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SUMMARY

Brown adipose tissue (BAT) is highly metabolically active tissue to dissipate energy via UCP1 as 

heat, and BAT mass is correlated negatively with obesity. The presence of BAT/BAT-like tissue in 

humans renders BAT as attractive target against obesity and insulin resistance. Here, we identify 

Aifm2, a NADH oxidoreductase domain containing flavoprotein, as a lipid droplet (LD) associated 

protein highly enriched in BAT. Aifm2 is induced by cold, as well as by diet. Upon cold or β-

adrenergic stimulation, Aifm2 associates with the outer side of the mitochondrial inner membrane. 

As a unique BAT-specific first mammalian NDE (external NADH dehydrogenase)-like enzyme, 

Aifm2 oxidizes NADH to maintain high cytosolic NAD levels in supporting robust glycolysis and 

to transfer electrons to ETC for fueling thermogenesis. Aifm2 in BAT and subcutaneous WAT 

promotes oxygen consumption, uncoupled respiration and heat production during cold- and diet-

induced thermogenesis. Aifm2, thus, can ameliorate diet-induced obesity and insulin resistance.

ETOC blurb:

Aifm2, a brown adipose tissue specific lipid-droplet associated NADH oxidase, associates with 

mitochondrial inner membrane to regenerate cytosolic NAD for robust glycolysis and to support 

ETC for thermogenesis.
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INTRODUCTION

Obesity, characterized by the excess accumulation of white adipose tissue (WAT), has 

become a global epidemic. In contrast to WAT that serves as the main energy storage organ, 

brown adipose tissue (BAT) dissipates energy via non-shivering thermogenesis to maintain 

body temperature in cold. Upon cold exposure, subcutaneous WAT also becomes BAT-like 

via so-called browning or beiging (Bartelt and Heeren, 2014). Presence of BAT and BAT-

like tissue in human adults has been established and BAT activity is known to increase upon 

cold exposure to inversely correlate with adiposity (Cypess et al., 2009, Virtanen et al., 2009, 

Nedergaard et al., 2010, van Marken Lichtenbelt et al., 2009, Carpentier et al., 2018). Unlike 

WAT with unilocular lipid droplet (LD), brown adipocytes contain numerous small LDs and 

a high number of mitochondria. Although it may not be an exclusive mechanism, UCP1 at 

the inner mitochondrial membrane of BAT dissipates proton gradient from mitochondrial 

electron transport chain (ETC) to generate heat (Cannon and Nedergaard, 2004). BAT is 

reported also to dissipate heat in response to diet or food intake, diet-induced thermogenesis. 

At thermoneutrality (30oC), UCP1 KO mice are heavier. UCP1 has been shown to increase 

from consuming obesogenic diets (Feldmann et al., 2009). Better understanding regulation 

of BAT metabolism and thermogenic process may provide future therapeutic targets for 

obesity and related metabolic diseases.

Thermogenesis is a highly energetic process and, classically, FAs derived from intracellular 

lipolysis are used as the energy source (Blondin et al., 2017). Upon cold, norepinephrine 

released from the sympathetic innervation in BAT stimulates β3-adrenergic receptor 

increasing intracellular lipolysis (Ahmadian et al., 2011). FAs thus generated are utilized for 
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oxidation and to directly bind for UCP1 activation (Carpentier et al., 2018). Recently, 

however, FAs taken up from circulation are shown to be used for thermogenesis, especially 

in fasted condition (Schreiber et al., 2017, Shin et al., 2017). And glucose uptake increases 

in BAT after cold exposure or β-adrenergic stimulation (M et al., 2018, Symonds et al., 

2018). Proteins/enzymes involved in glucose uptake and catabolism, such as Glut1 and 

Hexokinase, are induced in BAT by cold exposure (Winther et al., 2018). BAT has the 

highest glucose uptake among tissues and. In fact, the presence of BAT or BAT-like tissue in 

adults has been evidenced by the 18F-glucose uptake of PET-CT scan (M et al., 2018). 

Interestingly, glycolysis is reported to be critical for optogenetically induced thermogenesis 

(Jeong et al., 2018). Yet, neither the role nor the significance of glycolysis and its 

downstream metabolism during thermogenesis have been well studied.

