whereas ChREBP-

KO mice exhibited a loss of response to refeeding in lipogenesis-associated gene expression 

(Figure S1C). The levels of Chrebp-alpha and Srebf2 were unaffected by fasting-refeeding 

or ChREBP deletion, whereas the expression of Srebf1 and especially Srebp1c was 

increased upon refeeding, an effect that was attenuated in ChREBP-KO mice (Figure S1C). 

Thermogenic gene expression was unaltered or reduced upon refeeding (Figure S1C). 

SREBP1c activity and expression are regulated by insulin in the liver, whereas ChREBP is 

activated by glucose influx that subsequently triggers generation of ChREBP-activating 

glucose-derived metabolites (Abdul-Wahed et al., 2017; Jeon and Osborne, 2012). To assess 

how insulin signaling would affect lipogenesis in BAT, we utilized inducible BAT-specific 

insulin receptor KO mice and measured lipogenic gene expression (Figure S1D). We 

observed reduced levels of DNL genes in the KO mice, whereas thermogenic marker 

expression was largely unaltered (Figure S1D). Interestingly, among the transcription 

factors, only Chrebp-beta was affected and showed a trend for lower expression in the 

absence of the insulin receptor (Figure S1D), consistent with insulin-dependent glucose 

transport controlling ChREBP activity (Herman et al., 2012). Taken together, these data 

indicate that ChREBP is the predominant lipogenic transcription factor in BAT, especially in 

the postprandial situation. Supporting this notion, ChREBP-KO mice also displayed a 

strongly reduced lipogenesis index in both TAGs (Figure 1E) and phospholipids (Figure 1F). 

Importantly, the mice had been acclimated to thermoneutrality for 12 weeks, a longer period 

of lipid remodeling compared with those shown in Figures 1B and 1C, which leads to further 

increases of the lipogenic index.

To elucidate whether ChREBP is also linked to lipogenic gene expression in human BAT, we 

examined gene expression relationships in an already established RNA sequencing (RNA-

seq) dataset (Jespersen et al., 2020). This dataset was composed of BAT isolated from a 

cohort of normal weight, overweight, and obese human subjects, where overweight and 

obesity were reported to associate with a decline in mitochondrial and thermogenic gene 

expression (Jespersen et al., 2020). Cohorts of lean and obese subjects are known to show a 

great variety in ChREBP-beta expression and lipogenesis (Eissing et al., 2013), which 

allows to correlate its expression to its putative targets. Therefore, these data were deemed 

suitable to determine the importance for ChREBP (encoded by the human gene MLXIPL) 

for BAT lipogenesis. The data do not allow to discriminate between ChREBP isoforms, 

which would be necessary to more precisely estimate ChREBP transcriptional activity. 

Nevertheless, MLXIPL gene expression correlated with the expression of the lipogenic 

genes ACLY (Figure 1G), ACACA (Figure 1H), FASN (Figure 1I), and SCD (Figure 1J), 

consistent with a role of ChREBP in lipogenic gene expression also in human BAT.

Next, we investigated whether the loss of fatty acid synthesis in ChREBP-KO mice affects 

the course of BAT whitening. Histological analysis revealed markedly decreased lipid 

deposition and also pronounced UCP1 immunostaining in BAT of thermoneutral ChREBP-

KO mice (Figure 1K), arguing for a preservation of thermogenic potential. Supporting this 
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notion, protein levels of UCP1 and mitochondrial oxidative phosphorylation complexes 

(OXPHOS) were strongly decreased in whitened BAT of wild-type mice. Of note, we 

detected higher levels of these proteins in BAT of thermoneutral ChREBP-KO mice (Figures 

1L and S1E). In line, electron microscopy analysis showed higher mitochondrial numbers in 

ChREBP-KO mice even after prolonged acclimation to thermoneutrality, which was also 

reflected by a more brownish macroscopic appearance of the tissue (Figures 1M and S1F). 

Of note, the levels of mitochondria were still relatively high in BAT of the wild-type controls 

after the 12-week thermoneutral adaptation, indicating preserved cellular identity of the 

brown adipocytes. Consistent with the higher respiratory chain complex and UCP1 content, 

mitochondria isolated from BAT of ChREBP-KO mice displayed higher maximal (CCCP-

induced) and UCP1-dependent (GDP-sensitive) respiration compared with mitochondria 

from BAT of wild-type controls (Figures 1N and S1G). Moreover, BAT activation by 

refeeding, an intervention known to provoke diet-induced thermogenesis (Li et al., 2018; von 

Essen et al., 2017), and subsequent beta3-adrenergic stimulation using the selective agonist 

CL316,243 revealed higher oxygen consumption in ChREBP-KO than in wild-type mice 

(Figures S1H and S1I). The reduction in oxygen consumption following the initial refeeding 

bout most likely reflects cessation of food intake after the initial excitement period (von 

Essen et al., 2017). Altogether, ChREBP deficiency reduces thermoneutrality-induced BAT 

whitening, which is associated with preserved mitochondrial mass and function.

Similar to the effects of ChREBP deficiency, administration of the allosteric acetyl-CoA 

carboxylase (ACC) inhibitor (ACCi) CP-640186 (Harwood et al., 2003) during adaption to 

thermoneutrality resulted in markedly reduced lipid accumulation in BAT (Figure 1O). As 

observed in ChREBP-deficient mice, BAT UCP1 protein levels were partially preserved in 

ACCi-treated mice acclimated to thermoneutrality (Figures 1P and S1J). In line with these 

findings, inhibition of ACC resulted in higher BAT thermogenic capacity, measured as 

oxygen consumption in response to beta3-adrenergic stimulation in mice adapted to 30°C 

(Figures S1K and S1L).

In conclusion, endogenous synthesis of fatty acids is essential for BAT whitening, and 

targeting this pathway by genetic or pharmacological approaches prevents the decline in 

thermogenic capacity at thermoneutrality, which prepares the tissue for activation by diet or 

adrenergic stimulation.

Reduced Endogenous Fatty Acid Species in ChREBP-KO Mice Despite Higher Uptake of 
Dietary Lipids

Activated brown adipocytes internalize high amounts of glucose and TAGs to meet their 

energetic demands (Bartelt et al., 2011; Heine et al., 2018). To investigate whether the 

reduced lipid accumulation observed in BAT of thermoneutral ChREBP-KO mice was 

secondary to reduced dietary uptake, we performed a combined oral glucose and fat 

tolerance test with radioactively labeled 3H-deoxyglucose and 14C-triolein. At housing 

temperatures of both 22°C and 30°C, BAT of ChREBP-KO mice exhibited a 2-fold higher 

uptake of 14C-triolein uptake compared with wild-type littermates, whereas uptake into 

white fat and other lipoprotein-processing organs was largely unaffected (Figure 2A). In 

contrast, 3H-deoxyglucose uptake was diminished in both white and brown fat of ChREBP-
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KO mice compared with wild-type controls housed at 22°C, but not 30°C, whereas uptake 

into the liver and the heart was increased (Figure 2B). Notably, glucose and lipid uptake in 

BAT correlated with one another in wild-type, but not ChREBP-KO, mice (Figure 2C), 

implicating an important role of ChREBP in balancing energy substrate utilization in brown 

adipocytes. In line with increased lipid uptake, the abundance of mainly diet-derived 

polyunsaturated fatty acids was higher in both phospholipids and TAGs, as well as in 

mitochondrial lipid extracts from BAT of ChREBP-KO mice (Figure 2D). In accordance 

with the reduced lipogenesis index in ChREBP-KO mice (Figures 1E and 1F), the levels of 

mainly endogenously produced monounsaturated fatty acids were decreased in TAGs, 

phospholipids, and mitochondrial lipid extracts (Figure 2D), emphasizing a strong effect on 

both storage and membrane lipids. Thus, the reduced lipid deposition in BAT of 

thermoneutral ChREBP-KO mice cannot be explained by reduced lipid uptake. Lipid uptake 

is rather increased in these mice, leading to a proportionally higher incorporation of dietary 

polyunsaturated fatty acids.

Loss of Endogenous Lipid Production Leads to Diminished Organelle Degradation

The higher mitochondrial abundance upon loss of lipogenesis in thermoneutral BAT could 

be caused by elevated sympathetic tone. Arguing against this, expression of cAMP-

dependent genes, such as Ucp1 and Dio2 (Figure 3A), as well as protein kinase A substrate 

phosphorylation determined by western blot analysis (Figure S2A), was similar between the 

genotypes. Likewise, expression of mitochondrial biogenesis and oxidative phosphorylation 

genes, such as Ppargc1a, Tfam, and Cox4i1, in BAT was unaffected by ChREBP deficiency 

(Figure 3A).

To rule out any potential confounding effects of sympathetic nerve activity, we denervated 

BAT to induce whitening of the tissue (Fischer et al., 2019b). In the sham-operated mice, 

basal UCP1 levels were higher in ChREBP-deficient mice compared with wild-type controls 

(Figures 3B and 3C). Denervation reduced UCP1 levels in both genotypes, but it is of note 

that UCP1 protein levels were still higher in ChREBP-KO mice than in wild-type controls 

(Figures 3B and 3C). These data indicate that the prevention of BAT involution observed in 

ChREBP deficiency is retained after cessation of adrenergic signaling. Taken together, these 

findings demonstrated that the increased mitochondrial levels in BAT of thermoneutral 

ChREBP-KO mice were not due to elevated mitochondrial biogenesis. Because the 

whitening of BAT is associated with profound loss of mitochondria (see control mice in 

Figures 1L and 1M), we hypothesized that ChREBP-mediated lipogenesis might be 

important for the regulation of the breakdown of mitochondria and mitochondrial proteins. 

The proteasome is one of the major mediators of protein degradation, and its activity has 

been previously shown to be reduced under thermoneutral conditions (Bartelt et al., 2018). 

This was, however, not affected by ChREBP deficiency (Figure S2B). We therefore tested 

the hypothesis that autophagy might be important for mitochondrial degradation in BAT at 

thermoneutrality. Indeed, treatment of wild-type mice with wortmannin, which blocks 

autophagy through phosphatidy-linositol-3-kinase inhibition (Blommaart et al., 1997; Yang 

et al., 2013), resulted in a strong increase in UCP1 protein (Figure S2C) and prevented BAT 

whitening during adaptation to 30°C (Figure S2D). Evidence for alterations in the 

autophagic pathway in ChREBP-KO mice was provided by histological analysis 
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demonstrating significantly more LC3 punctae in BAT of wild-type versus ChREBP-KO 

mice housed at thermoneutrality (Figures 3D–3G), indicating a higher number of mature 

autophagosomes in wild-type than in ChREBP-KO, BAT. This was demonstrated by anti-

LC3 immunostaining (Figures 3D and 3E) and by an alternative approach using an adeno-

associated virus vector encoding a fluorescent chimera of LC3 (Klionsky, 2011) Figures 3F 

and 3G). In sum, we provide evidence that mitochondrial breakdown via autophagy 

determines BAT whitening in a ChREBP-dependent manner.

Lipogenesis Is Required for Remodeling of Membrane and Storage Lipids at 
Thermoneutrality

To determine compositional changes in cellular lipids and thus identify lipid species that 

may potentially act as mediators of BAT whitening, we performed a broad lipidomic 

analysis in BAT of wild-type and ChREBP-KO mice at 22°C and 30°C (Figure 4A). In line 

with differences in BAT whitening between genotypes (Figure 1), the total concentrations of 

TAGs, diacylglycerols (DAGs), and cholesterol esters (CEs) were increased in BAT of 

thermoneutral wild-type, but not ChREBP-KO, mice (Figure 4A, left panel). In contrast, the 

levels of phospholipids were decreased in thermoneutral BAT of wild-type mice, consistent 

with reduced levels of mitochondria and other organelles in inactive BAT. ChREBP-KO 

mice also displayed such decrease, yet in certain lipid classes such as mitochondrial 

cardiolipins (CLs) to a lower extent. To elucidate the incorporation of endogenously 

produced versus dietary lipids in more detail, we calculated the levels of lipids enriched in 

mainly endogenously produced C14-C16 fatty acids and such enriched in dietary 18:2 (Figure 

4A, middle and right panels). The abundance of DAG and TAG, as well as major 

phospholipid classes such as phosphatidylcholine (PC) and CLs, enriched in C14-C16 fatty 

acids was strongly increased in thermoneutral BAT of wild-type, but not in ChREBP-KO, 

mice. In contrast, dietary linoleic acid was enriched in CLs and several membrane lipid 

classes in BAT of ChREBP-KO mice as compared with wild-type controls (Figure 4A, right 

panel). These findings show a strong remodeling in fatty acid composition of not only 

storage but also important membrane lipid classes, including CLs in wild-type, but not 

ChREBP-KO, mice upon thermoneutral adaptation. The total amount of TAGs correlated 

negatively with CL content, reflecting increased lipid accumulation in BAT with low 

mitochondrial content, and vice versa (Figure 4B). In contrast, the levels of CLs and TAGs 

enriched in mainly endogenously produced C14-C16 fatty acids correlated positively (Figure 

4C) and were both higher in wild-type (black dots) than in ChREBP-KO mice (white dots). 

This indicates that the remodeling of both lipid classes upon whitening is dependent on 

lipogenesis, because it happened only in wild-type mice and suggests a specific function of 

C14-C16 fatty acid residues in membrane and storage lipids.