To sustain robust glycolysis, cytosolic NAD is critical to support glyceraldehyde-3phosphate 

dehydrogenase reaction in the glycolytic pathway (Barron et al., 1998). Inner mitochondrial 

membrane is impermeable to NADH or NAD. In most tissues, malate-aspartate shuttle 

transfers NADH produced from glycolysis into mitochondria for ETC and returns NAD to 

cytosol for glycolysis. In BAT that requires rapid ATP generation, glycerol-3-phosphate 

shuttle is presumed critical (Kauppinen et al., 1987, Barron et al., 1998). However, 

contribution of mtGPD in thermogenesis could not be demonstrated in KO mouse models 

(DosSantos et al., 2003, Alfadda et al., 2004). Lactate dehydrogenase (LDH) reaction in the 

cytosol can regenerate NAD. However, lactate in BAT can be used for oxidation by 

converting back to pyruvate to enter TCA cycle, and lactate levels in BAT do not increase 

but rather decrease during thermogenesis (Jeong et al., 2018) (Vergnes and Reue, 2014). 

Therefore, BAT may have a unique, yet to be identified means of NAD generation for 

glycolysis.

NDHs (NADH dehydrogenase) that are mainly found in yeast, bacteria and plants are 

associated with the mitochondrial inner membrane and catalyze the same NADH oxidase 

reaction as complex I in ETC (Yamashita et al., 2018). There are two main classes of NDHs, 

NDI (internal NDH) facing the mitochondrial matrix and NDE (external) facing the 

intermembrane space (Iwata et al., 2012). Yeast lacks complex 1, NDI maintains 

mitochondrial NAD to ensure efficient TCA cycle, while NDE provides cytosolic NAD for 

glycolysis. NDHs increase ETC activity by transferring electrons to CoQ (Melo et al., 2004, 

Luttik et al., 1998a). In fact, upon environmental cues, NDE has been shown to have much 

higher turnover numbers of NADH:UQ oxidase activity than mammalian complex I 

(Elguindy and Nakamaru-Ogiso, 2015). There has been no NDHs reported in the 

mammalian system.

We recently have discovered that Aifm2 (Apoptosis inducing mitochondrion associated 

factor 2 (also called AMID, or Prg3), a flavoprotein with a NADH/NAD oxidoreductase 

domain as a lipid-droplet associated protein that is highly and specifically expressed in BAT 

and is induced upon cold exposure/β -adrenergic stimulation in BAT and iWAT. Although 

Aifm2 was previously reported to a be a p53 target to promote caspase-independent cell 

death (Marshall et al., 2005, Ohiro et al., 2002), we found Aifm2 cannot induce apoptosis in 

BAT cells. Upon stimulation, Aifm2 localizes to mitochondria for conversion of NADH to 

NAD to sustain robust glycolysis, while transferring electrons to mitochondrial ETC to fuel 
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thermogenesis. Remarkably, Yeast NDE1 can rescue impaired thermogenesis from Aifm2 

deficiency, making Aifm2 to be a mammalian NDE specific to thermogenic tissues. GWAS 

database reveals multiple SNPs of Aifm2 to be associated with waist-hip ratio, body mass 

index and fasting glucose level-related insulin resistance, suggesting a potential role of 

Aifm2 in human obesity and type 2 diabetes (Dupuis et al., 2010, Speliotes et al., 2010, Heid 

et al., 2010).

RESULTS

Aifm2 is expressed specifically in BAT and is induced by cold.

Differ from a unilocular LD of white adipocytes, brown adipocytes contain multiple small 

lipid droplets (Betz and Enerbäck, 2017). In an attempt to identify BAT-specific proteins 

associated with smaller LDs, we isolated LD fraction from perigonadal WAT (pWAT) or 

BAT from mice for proteomic mass spectrometry (Harris et al., 2012). Proteins from LD 

fraction of adipose depots were analyzed by LC/MS. We discovered Aifm2 as a lipid droplet 

associated protein highly enriched only in BAT (Fig. S1A–B). Aifm2 did not possess signal 

sequence but contained N-terminal hydrophobic/membrane domain (aa1–27), NADH 

oxidoreductase domain (aa81–285) and FAD domain (aa286–308) (Fig. 1A). RT-qPCR of 

various mouse tissues and human tissue cDNA array revealed that Aifm2 is the highest in 

mouse BAT, 60-fold higher than mouse iWAT or human subcutaneous fat. Similarly, 

immunoblotting for Aifm2 showed Aifm2 to be highest in mouse BAT and very low level in 

both mouse iWAT and human subcutaneous fat, but undetectable in other tissues (Fig. 1B). 

In addition, databases for mice and human tissues showed Aifm2 expression to be mainly in 

BAT in mice and in WAT in humans (BAT not included) (Fig. S1C–D). Microarray data 

comparing mRNA levels in human neck BAT and WAT of 10 patients showed 10-fold higher 

Aifm2 mRNA levels in BAT compared to WAT. In addition, RNA seq of human neck WAT 

and BAT revealed Aifm2 to be positively correlated with UCP1 mRNA levels, significantly 

higher in BAT than WAT (Fig. 1C) (Virtanen et al., 2009). In mouse BAT, Aifm2 mRNA was 

7-fold higher in adipocytes than stromal vascular fraction (SVF) (Fig. 1D). During brown 

adipocyte differentiation, Aifm2 mRNA was markedly increased, 7-fold higher at Day 3 

than Day 0 (Fig. 1E, left). Similarly, Aifm2 protein was significantly increased during 

differentiation (Fig. 1E, right).

We next examined whether Aifm2 might be induced during thermogenesis. Mice were kept 

at either 30oC or at 4oC for 3 hrs. Similar to UCP1, Aifm2 mRNA levels in BAT and iWAT 

were greatly increased after cold exposure by 9- and 25-fold, respectively. Aifm2 protein 

levels in BAT and iWAT of the cold exposed mice were also higher (Fig. 1F). When mice 

were injected with a β3-agonist, CL-31,248, Aifm2 mRNA was increased by 12- and 4-fold, 

respectively in iWAT and BAT. Aifm2 protein was also increased (Fig. 1G). We identified a 

CRE located at −442 bp upstream of the Aifm2 start site. Co-transfecting CREB with −1500 

bp Aifm2 promoter-luciferase construct resulted in a 4-fold increase in the Aifm2 promoter 

activity (Fig. 1H). Overall, the data demonstrate that Aifm2 is highly expressed in BAT and 

increases during brown adipogenesis and is induced in BAT and iWAT upon cold/β3 agonist.
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Aifm2 translocates to mitochondria upon cold exposure/β-adrenergic stimulation

To examine intracellular localization of Aifm2, we first tested the presence of Aifm2 in LD 

of differentiated BAT cells by immunoblotting. Supernatant from lysates of BAT cells was 

subjected to sucrose step gradient centrifugation of 60, 20 and 5%. The top floating layer 

was collected as LD (Harris et al., 2012). In the basal, Aifm2 was detected at a high level in 

LD but also at a very low level in 5–20% fraction composed of mainly cytosolic fraction 

with some mitochondrial contamination as detected by low level of Tom20 (Fig. 2A, left). 

We further separated cytosolic fraction without mitochondrial contamination by classic 

differential centrifugation. Aifm2 was undetectable in the cytosolic fraction and was 

detected at low level in the mitochondrial fraction (Fig. 2A, right). Thus, in the basal, Aifm2 

is present mainly in LD. When BAT cells were treated with CL-316,248, Aifm2 was no 

longer detectable in LD, but was mainly found in the mitochondrial fraction (Fig. 2A, right). 

Similarly, Aifm2 in BAT from mice at 30oC was detected at a high level in LD, and at a very 

low level in mitochondrial fraction. In contrast, Aifm2 from mice of mice that were cold-

exposed was barely detectable in LD, but was found mainly in mitochondrial fraction (Fig. 

2B).

We next attempted to visualize Aifm2 in live cells. GFP-tagged Aifm2 lentivirus was 

transduced into differentiated BAT cells. Immunofluorescence imaging showed that Aifm2 

was detected around LDs as evidenced by colocalization of GFP with LipidTox or 

Mitotracker Red. GFP was also detected as punctates in the cytoplasm, an indication of 

potential mitochondrial association of Aifm2 (Fig. 2C, left). However, with the isoproterenol 

(ISO), Aifm2 was no longer localized around LDs, but detected only as cytoplasmic 

punctates (Fig. 2C, left). GFP and lipidTox colocalization showed approximately 95% 

Aifm2 GFP signal surrounding lipid droplets in the basal condition. In contrast, Aifm2-GFP 

and lipidTox colocalization was reduced approximately to 21% upon ISO. When visualizing 

the Aifm2-GFP with Mitotracker Red, Aifm2GFP was mainly detected in ring-shaped 

structures assuming LDs in control cells. Upon ISO treatment, Aifm2-GFP was colocalized 

completely with Mitotracker Red (Fig. 2C, right). GFP signal and Mitotracker Red 

colocalization was approximately 8% in the control cells, while it increased to 87% in ISO 

treated cells. Overall, these results point toward translocation of Aifm2 from LD to 

mitochondria in BAT upon cold or β-adrenergic stimulation.