Excess Dietary Lipids Disconnect Lipid Storage from Mitochondrial Breakdown

We challenged both wild-type and ChREBP-KO mice with exogenous lipids by high-fat diet 

(HFD) feeding at 30°C, aiming to provide an excess amount of (especially saturated and 

mono-unsaturated; Figure S3A) fatty acids to override the BAT phenotype of ChREBP-

deficient mice observed at thermoneutrality. While wild-type mice housed at 

thermoneutrality fed a chow diet displayed an increase in TAG species containing fatty acids 

with either 0, 1–5, or ≥6 double bonds (Figure 5A), ChREBP-KO mice showed a blunted 
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response specifically in TAG species containing, predominantly endogenously produced 

saturated (0) or low-desaturated fatty acids (1–5), whereas species with highly unsaturated 

fatty acids (≥6) were increased (Figure 5A). Upon HFD challenge, the levels in unsaturated 

and low desaturated fatty acid residues were increased in ChREBP-KO mice, rendering them 

more similar to wild-type mice and proving that a rescue of the reduced levels in 

endogenously produced fatty acids in thermoneutral BAT of ChREBP-KO mice by dietary 

supplementation was possible (see also Figure S3B). An excess of exogenous fatty acids 

rescued the lipid phenotype of ChREBP-deficient BAT (Figure 5B). BAT protein levels of 

UCP1 and OXPHOS proteins were comparable between genotypes after the HFD challenge 

in ChREBP-KO and wild-type mice (Figures S3D and S3E). In line with previous findings 

(Feldmann et al., 2009; Fischer et al., 2019b), HFD feeding led to a strong increase in UCP1 

and OXPHOS levels in wild-type mice to an equally high level of UCP1 as seen in 

ChREBP-KO BAT (Figures S3D and S3E), whereas gene expression of Ucp1 was increased 

equally in both wild-type and ChREBP-deficient mice (Figure S3F). This indicates that HFD 

feeding blocks DNL, leveling the turnover rate of mitochondria of wild-type and ChREBP-

KO mice, which is supported by the normalized lipogenesis-derived CL residues, as well as 

the CL lipidome (Figures 5C and S3C).

To study this process in a cell-type-specific manner and to rule out potential effects caused 

by ChREBP loss in non-adipocytes, we crossed mice expressing Cre recombinase under the 

control of the Ucp1 promoter (Ucp1-Cre) with Mlxiplflox/flox mice (Jois et al., 2017). The 

gene expression of Chrebp-beta and lipogenesis enzymes was markedly lower in Ucp1-Cre+ 

Mlxiplflox/flox (Cre+) compared with Ucp1-Cre- Mlxiplflox/flox (Cre−) mice kept at 22°C or 

30°C (Figure S4A), whereas thermogenic and mitochondrial gene expression was largely 

unaffected at thermoneutrality (Figure S4B). In line with results obtained using the whole-

body ChREBP-KO mice, Cre+ mice showed reduced lipid deposition within BAT upon 

thermoneutral housing (Figure 5D), which was accompanied by higher UCP1 and OXPHOS 

protein levels (Figures 5E and S4C). To verify the loss of ChREBP protein in both KO 

models, we analyzed protein expression in BAT of mice acclimated to thermoneutrality 

(Figure S4D). Both models, global and BAT-specific KOs, displayed a marked decrease in 

ChREBP protein levels. Residual ChREBP protein in Ucp1-Cre+ Mlxiplflox/flox (Cre+) mice 

most likely reflects expression in non-adipocytes. These data confirm that the seemingly 

unchanged expression of Chrebp-alpha in global KO mice (Figures 1D and S1C) represents 

a truncated mRNA(due to loss of exons 12–14) (Iizuka et al., 2004), not giving rise to 

functional ChREBP protein. We observed an enrichment of endogenously produced C16-

fatty acid-containing lipid species observed in thermoneutral BAT of Cre− mice, but not in 

Cre+ mice (Figure S4E). In line with the findings obtained in global ChREBP-KO mice, 

lipid uptake into BAT of Ucp1-Cre+ Mlxiplflox/flox (Cre+) mice was increased (Figure S4F), 

whereas glucose uptake was decreased (Figure S4G). Importantly, these results also show 

that this phenotype observed in global ChREBP-KO mice is not the result of altered 

intestinal absorption of dietary glucose and lipids or other systemic alterations but rather an 

intrinsic characteristic of ChREBP-deficient BAT. In line with these findings, Cre+ mice 

displayed an enrichment of dietary 18:2-enriched lipid species (Figure S4E). These effects 

were not restricted to TAGs (Figure S4J) but were also observed in phospholipids, such as 

PCs (Figure S4H), phosphatidylethanolamines (Figure S4I), and CLs (Figure S4K). Overall, 
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these data recapitulate the results obtained in global ChREBP deficiency, providing evidence 

for a cell-autonomous effect of ChREBP deficiency in resistance to BAT whitening. 

Altogether, these data show a massive remodeling of structural and storage lipids upon 

thermoneutral adaptation. Incorporation of diet-derived fatty acids is decreased in favor of 

endogenously produced fatty acids. This process does not take place in ChREBP-deficient 

mice and is regulated in a tissue-autonomous level because it was observed in both global 

and BAT-specific ChREBP-deficient mice and thus cannot be compensated by lipogenesis of 

other organs, such as the liver. HFD feeding also rescued the lipid accumulation (Figure 5F) 

and the UCP1 and OXPHOS protein levels (Figures 5G and S4L) in BAT of thermoneutral-

housed Cre+ mice.

Thus, the protective effect of brown adipocyte ChREBP deficiency on BAT lipid 

accumulation can be outweighed by excessive dietary lipids, which prevents the distinct 

changes taking place on chow diet that are associated with higher mitochondrial turnover 

(see model in Figure 5H).

DISCUSSION

It is well established that housing temperatures determine the expression of lipogenic 

enzymes and thus fatty acid synthesis in thermogenic adipocytes. Cold exposure markedly 

increases lipogenesis (Trayhurn, 1981), and it has been proposed that this process is 

important for heat production through futile cycling of fatty acid synthesis and oxidation 

(Mottillo et al., 2014). Therefore, models of altered BAT lipogenesis have mainly been 

studied in the context of their response to cold (Adlanmerini et al., 2019; Sanchez-

Gurmaches et al., 2018; Wei et al., 2020). A main research question highly relevant for 

human BAT pathophysiology (Cannon et al., 2020; de Jong et al., 2019; Ganeshan and 

Chawla, 2017; Scheele and Wolfrum, 2020), namely, the role of lipogenesis for BAT 

whitening during adaptation to thermoneutrality, has not been addressed so far. A key 

observation of our study is that at thermoneutrality, endogenously produced fatty acids have 

an increased contribution to the BAT lipid pool and play distinct roles in the remodeling of 

the tissue. So far, the role of fatty acids in the regulation of mitochondrial breakdown has 

been addressed in only a few studies. It was demonstrated that exogenous palmitate is a 

strong inducer of autophagy in various cell types (Komiya et al., 2010). Furthermore, SCD1-

dependent conversion of palmitate to palmitoleate was necessary for palmitate-induced 

autophagy in a pancreatic beta cell line (Janikiewicz et al., 2015). In addition, loss of ACC 

has been shown to impair autophagy in yeast, an effect that could be rescued by supplying 

exogenous monounsaturated fatty acids (Gross et al., 2019). Those results are in line with 

our observations showing that thermoneutral housing ChREBP dependently raises 

monounsaturated fatty acid levels in various lipid classes of BAT. It has to be noted that in 

this study, we do not directly assess the relative contribution of the alpha and beta isoform of 

ChREBP independently. While our global mouse model lacks exons shared between both 

isoforms, the tissue-specific model lacks the alpha-specific exon. Our data indicate that loss 

of functional ChREBP-alpha is sufficient to blunt lipogenic gene expression in BAT, and we 

found that ChREBP-alpha is essential for the expression of ChREBP-beta in BAT. Thus, 

future studies are warranted to determine the specific contribution of ChREBP-beta to 

lipogenic gene expression and BAT whitening.
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Notably, next to TAGs, most profound changes were detected in the composition of CLs. 