Next to identify the domains that are responsible for Aifm2 association with LDs and 

mitochondria, multiple Aifm2 deletion and mutation constructs were generated and 

expressed in differentiated BAT cells. Deletion constructs of Aifm2 N-terminal hydrophobic 

region aa1–27 (Aifm2 ΔN) and C-terminal aa308–373 (Aifm2 ΔC) were tagged with GFP. 

Since Aifm2 has been found to be myristoylated at the N-terminal a-amino group of glycine 

residue, Aifm2 G2A was also created by site-directed mutagenesis (Suzuki et al., 2010). 

Immunoblotting for Aifm2 revealed that Aifm2 G2A was present mainly in the 

mitochondrial fraction in the basal condition. Whereas Aifm2ΔN was found in cytosolic 

fraction. Similar to Aifm2 WT, Aifm2ΔC was detected mainly in the LD fraction (Fig. 2D, 

top). Similarly, GFP-fusion Aifm2 G2A mutant was detected as punctates that were co-

stained with MitoTracker Red, but not with LipidTox (Fig. 2D, bottom left), indicating 

mitochondrial localization. Moreover, whereas Aifm2 ΔC-GFP did not affect Aifm2 
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localization, Aifm2 ΔN-GFP was detected mainly in the cytosol (Fig. 2D, bottom right). 

Taken together, N-terminal domain is required for both LD and mitochondrial localization 

and Nmyristoylation is essential for LD association of Aifm2.

To further investigate localization of Aifm2 in the mitochondria, we prepared the mitoplasts 

stripped of outer mitochondrial membrane from BAT cells by ultracentrifugation of 

digitonin-treated mitochondria. Mitoplast pellet and the supernatant containing solubilized 

mitochondrial outer membrane and intermembrane space (OM+IMS) were collected. In the 

basal condition, we could not detect Aifm2 in either mitoplasts or OM+IMS fraction. 

However, Aifm2 of BAT cells treated with CL-316,248 appeared highly in the mitoplast 

fraction but was absent in the OM+IMS fraction (Fig. 2E, left). In BAT from mice 

maintained at 30oC, Aifm2 was present at a very low level in mitoplasts, which was 

increased significantly in mitoplasts from BAT of cold-exposed mice (Fig. 2E, right). Aifm2 

was not detected in the OM+IMS fraction in mice maintained either at thermoneutrality or 

cold-exposed. We conclude that, even without mitochondrial targeting signal sequence, 

Aifm2 can be found in mitoplasts upon cold exposure and thus probably associated with 

outer side of the inner mitochondrial membrane.

Next, we compared NADH oxidase activity in various subcellular compartments to correlate 

with Aifm2 localization. HEK293 cells, expressing low endogenous Aifm2 were transfected 

with Aifm2, then treated with oleate (Fig. 2F, left). HEK293 cells are known to respond to 

ISO to increase cAMP due to endogenous β-receptor (Schmitt and Stork, 2000). We 

employed the cytosolic fraction containing LDs and intact mitoplasts and OM+IMS, to 

measure NADH oxidase activity by monitoring the remaining NADH levels at 340 nm using 

NADH as substrate. The reaction was started by adding the enzyme-containing samples 

preincubated with FAD. In basal condition, NADH oxidase activity in cytosolic fraction of 

Aifm2 OE cells was higher by 9-fold compared to control cells. NADH oxidase activity of 

intact mitoplasts representing that of outer side of mitoplasts, was greatly lower in Aifm2 

transfected control cells (Fig. 2F). After ISO, NADH oxidase activity in mitoplasts of Aifm2 

transfected cells was higher by 10-fold compared to control cells. NADH oxidase activity of 

solubilized mitoplasts increased by only 1.5-fold, probably due to the presence of high 

NADH oxidase activity from complex I and III of ETC (Data not shown). The very low 

NADH oxidase activity detected in the cytosolic fraction remained unchanged between 

transfected and control cells (Fig. 2F). These results indicate that NADH oxidase activity of 

cytosolic and intact mitoplast fraction is mainly from Aifm2 and that Aifm2 resides in LD in 

basal condition and, upon β-AR stimulation or cold-exposure, it associates with 

mitochondrial inner membrane facing the intermembrane space, where it oxidizes NADH to 

NAD.

Aifm2 maintains NAD to support glycolysis in BAT cells during thermogenesis

BAT recently has been proposed to be metabolically flexible to use not only FAs but also 

glucose (Iwen et al., 2017). We propose that glucose may serve as the main fuel source for 

thermogenesis, especially in the fed condition with high circulating glucose. To sustain 

robust glycolysis, BAT must maintain a NAD pool in the cytoplasm. We thus investigated 

whether Aifm2, with its NADH oxidase activity, affects cellular NAD/NADH by Aifm2 
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loss- and gain-of function experiments. To measure NAD/NADH levels, we used a 

biochemical assay based on lactate dehydrogenase cycling. BAT cells were treated with 

either control shRNA or Aifm2 pooled shRNA lentivirus. In the control, NAD/NADH ratio 

increased 3-fold by ISO. Aifm2 KD in BAT cells reduced NAD/NADH by 20% compared to 

control cells. Importantly, Aifm2 KD prevented the increase in NAD/NADH upon β-AR 

stimulation (Fig. 3A). Conversely, when Histagged Aifm2 was overexpressed BAT cells, 

NAD/NADH was increased by approximately 30%. In response to ISO, the NAD/NADH 

further increased by 2.5-fold (Fig. 3B). To determine intracellular compartment-specific 

NAD/NADH, we next documented changes in NAD/NADH in situ. We co-expressed Aifm2 

with cytoplasmic Peredox, a fluorescent biosensor of NADH/NAD redox state, in HEK293 

cells (Hung et al., 2011). Indeed, cytoplasmic NADH/NAD state was reduced upon ISO 

(Fig. 3C, left). Aifm2 overexpression (OE) decreased cytosolic NADH/NAD by 2-fold, and 

further decreased by 3-fold upon ISO (Fig. 3C, left). There was a slight but significant 

increase in NAD/NADH in control cells by ISO treatment. Moreover, NAD/NADH, which 

was increased 2-fold in Aifm2 OE cells, further increased by 3-fold upon β-AR stimulation 

(Fig. 3C, right). Overall, these results indicate that Aifm2 increases cytosolic NAD levels in 

BAT cells.

We next investigated whether the changes in NAD levels or NAD/NADH ratio by Aifm2 

affect glycolytic rate in BAT cells. We performed extracellular acidification rate (ECAR). 

ECAR mainly represents glycolytic flux to lactate. ECAR in the presence of a F1/F0 ATP 

synthase inhibitor, oligomycin, renders maximal glycolytic capacity, due to suppression of 

mitochondrial ATP production, whereas addition of a hexokinase inhibitor, 2-DG blocks 

glucose utilization through glycolysis. ECAR in the control BAT cells showed that 

glycolytic rate and maximal glycolytic capacity were increased by 25% and 40%, 

respectively, upon ISO, whereas Aifm2 KD reduced both fluxes by approximately 25%. 

Aifm2 KD cells failed to increase glycolytic rate or maximal glycolytic capacity by ISO 

(Fig. 3D, left). Conversely, overexpression of Aifm2 significantly increased both by 25% 

relative to control cells. With β-AR stimulation, Aifm2 OE BAT cells further increased 

glycolytic rate and maximal glycolytic capacity by 25% and 40%, respectively (Fig. 3E, 

left). Since ECAR can be affected by CO2 generated by TCA cycle, we also measured 

intracellular lactate levels. Similar to ECAR, control cells had a 3-fold increase in lactate 

levels with ISO. Aifm2 KD reduced lactate levels by 25%. Moreover, Aifm2 KD prevented 

the increase in lactate level by β-AR stimulation (Fig. 3D, right). Conversely, Aifm2 OE 

increased intracellular lactate levels by 25% relative to control cells. With ISO, the lactate 

levels were further increased by 7-fold in these Aifm2 OE BAT cells (Fig. 3E, right). The 

changes in lactate levels by Aifm2 KD or overexpression were larger than ECAR, which 

may be due to the fact that intracellular lactate reflects only a direct product of glycolysis, 

whereas ECAR measures lactate other acidic substrates secreted into the media. Regardless, 

results from using both methods clearly demonstrate the Aifm2 effect on glycolysis in BAT 

cells. We also tested whether Aifm2 KD also affected glycolysis in white fat cell. Aifm2 

shRNA was transduced in differentiated 3T3-L1 adipocytes which has very low Aifm2 

expression and the results showed no significant decrease in either glycolysis or oxygen 

consumption rate (OCR) in these cells (Fig. S3A–Fig. S3AB). We conclude that, with its 
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NADH oxidase activity, Aifm2 generates a NAD pool that allows BAT to maintain high rate 

of glycolysis.