These lipids have been shown to influence mitophagy, because their translocation to the 

outer mitochondrial membrane can trigger mitochondrial turnover in cultured cells (Chu et 

al., 2013; Hsu et al., 2015). We observed a reduction in CLs containing dietary 

polyunsaturated fatty acids in thermoneutral BAT of wild-type, but not ChREBP-deficient, 

mice. Notably, CLs containing the dietary fatty acid linoleate have been shown previously to 

also be reduced in aged rat heart, while CLs containing endogenously produced fatty acids 

such as palmitic acid (16:0) were increased (Lee et al., 2006). Similarly, a reduction in CLs 

containing linoleate has been observed in a plethora of physiological and pathogenic 

conditions, including muscle inactivity (Fajardo et al., 2017), pulmonary hypertension 

(Saini-Chohan et al., 2011), heart failure (Saini-Chohan et al., 2009; Sparagna et al., 2007), 

and type 1 diabetic myocardium (Han et al., 2007). This is in line with our data showing a 

decline of CLs containing linoleate in thermogenically inactive mitochondria of 

thermoneutral BAT. In addition, due to the different fluidity and physicochemical properties 

of their acyl chain, polyunsaturated fatty acids have been shown to have profound effects on 

membrane curvature (Epand, 1998; Koenig et al., 1997; Smaby et al., 1997), thereby 

affecting mitochondrial function (Schenkel and Bakovic, 2014; Stanley et al., 2012; Sullivan 

et al., 2018). Our data suggest that enrichment of ChREBP-dependent, lipogenesis-derived 

fatty acids in CL species at the expense of dietary fatty acids could affect mitochondrial 

degradation in brown adipocytes of wild-type mice adapted to thermoneutrality. However, it 

is also conceivable that autophagic membranes, which are formed during the process of 

engulfment of the target organelle, may be formed out of DNL-derived lipids. Evidence for 

such a process has been recently described in yeast. In this study, it was demonstrated that 

autophagic membrane formation is dependent on acyl-CoA provided by fatty acid synthase 

(Schütter et al., 2020). In line, we observed lower amounts of autophagosomes detected as 

LC3-positive punctae in ChREBP-deficient BAT, which supports the general concept that 

autophagosome biogenesis and thus mitophagy depend on DNL.

The overall importance of mitophagy for mitochondrial clearance has so far mainly been 

shown in white adipose tissue, where the transition from a beige to a white adipocyte 

phenotype has been analyzed in detail by elegant in vivo lineage tracing experiments 

(Rosenwald et al., 2013) and studies assessing autophagic fluxes in vivo (Altshuler-Keylin et 

al., 2016; Lu et al., 2018). In these studies, the relevance of mitophagy for beige-to-white 

adipocyte transition was demonstrated by cell-type-specific deletion of the autophagy-

related proteins ATG5 or ATG12.

In conclusion, we show that ChREBP-dependent expression of lipogenic enzymes is 

essential for BAT whitening. We provide direct evidence from pharmacological and genetic 

intervention studies that endogenous fatty acid synthesis promotes complex lipid 

remodeling, ultimately affecting mitochondrial breakdown. Loss of lipogenesis during 

thermoneutral adaptation preserves mitochondrial levels and impairs lipid accumulation. 

Importantly, the retained mitochondria appear healthy and functional as they can be 

activated in vivo and ex vivo. At least in mice the whitening process can be inhibited 

pharmacologically, establishing BAT whitening as a potential therapeutic target.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents may be directed to and will 

be fulfilled by the Lead Contact, Ludger Scheja (l.scheja@uke.de).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The published article includes all datasets generated or 

analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal studies were performed with permission of the Animal Welfare Officers 

at University Medical Center Hamburg-Eppendorf or in accordance with approved 

institutional protocols of the Harvard T.H. Chan School of Public Health (HSPH) 

Institutional Animal Care and Use Committee. Mlxiplflox/flox mice were a kind gift of M.W. 

Sleeman (Monash University, Victoria, Australia) and Lawrence C. B. Chan (Baylor College 

of Medicine, Houston, Texas). All other mouse lines were purchased from Jackson 

Laboratories. DIO mice were kept on a high fat diet (Bio-Serv3282). Unless indicated 

otherwise, age and weight-matched male mice (8-20 weeks) were used. Routinely, mice 

were kept in single cages during adaptation to 22°C or 30°C in Memmert climate chambers 

with ad libitum access to food and water. Blood for EDTA plasma measurements was 

collected by tail vein blood withdrawal or cardiac puncture of anaesthetized mice.

Human subjects—BAT was isolated from a cohort of normal weight, overweight and 

obese human subjects as published (Jespersen et al., 2020). The 31 subjects included in this 

study were 23 women and 8 men, median age 55 (range: 23 - 74) years. The study was 

approved by the Scientific-Ethics-Committee of the Capital Region of Denmark, journal 

number: H-1-2014-015 and was conducted in accordance with the Helsinki declaration. All 

participants provided informed consent prior to participation in the study.

METHOD DETAILS

Pharmacological treatments—For pharmacological intervention studies, mice received 

daily intraperitoneal injections of 1 mg/kg wortmannin (Calbiochem) or 5 mg/kg CP-640186 

(Sigma) in 10% DMSO, 90% saline for 7 days. Mock controls received vehicle only.

Metabolic tracer studies—For oral glucose and fat tolerance tests (OGFT), mice were 

fasted for 4 hours before receiving an oral gavage of 200 μL of a solution containing glucose 

(2 g/kg body weight) and triacylglycerol-rich lipoproteins (80 mg triacylglycerol/kg body 

weight), traced with 3H-deoxy-glucose (0.72 MBq/kg body weight) and 14C-triolein (0.15 

MBq/kg body weight) . Two hours after gavage, organs were harvested after systemic 

perfusion with PBS-heparin (10U/ml) via the left heart ventricle. Tissues were solubilized 

for counting using Solvable and counted in a TriCarb scintillation counter (Perkin Elmer).
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Denervation of brown adipose tissue—Denervation of brown adipose tissue (BAT) 

was performed as previously described (Fischer et al., 2019b). Briefly, mice were injected 

with 5 mg/kg carprofen and anaesthetized with 4% isoflurane inhalation in O2. The 

interscapular region was shaved, sterilized with 80% ethanol and the skin was opened in a 1 

cm incision. The BAT was carefully lifted up without puncturing the Sulzer’s vein and the 

nerves were prepared. In one lobe, 5 nerves were cut, while in the contralateral lobe, the 

nerves were only touched and handled without cutting them. The skin incision was closed, 

and the animals were allowed to recover for 1 week at room temperature.

Histochemistry—Hematoxilin-Eosin staining was performed on paraffin embedded 

tissues. Briefly, sections (5 μm) were cut on a Leica Microtome and mounted on Histobond 

slides (Marienfeld-Superior). After de-paraffinization and rehydration, slides were incubated 

for 2 min in Hematoxilin, then blued under running tap water for 10 min, and counterstained 

with 0.5% Eosinfor 15 s. Afterward, the slides were dehydrated and mounting was 

performed using Eukitt. Microscopy was performed on a Nikon A1 Microscope equipped 

with a DS-U3 camera (Nikon).