Aifm2 is required for glycolysis in BAT during thermogenesis

Next, we investigated whether glycolysis promoted by Aifm2 supports thermogenesis in 

BAT cells. First, we measured mitochondrial membrane depolarization, which has been 

correlated with thermogenesis (Reers et al., 1995). In measuring mitochondrial potential, we 

employed a metachromatic dye-based JC-1 fluorescence probe in live cells (Salvioli et al., 

1997). In polarized mitochondria, JC-1 aggregates in the mitochondrial matrix to emit light 

in the orange/red region, whereas in depolarized mitochondria, JC-1 monomer leaks into the 

cytosol to display green fluorescence. BAT cells were treated with 2 μm JC-1 for 20 mins 

prior to FACS analysis. In control cells, ISO treatment led to a 30% decrease in polarization. 

Aifm2 KD BAT cells showed a 25% increase in polarization than control cells and Aifm2 

KD cells had no decrease in polarization by ISO treatment (Fig. 4A, left). Conversely, 

Aifm2 OE an approximately 25% decrease in polarization and ISO further decreased 

polarization by another 25% (Fig. 4A, right). We also utilized TMRM 

(tertramethylrhodamine) to examine mitochondrial potential. TMRM can also accumulate in 

polarized mitochondria but disappears in depolarized mitochondria. In Aifm2 KD BAT cells, 

TMRM positive cell population was 20% higher than control cells. When treated with ISO, 

TMRM positive control cells decreased by 30%, while no change was detected in Aifm2 KD 

cells (Fig. S3C). Together, these results indicate Aifm2 increases mitochondria membrane 

potential.

Next, we measured (OCR) in Aifm2 KD or OE BAT cells by Seahorse XF24. In scrambled 

shRNA BAT cells, overall OCR increased significantly upon ISO treatment. OCR under 

oligomycin treatment, which reflects uncoupled respiration, was also increased by 

approximately 30% upon β-AR stimulation. Notably, Aifm2 KD reduced overall OCR and 

uncoupled OCR by approximately 30%. Furthermore, Aifm2 KD cells did not show any 

increase in uncoupled OCR by ISO treatment (Fig. 4B, left). Conversely, in BAT cells OE 

Aifm2, overall OCR was significantly higher than control cells and uncoupled OCR 

increased further by 40% (Fig. 4B, right). These findings clearly show that Aifm2 promotes 

mitochondrial oxidative metabolism and ETC activity in BAT cells. In order to test whether 

mitochondria association of Aifm2 is critical for its function, Aifm2 G2A mutant, that is 

mainly found in mitochondria and Aifm2 Δ N, that is not associated with mitochondria were 

overexpressed in BAT cells. Our data showed that Aifm2ΔN OE cells had lower NAD/

NADH level, ECAR and OCR than to Aifm2 WT. In contrast, Aifm2 G2A mutant had 

increased NAD/NADH ratio, ECAR and OCR compared to Aifm2 WT even in basal 

condition. This indicates that Aifm2 association with mitochondria increases ETC activity 

(Fig. S3D).

Next, to determine Aifm2 effect on thermogenesis, we utilized a small molecule 

thermosensitive fluorescent dye, ERthermAC, which can directly monitor temperature 

changes in live cells (Kriszt et al., 2017). ERthermAC accumulates in the ER and decreases 

fluorescence to correspond to an increase in temperature. As expected, there was a large 

shift in BAT cell distribution to a higher temperature range upon CL-316,248. The average 
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fluorescence intensity of ERthermAC upon β-agonist decreased by approximately 65%, 

indicating an increase in cell population at a higher temperature. More importantly, Aifm2 

OE increased the cell population of higher temperature by 3-fold, and further increased by 2-

fold upon β-agonist (Fig. 4C). Altogether, Aifm2 induced higher OCR, uncoupled 

respiration and heat production, clearly demonstrate promotion of thermogenesis by Aifm2.

To determine whether Aifm2 function in glycolysis is required for its enhancement of 

thermogenesis, we tested the effect of Aifm2 on uncoupled OCR in the presence of 

hexokinase inhibitor, 2-DG (2-deoxyglucose), which effectively blocks glycolysis. With 

ISO, Aifm2 OE BAT cells had approximately 40% higher overall and uncoupled OCR than 

control cells. However, the increase in overall and uncoupled OCR by Aifm2 was 

completely abolished when cells were pre-treated with 2-DG (Fig. 4D, left). Utilizing 

ERthermAC, as expected, Aifm2 OE BAT cells had a 50% increase in cell population at a 

higher temperature range compared to the control cells by β-agonist. Remarkably, there was 

no increase in numbers of cells at higher temperature range in Aifm2 OE BAT cells that 

were pre-treated with 2-DG (Fig. 4D, right). These results confirm that Aifm2 increases 

overall mitochondrial activity and promotes thermogenesis in BAT cells by maintaining 

cytosolic NAD to sustain robust glycolysis.

NADH oxidase activity of Aifm2 is required to sustain glycolysis for thermogenesis

We found Aifm2 increases NAD/NADH to promote glycolysis and ultimately thermogenesis 

in BAT cells. To test whether NADH oxidase activity of Aifm2 is required for its effects on 

glycolysis and thermogenesis, we next performed site-directed mutagenesis of D285N at the 

putative NADH-binding site of Aifm2. The WT and D285N mutant of Aifm2 were 

overexpressed in BAT cells (Fig. 5A). Unlike AIFM2 WT, D285N mutant showed no NADH 

oxidase activity in vitro (Fig. 5B, left). Notably, Aifm2 D285N mutant failed to increase 

NAD/NADH ratio, whereas WT Aifm2 increased NAD/NADH 1.8 and 3.0 -fold in basal 

and ISO condition, respectively (Fig. 5B, right). While Aifm2 WT OE increased the 

maximal glycolytic capacity measured by ECAR by approximately 40%, the Aifm2 D285N 

did not affect glycolysis (Fig. 5C). Additionally, Aifm2 D285N did not enhance overall or 

uncoupled OCR in BAT cells (Fig. 5D). These results show that NADH oxidase is required 

for Aifm2 effect on glycolysis and thermogenesis.

We next performed rescue experiments. Aifm2 KO BAT cells were generated by CRISPR-

Cas9. A gRNA targeting exon 5 of Aifm2 was introduced by lentivirus into BAT 

preadipocytes, stably expressing Cas9. We transfected WT and D285N Aifm2 into Aifm2-

KO cells. Since Aifm2 have relatively high sequence similarity at 42% with yeast NDE1, an 

external NADH oxidase, we also used NDE1 for rescue experiments. Overexpression of WT 

Aifm2, Aifm2 D825N and NDE1 were detected by immunoblotting (Fig. 5E). As expected, 

Aifm2 KO cells had 40% lower of NAD/NADH than control cells. Cells expressing Aifm2 

WT and NDE1 showed an increase in NAD/NADH ratio, whereas Aifm2 D285N mutant 

failed to do so (Fig. 5F). Moreover, Aifm2 KO had 2-fold lower glycolytic capacity by 

ECAR. Aifm2 WT and NDE1 OE both increased the glycolytic rate in these Aifm2 KO 

cells, while Aifm2 D285N failed to rescue glycolysis(Fig. 5G, left). Similarly, lactate level 

in Aifm2 KO cells was 5-fold lower than WT cells. Both Aifm2 WT and yeast NDE1 OE 
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increased intracellular lactate level to that in control cells, whereas Aifm2 D285N did not, 

demonstrating that the NADH oxidase activity of Aifm2 is critical for its function in 

glycolysis (Fig. 5G, right). Furthermore, overall and uncoupled OCR of Aifm2 KO cells, 

which was 3-fold lower than control cells, was restored by overexpression of either WT 

Aifm2 or NDE1, but not Aifm2 D285N (Fig. 5H). Together, these results demonstrate that 

NADH oxidase activity of Aifm2 is critical for its function in sustaining glycolysis to 

support thermogenesis and Aifm2, once translocated to mitochondria, can function similar to 

yeast NDE1.