Gene expression analysis—RNA was isolated from tissues using peqGOLD TriFast, by 

homogenizing tissues with a TissueLyser (QIAGEN) and purifying RNA by NucleoSpin 

RNAII Kit. Afterward, cDNA was prepared with High-Capacity cDNA Archive Kit. Gene 

expression was assessed using Taqman assays supplied as assays-on-demands, and data were 

normalized to the gene expression levels of the housekeeper Tbp.

Electron microscopy—Mice were transcardially perfused with a mixture of 4% 

paraformaldehyde and 1% glutaraldehyde in 0.1 M PB buffer at pH 7.4. Interscapular BAT 

was removed, and small pieces were prepared with a razor blade. The samples were rinsed 

three times in 0.1 M sodium cacodylate buffer (pH 7.2–7.4) and osmicated using 1% 

osmium tetroxide in cacodylate buffer. Following osmication, the samples were dehydrated 

using ascending ethyl alcohol concentration steps, followed by two rinses in propylene 

oxide. Infiltration of the embedding medium was performed by immersing the pieces in a 

1:1 mixture of propylene oxide and Epon and Anally in neat Epon and hardened at 60°C. 

Semithin sections (0.5 μm) were prepared for light microscopy mounted on glass slides and 

stained for 1 minute with 1% Toluidine blue. Ultrathin sections (60 nm) were cut and 

mounted on copper grids. Sections were stained using uranyl acetate and lead citrate. Thin 

sections were examined and photographed using an EM902 (Zeiss) electron microscope. 

Quantification of mitochondrial content was performed using ImageJ.

Tissue lysates & western blotting—For western blotting, organs were dissected and 

snap-frozen immediately. Tissues were homogenized in 10x (v/w) RIPA buffer (50 mM Tris-

HCI pH7.4; 5 mM EDTA; 150 mM NaCl; 1 mM Na-Pyrophosphate; 1 mM NaF; 1 mM Na-

Vanadate; 1% NP-40) supplemented with cOmplete Mini Protease Inhibitor Cocktail Tablets 

(Roche) in a TissueLyser (QIAGEN) at 20 Hz for 2x3 min. The homogenate was centrifuged 

at 13,000 rpm for 10 min at 4°C and the supernatant was taken using a syringe and a 27G 

needle to avoid contamination from the upper fat layer. Protein concentration was 

determined using the BCA method. Protein lysates were diluted in NuPAGE® LDS Sample 
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buffer + Sample Reducing Agent; Invitrogen and 20 μg of total protein were separated in 

10% or 12.5% Tris-Glycine SDS-PAGE. Transfer to nitrocellulose membranes (GE) was 

performed in a wet blotting system in blotting buffer (20 mM Tris, 150 mM Glycine, 20% 

(v/v) Methanol) for 2 h at 400 mA or overnight at 200 mA. Membranes were stained with 

Ponceau Red (Sigma), cut and blocked for 1 h in 5% milk in TBS-T (20 mM Tris, 150 mM 

NaCl, 0.1% (v/v) Tween 20). Membranes were incubated overnight at 4°C in the 

corresponding primary antibodies in 5% BSA (Sigma) in TBS-T. After washing 3 × 10 min 

in TBS-T, membranes were incubated for 1 h at RT in the corresponding HRP-conjugated 

secondary antibodies in 5% milk in TBS-T. After additional 3 × 10 min washing in TBS-T, 

detection was performed using SuperSignal West Femto ECL. For detection, either 

Amersham Hyperfilm system (GE) or Amersham Imager 600 (GE) were used. 

Quantification was performed using Li-Cor Image Studio Lite.

Indirect calorimetry—Indirect calorimetry was performed in a PhenoMaster System 

(TSE Systems) in a temperature- and humidity-controlled chamber as described before 

(Fischer et al., 2019b). After calibration of the oxygen and carbon dioxide sensors, oxygen 

consumption and carbon dioxide production were measured every 21 min. During the 

experiments, the mice were housed in their home cages at a 12 h/12 h light-dark cycle with 

free access to food and water. Before start of the respective experiment, the mice were 

allowed to acclimate to the system for at least 24 h. To analyze the effects of feeding as well 

as the response to the β3-adrenergic agonist CL316,243 on oxygen consumption, the mice 

(after acclimation to the chambers at 30°C) were fasted for 16 h overnight and then re-fed 

for 3 h before they were injected subcutaneously with 1 mg/kg CL316,243 in saline.

BAT mitochondrial respiration analysis—For the isolation of mitochondria from 

brown adipose tissue (Fischer et al., 2017; Shabalina et al., 2013), BATs of 4-5 mice were 

pooled in ice-cold 0.25 M sucrose. Tissues were minced, further homogenized in a glass 

homogenizer, filtered through a 250 μm nylon filter and centrifuged at 8500 g (JA-2550, 

Beckmann) for 10 min. The supernatant was discarded by inverting the tube, the pellet was 

resuspended in 0.25 M sucrose, homogenized in a glass homogenizer and centrifuged at 800 

x g for 10 min. The supernatant, containing mitochondria, was centrifuged at 8500 x g for 10 

min and the mitochondrial pellet was resuspended in TES buffer (100 mM KCl, 20 mM 

TES, 0.6% BSA, pH 7.2) to induce mitochondrial swelling. After centrifugation at 8500 g 

for 10 min, the supernatant was discarded, and the mitochondria were resuspended in 

remaining TES buffer. The solution was transferred to a small glass homogenizer, 

homogenized, and 0.4 mg of mitochondrial protein were used per measurement in the high-

resolution respirometer ORO-BOROS Oxygraph-2k. The oxygen electrode chambers were 

filled with 2 mL preheated MiR-05 buffer (Oroboros Instruments, 110 mM sucrose, 60 mM 

K-lactobionate, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 20 mM 

HEPES, pH 7.1 and 0.1% fatty acid free BSA), magnetically stirred at 500 rpm and kept at 

37°C. After introducing mitochondria to the chamber, oxygen consumption was measured in 

the presence of 2 mM malate (M), 12.5 mM pyruvate (P) and 10 mM L-glutamate (G) (all 

from Sigma). UCP1-dependent oxygen consumption was analyzed by titrating GDP to a 

final concentration of 5-6.25 mM. Subsequently, 1 mM ADP was added as a substrate for 

ATP synthase to measure maximal ADP-stimulated respiration. Thereafter the ATP synthase 
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was inhibited by 5 μM oligomycin. Eventually, maximal oxygen consumption was measured 

by titrating carbonyl cyanide m-chlorophenylhydrazine (CCCP) to a final concentration of 

4-5 μM and residual oxygen consumption was measured adding 2.5 μM antimycin A. Data 

were collected and analyzed using DatLab 7. UCP1-activity was calculated as the difference 

between oxygen consumption in the presence of MPG and after addition of GDP. Maximal 

respiration was calculated as CCCP-induced respiration. Data were expressed as respiratory 

rates per BAT depot.

Immunohistochemistry—Immunohistochemistry was performed on paraffin embedded 

tissues. Sections were mounted on Superfrost Plus adhesion slides (Thermo), then 

deparaffinized and rehydrated as described above. Antigen retrieval was performed by 

boiling the slides in citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6) in a water 

bath for 30 min. The slides were cooled down to room temperature for 30 min. Slides were 

rinsed with PBS (GIBCO® DPBS) and incubated with blocking buffer (3% BSA in PBS) 

for 1 h at room temperature. All incubations were performed in a humidity chamber. The 

slides were incubated with the primary antibody (anti-UCP1, 1:1000) diluted in 1% BSA in 

PBS overnight at 4°C. After primary antibody incubation, the slides were washed with PBS 

for 3x 10 min and then incubated with goat-anti-rabbit HRP secondary antibody at a 1:500 

dilution for 1 h at room temperature. After secondary antibody incubation, sections were 

washed with PBS for 3x 10 min. Staining was performed using abcam DAB kit following 

the manufacturer’s instructions. After DAB-staining, the slides were rinsed with PBS to stop 

the chromogenic reaction and counterstained with hematoxilin for 2 min. Slides were 

incubated under running tap water for 10 min to achieve bluing of the hematoxilin. 

Afterward, the slides were dehydrated and mounted using Eukitt. Microscopy was 

performed on a Nikon A1 Microscope equipped with a DS-U3 camera (Nikon).

Imaging of endogenous and mWasabi-tagged LC3—For imaging of endogenous 

LC3 punctae, paraffin tissue sections from 30°C-acclimated mice were rehydrated and 

antigen retrieval was performed as for the immunohistochemical analysis. To reduce 

background, sections were incubated with 1% Sudan black (Sigma) in 80% ethanol for 10 

min, and then washed in PBS. After blocking with 3% BSA (Sigma) in PBS for 1 h at room 

temperature, slides were incubated with anti-LC3B antibody (1:200) overnight at 4°C in a 

humid incubation chamber. After washing with PBS, sections were incubated with AF488-

donkey-anti-rabbit secondary antibody (1:250) for 1 h at room temperature in the dark. 

Sections were then washed with PBS and stained with 0.05% DAPI in PBS for 10 min, 

before mounting with ProLong Gold antifade reagent.

For targeted expression of mWasabi-tagged LC3 in BAT, mice were injected with 5 mg/kg 

carprofen and anaesthetized with 4% isoflurane inhalation anesthesia in O2. The 

interscapular region was shaved, sterilized with 80% ethanol, and the skin was opened in a 1 

cm incision. BAT was carefully lifted up and 10 μl of AAV1 vectors containing an mWasabi-

LC3 insert (concentration 5.1*1013 vg/ml) were injected into BAT using a 25 μl Hamilton 

syringe with a 30G needle. The skin incision was closed, animals received analgesia and 

antibiotics for recovery and were transferred to 30°C for one week. BAT was harvested and 

immediately imaged. Imaging was performed using a Nikon eclipse Ti confocal laser 
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scanning microscope with 488 nm laser and a 500–550 nm detector. LC3 punctae were 

counted in a blinded fashion and expressed per field.

Structural lipidomic analysis—Tissue samples were transferred to an Omni 

homogenizing tube with ceramic beads on ice. Tissue samples were homogenized in 0.1x 

PBS at 4°C for 1.5 minutes using an Omni Bead Ruptor with an attached Cryo unit. Sample 

aliquot volume was normalized by 1 mg protein determined by bicinchoninic acid (BCA) 

assay. Structural lipidomic analysis involved a modified Bligh and Dyer extraction utilizing 

a customized, automated liquid-liquid extraction sequence on a Hamilton Robotics StarLET 

Robot System. Four mL of chloroform:methanol (1:1, by vol) was added to the samples 

followed by addition of 50 μL of a cocktail mixture of deuterium-labeled, odd chain, and 

extremely low naturally abundant internal standards. A front extraction was performed by 

adding 2 mL of 50mM lithium chloride to sample tubes, vortexed in Multi Tube Vortexer for 

3 minutes, centrifuged at 1000 g for five minutes, and the bottom chloroform layer was 

carefully transferred to a new glass tube. An additional 1.8 mL of chloroform was added to 

source tubes, vortexed and centrifuged as described above, and transferred for a total of three 

chloroform transfers. The samples were dried down under a stream of N2 gas and 

resuspended in chloroform:methanol (1:1, by vol). A back extraction was performed for 

additional sample clean up to remove contamination of protein, salts, and residual aqueous 

layer from front extraction. Two mL of 10mM lithium chloride was added to resuspended 

samples and same protocol was followed as front extraction. Samples were dried down 

under N2, reconstituted in chloroform:methanol (1:1, by vol), and stored at −20°C. Samples 

were prepared to run on the mass spectrometer by diluting 250x in 

isopropanol:methanol:acetonitrile:water (3:3:3:1, by vol) with 2 mM ammonium acetate.

Electrospray ionization (ESI) MS was performed on a Sciex TripleTOF 5600+ coupled with 

a direct injection loop on an Eksigent Ekspert MicroLC 200 system. The ESI DuoSpray Ion 

Source parameter settings were set to: ion source gas 1 (GS1) at 10, ion source gas 2 (GS2) 

at 10, curtain gas (CUR) at 20, temperature at 300°C, and Ion Spray Voltage Floating (ISVF) 

at 5500 V for positive mode and −4500 V for negative mode. The MS/MSALL acquisition 

method consisted of two experiments, first a TOF MS survey scan acquiring data from 

200-1200 m/z. The second experiment in the acquisition method consisted of 1000 high 

resolution product ion scans with precursors evenly spaced from m/z 200.05 to m/z 1200.05 

with 300 ms of accumulation time for each scan. The collision energy was set to 35 eV and 

−35 eV for positive and negative mode, respectively, with a collision energy spread (CES) of 

± 15 eV. Cardiolipin and monoacylglycerol species were analyzed with unique acquisition 

methods as previously described (Gao et al., 2016, 2018). Mass shift was controlled by 

calibrant solution delivered every 10 samples at 500 μL/min by the atmospheric-pressure 

chemical ionization (APCI) probe. The MS/MSALL data was acquired by Analyst TF 1.7 

software (Sciex) and processed with MultiQuant 1.2.2.5 (Sciex) using an in-house database 

of lipid species for identification and quantification.

Fatty acid profiling—Fatty acid composition in total lipid extracts of tissues was 

determined by gas chromatography, as described previously (Scheja et al., 2008). Briefly, 

250 μL of butylhydroxytoluene (0.1 mol l–1 in methanol) and 6 mL of chloroform/methanol 
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(2/1, v/v) were added to ~50-100 mg of tissue. After homogenization using an Ultraturrax 

homogenizer, the samples were heated to 50°C for 30 min and centrifuged (1,800 g, 5 min). 

Fatty acid methyl esters were prepared by heating 100 μL of tissue extract, 2 mL methanol/

toluene (4/1, v/v), 50 μL heptadecanoic acid (200 mg ml–1 in methanol/toluene, 4/1) and 

200 μL acetyl chloride in a capped tube for 1 h at 100°C. After cooling to room temperature, 

5 mL of 6% sodium carbonate and 1.6 mL of toluene were added. The mixture was 

centrifuged (1,800 g, 5 min) and 150–200 μL of the upper layer was transferred to auto 

sampler vials. Gas chromatography analyses were performed using an HP 5890 gas 

chromatograph (Hewlett Packard) equipped with flame ionization detectors (Stationary 

phase: DB-225 30 m × 0.25 mm i.d., film thickness 0.25 μm; Agilent). Peak identification 

and quantification were performed by comparing retention times and peak areas, 

respectively, to standard chromatograms. All calculations are based on fatty acid methyl 

ester values.

Human BAT sampling—Brown adipose tissue biopsies were obtained from the 

supraclavicular deep neck of 31 patients undergoing thyroid surgery due to benign goiter. 

Biopsies were immediately snap frozen in liquid nitrogen and stored at −80°C until RNA 

isolation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two groups were compared by unpaired two-tailed Student’s t test, more than two groups by 

two-way ANOVA. Statistical analyses were conducted using Graph Pad software; p < 0.05 

was considered significant. The numbers of animals per group (n) and the exact statistical 

tests used can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ChREBP controls de novo lipogenesis (DNL) in BAT

• DNL-derived lipids are enriched in BAT of mice in response to thermoneutral 

housing

• Thermoneutrality causes loss of mitochondria and UCP1 by mitophagy in 

BAT

• DNL-linked lipid remodeling and BAT involution are prevented by ChREBP 

deficiency
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Figure 1. Fatty Acid Synthesis Is Essential for BAT Whitening
BAT was harvested from wild-type mice or mice with genetic or pharmacological inhibition 

of lipogenesis, housed at room temperature (22°C) or adapted to thermoneutrality (30°C) for 

the time periods indicated.

(A–C) Wild-type mice.

(A) Representative images of hematoxylin and eosin (H&E) and UCP1 

immunohistochemistry stainings (n = 5).

(B) The ratio of palmitoleate to linoleate (lipogenesis index) in triacylglycerols (n = 6).
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(C) Lipogenesis index in phospholipids (n = 6).

(D–F) Wild-type and ChREBP-KO mice.

(D) Expression of lipogenic genes in thermoneutral BAT of mice housed at room 

temperature or at thermoneutrality for 6 weeks (n = 6).

(E and F) Lipogenesis index in triacylglycerols (E) and phospholipids (F) in thermoneutral 

BAT following 12-week adaptation to thermoneutrality (n = 6).

(G–J) RNA-seq gene expression analysis of human BAT (n = 31).

(G) Correlation of MLXIPL with ACLY.
(H) Correlation of MLXIPL with ACACA.
(I) Correlation of MLXIPL with FASN.
(J) Correlation of MLXIPL with SCD.

(K–N) Wild-type and ChREBP-KO mice.

(K) Representative histological images and UCP1 immunostaining in BAT of mice housed 

for 6 weeks at thermoneutrality (n = 3).

(L) Western blot analysis of mitochondrial markers in BAT (n = 3).

(M) Representative BAT images and EM from mice housed for 12 weeks at 

thermoneutrality.

(N) UCP1-dependent and maximum respiration of mitochondria isolated from 1-week 

thermoneutral BAT (n = 3).

(O and P) Wild-type mice housed at 22°C or 30°C were injected with vehicle or ACC 

inhibitor.

(O) Representative images of H&E staining (n = 5).

(P) Western blot analysis of UCP1 and AKT (housekeeper) (n = 5).

Data are presented as means ± SEM. *p < 0.05 by Student’s t test or one-way ANOVA.

See also Figure S1.
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Figure 2. Reduced Endogenous Lipid Level of Triacylglycerols and Phospholipids in ChREBP-
KO Mice Cannot Be Compensated by Dietary Lipids
Wild-type mice or ChREBP-KO mice were housed at room temperature (22°C) or adapted 

to thermoneutrality (30°C) for 1 week, and nutrient uptake and BAT fatty acid composition 

were determined.

(A) 14C-triolein uptake in metabolically active organs (n = 6–7).

(B) 3H-deoxyglucose (3H-DOG) uptake in the same mice as in (A).

(C) Correlation of 14C-triolein and 3H-DOG uptake presented in (A) and (B).

(D) Fold changes in fatty acids in triacylglycerols, phospholipids, and mitochondrial lipid 

extracts from BAT of mice housed at 30°C (n = 6).

Data are presented as means ± SEM. *p < 0.05 by two-way ANOVA.
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Figure 3. Loss of Endogenous Lipid Production Leads to Diminished Organelle Degradation
Wild-type and ChREBP-KO mice were housed at thermoneutrality for 1 week, housed at 

thermoneutrality for 1 week after injection of adeno-associated virus (AAV) encoding 

Wasabi-LC3, or housed at room temperature after BAT denervation.

(A) Expression of thermogenic genes in BAT after thermoneutral adaption for 1 week (n = 

6).

(B) Western blot analysis of UCP1 and AKT in BAT of denervated or sham-treated mice (n 

= 4).

(C) Quantification of the western blot shown in (B) (n = 4).

(D and E) Immunostaining and quantification of LC3 punctae in BAT of overnight-fasted 

mice (n = 4–5).

(F and G) Samples of thermoneutral BAT were prepared for immunofluorescence after 

infection with an AAV construct encoding mWasabi-LC3 (n = 3).

Data are presented as means ± SEM. *p < 0.05 by Student’s t test.

See also Figure S2.
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Figure 4. Lipogenesis Is Required for Remodeling of Membrane and Storage Lipids at 
Thermoneutrality
To elucidate which lipid classes were specifically affected by fatty acid remodeling during 

BAT whitening, lipidomic analysis of BAT from wild-type and ChREBP-KO mice 

acclimated to 22°C or 30°C was performed.

(A) Total lipid content of BAT (normalized on protein content), as well as enrichment of 

lipids containing endogenously produced C14-C16 or diet-derived 18:2 fatty acids in 

different lipid classes of BAT. Data are means of n = 4 per group. Fold changes over levels in 

wild-type mice at 22°C are shown.

(B) Correlation between total cardiolipin and total triacylglycerol content in wild-type (black 

dots) and ChREBP-KO mice (white dots).

(C) Correlation between C14-C16-enriched cardiolipin and triacylglycerol levels in wild-

type (black dots) and ChREBP-KO mice (white dots). CE, cholesterol ester; CL, cardiolipin; 

DAG, diacylglycerol; FFA, free fatty acid; PA, phosphatidic acid; PC, phosphatidylcholine; 

PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI; phosphatidylinositol; PS, 

phosphatidylserine; TAG, triacylglycerol.

See also Figure S3.
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Figure 5. Excess Dietary Lipids Disconnect Lipid Storage from Mitochondrial Breakdown
Mice lacking ChREBP globally (ChREBP-KO) or specifically in thermogenic adipocytes 

(Cre+) and littermate controls (wild-type/Cre−) were housed at room temperature (22°C) 

and/or adapted to thermoneutrality (30°C) on chow diet or high-fat diet (HFD).

(A–C) Wild-type and ChREBP-KO mice.

(A) BAT triacylglycerol desaturation in mice fed either chow diet or HFD housed at 

indicated temperatures. Levels of triacylglycerols containing fatty acids with 0, 1–5, or ≥6 

double bonds are shown. Log fold change over wild-type levels at 22°C are plotted (n = 4).

Schlein et al. Page 28

Cell Rep. Author manuscript; available in PMC 2021 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(B) Representative H&E staining of BAT in mice fed HFD at thermoneutrality (n = 6).

(C) Levels of cardiolipins enriched in C16 or C18:2 fatty acids (n = 4).

(D–G) Brown adipocyte-specific ChREBP-deficient (Cre+) and control (Cre−) mice.

(D) Representative BAT H&E staining of chow-fed mice (n = 5).

(E) Western blot analysis of UCP1 and OXPHOS complexes (CI-V) in chow-fed mice (n = 

5).

(F) Representative H&E staining of BAT in mice fed HFD at thermoneutrality (n = 6).

(G) Western blot analysis of UCP1 and OXPHOS complexes (CII-V) in BAT of mice fed 

HFD for 4 weeks at thermoneutrality (n = 6).

(H) Schematic model describing the role of ChREBP-dependent lipogenesis during BAT 

whitening.

Data are presented as means ± SEM. *p < 0.05 by ANOVA.

See also Figure S4.

Schlein et al. Page 29

Cell Rep. Author manuscript; available in PMC 2021 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schlein et al. Page 30

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies and Dilutions

Rabbit polyclonal anti-AKT (1:1,000) Cell Signaling Cat# 9272; RRID: AB_329827

Rabbit polyclonal anti-ChREBP Novus Cat# NB400-135; RRID:AB_10002435

Mouse monoclonal anti-COX4 (1:5000) Santa Cruz Biotechnology Cat# sc-58348: RRID:AB_2229944

Rabbit polyclonal anti-LC3B (1:200) Cell Signaling Cat# 2775; RRID:AB_915950

Mouse OXPHOS WB cocktail (1:25,000) Abcam Cat# ab110413; RRID:AB_2629281

Rabbit polyclonal Phospho-PKA Substrate (RRXS/T) 
(1:1,000)

Cell Signaling Cat# 9624; RRID:AB_331817

Rabbit monoclonal anti-gTubulin Abcam Cat# ab179503, RRID: N/A

Rabbit anti-UCP1 (1:12,500, IHC 1:1,000) Cannon lab (Stockholm University) N/A

HRP goat anti-mouse (1:5000) Jackson ImmunoResearch Labs Cat# 115-035-003; RRID:AB_10015289

HRP goat anti-rabbit (1:5000, IHC 1:500) Jackson ImmunoResearch Labs Cat# 111-035-144; RRID:AB_2307391

AF488-donkey-anti-rabbit (1:250) Jackson Immunoresearch Labs Cat# 711-546-152; RRID:AB_2340619

Chemicals and Reagents

ACC inhibitor (CP-640186) Sigma Cat# PZ0362

ADP Sigma Cat# A2754

Antimycin A Sigma Cat# A8674

CCCP Sigma Cat# C2759

CL316,243 Tocris Cat# 1499

cOmplete Mini Protease Inhibitor Cocktail Roche Cat# 1836153001

DAPI Invitrogen Cat# D1306

Eosin Merck Cat# 1.15935

EUKITT® O. Kindler N/A

GDP Sigma Cat# G7127

Hematoxylin Sigma Cat# MHS32-1L

Heparin Rotexmedica N/A

High-fat diet EF Bio-Serv Sniff Cat# F3282 mod

NuPAGE LDS 4x sample buffer Invitrogen Cat# NP0008

NuPAGE reducing sample buffer Invitrogen Cat# NP0004

Oligomycin Sigma Cat# O4876

Scintillation fluid Zinsser Analytic Cat# 1008500

Solvable™ Perkin Elmer Cat# 6NE9100

SuperSignalWest Femto Substrate Thermo Fisher Cat# 34095

peqGOLD TriFast peqlab Cat# 30-2010

ProLong Gold antifade reagent Invitrogen Cat# P36930

Wortmannin Calbiochem Cat# 681675

3H-Deoxyglucose Hartmann Analytik Cat# MT911

14C-Triolein Hartmann Analytik Cat# ARC 0291

Cell Rep. Author manuscript; available in PMC 2021 June 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schlein et al. Page 31

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays and Equipment

Steady DAB/Plus Abcam Cat# ab103723

NucleoSpin RNA/Protein kit Macherey & Nagel Cat# 740933

High Capacity cDNA RT kit Invitrogen Cat# 4368813

TaqMan assay for Acaca Thermo Fisher Mm01304285_m1

TaqMan assay for Acly Thermo Fisher Mm00652520_m1

TaqMan assay for Atp6 Thermo Fisher Mm03649417_g1

TaqMan assay for Chrebpa Thermo Fisher Mm01196407_m1

TaqMan assay for Chrebpb Thermo Fisher AIVI4CH

TaqMan assay for Cox2 Thermo Fisher Mm03294838_g1

TaqMan assay for Cox4i1 Thermo Fisher Mm00438289_g1

TaqMan assay for Cox7a1 Thermo Fisher Mm00438297_g1

TaqMan assay for Cox8b Thermo Fisher Mm00432648_m1

TaqMan assay for Cpt1b Thermo Fisher Mm00487191_g1

TaqMan assay for Dio2 Thermo Fisher Mm00515664_m1

TaqMan assay for Elovl6 Thermo Fisher Mm00851223_s1

TaqMan assay for Fasn Thermo Fisher Mm00662319_m1

TaqMan assay for Nd2 Thermo Fisher Mm04225288_s1

TaqMan assay for Ppargc1a Thermo Fisher Mm00447183_m1

TaqMan assay for Scd1 Thermo Fisher Mm00772290_m1

TaqMan assay for Srebf1 Thermo Fisher Mm00550338_m1

TaqMan assay for Srebf2 Thermo Fisher Mm01306292_m1

TaqMan assay for Srebp1c Thermo Fisher AI89KJW

TaqMan assay for Tbp Thermo Fisher Mm00446973_m1

TaqMan assay for Tfam Thermo Fisher Mm00447485_m1

TaqMan assay for Ucp1 Thermo Fisher Mm00494069_m1

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Stock No: 000664

Mouse: B6.129S6-Mlxipltm1Kuy/J The Jackson Laboratory Stock No: 010537

Mouse: B6.FVB-Tg(Ucp1-cre)1Evdr/J The Jackson Laboratory Stock No: 24670

Mouse: B6.129S4(FVB)-Insrtm1Khn/J The Jackson Laboratory Stock No: 006955

Mouse: B6.Tg(Ucp1-cre/ERT2)426Biat Wolfrum lab (ETH) Heine et al., 2018

Mouse: Mlxipflfloxed/floxed Sleeman lab (Monash University) Jois et al., 2017

Biological Samples

Human BAT biopsies Centre for Physical Activity Research, 
Rigshospitalet, University of Copenha-
gen, Denmark

Jespersen et al., 2020

Software

Excel 2018 (Version 16.16.20) Microsoft RRID:SCR_016137

GraphPad Prism (Version 8.4.1) GraphPad RRID:SCR_002798
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REAGENT or RESOURCE SOURCE IDENTIFIER

Image Studio Lite (Version 5.2.5) LICOR RRID:SCR_013715

NIS-Elements Advanced Research NIKON RRID:SCR_014329
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