Aifm2 is critical for thermogenesis in vivo in mice

We next tested the role of Aifm2 on thermogenesis in vivo. Because Aifm2 is highly 

expressed only in BAT and not in any other tissues, first, we generated global Aifm2-KO 

mice, using CRISPR-Cas9 system (Fig. 6A, left). In vitro transcribed gRNA and Cas9 

mRNA were then injected into zygotes. We verified 3 KO lines by sequencing, including a 

single nucleotide addition, a 2 bp deletion, a 22 bp deletion in the coding region of the third 

exon. All lines were confirmed to have complete ablation of Aifm2, and they showed similar 

phenotypes. Here, the findings from 22 bp deletion KO line were presented. By 

immunoblotting, Aifm2 was not detectable in BAT or iWAT of Aifm2 KO mice (Fig. 6A, 

right). The Aifm2 KO mice had higher body weights with increased WAT as determined by 

EcoMRI (Fig. 6B) and by weighing of dissected WAT depots (Fig. S4A). There was no 

difference in food intake collected during CLAMS study (Fig. S4B). Histological analysis of 

whole mount staining of WAT with LipidTox (red) revealed a larger size distribution of 

Aifm2 KO mice than WT mice. The differences in brown adipocyte size were more apparent 

in H&E staining (Fig. S4C). The Aifm2-KO mice had greatly reduced expression of BAT-

enriched genes, such as UCP1 and Dio2, but interestingly higher expression of adipogenic 

genes, such as C/EBPβ, C/EBPδ and PPARγ (Fig. S4D). To ensure Aifm2 does not affect 

brown adipogenesis, Aifm2 was overexpressed in BAT preadipocytes, which was then 

subjected to differentiation. By RT-qPCR, there was no difference in adipogenic markers, 

such as C/EBPβ, C/EBPδ and PPARγ, FABP4 as well as thermogenic genes such as UCP1, 

Dio2 (Fig. S5A–B). In addition, lipid accumulation showed no change in Aifm2 OE BAT 

cells comparing to the control cells (Fig. S5C). These results suggest that Aifm2 KO had 

higher adiposity due to defective thermogenic program. Thus, the KO mice could not 

maintain body temperature upon cold. The average body temperature of KO mice after 5 hrs 

of cold exposure was 8oC lower than that of WT mice (Fig. 6C, left). Infrared camera was 

used to document the heat production by BAT. The BAT temperature of KO mice was 

approximately 6oC lower than that of WT mice (Fig. 6C, middle). After 8 hrs of chronic 

cold exposure, only 50% of Aifm2 KO mice survived, whereas all WT mice were alive (Fig. 

6C, right). Moreover, the whole-body OCR of Aifm2 KO compared to WT littermates 

measured by CLAMS was significantly lower during the night when mice were kept at 

30oC, and both during day and night when mice were kept at 23°C. This decrease in OCR in 

Aifm2 KO mice was even more apparent at 4°C (Fig. 6D, left). OCR in BAT excised from 

these mice were 15% lower than one of WT by Seahorse XF-24 (Fig. 6D, right). In addition, 

both BAT and iWAT of Aifm2 KO had significantly lower NAD/NADH ratio (Fig 6E, left). 

Intracellular lactate levels in BAT of Aifm2 KO mice were 2-fold lower also (Fig 6E, right). 

These results indicate that Aifm2 KO had lower glycolytic capacity of BAT. We also 
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employed Metabolic Flux Analysis using [U-13C]-glucose. Mice fasted for 4 hrs were 

injected intraperitoneally with [U-13C]-glucose. BAT collected after 1 hr were methanol 

extracted for metabolite analysis. The isotopomer levels of metabolites were shown as molar 

fractions, where M+1, M+2, M+3, etc. represent the number of 13C atoms, while M+0 

represent endogenous unlabeled metabolites. These results showed effective 13C 

incorporation into fructose 1,6-bisphosphate (F1,6BP) (M+6), pyruvate(M+3), lactate(M+3) 

being the predominant isotopomers. More importantly, these metabolites were 2-fold lower 

in BAT of Aifm2 KO than WT mice. Additionally, TCA cycles metabolites, such as α-

ketoglutarate (M+2), fumarate (M+2), malate (M+2), succinate (M+2), citrate(M+2, M+3, 

M+5), mainly were detected from [U-13C]-glucose] through pyruvate carboxylase (PC) or 

pyruvate dehydrogenase (PDH) reactions and they were all significant lower in Aifm2 KO 

compared to WT mice (Fig. 6F, S4E). These results clearly demonstrate Aifm2 depletion 

decreased glycolysis in BAT. Overall, we conclude that Aifm2 ablation in mice decreases 

thermogenesis and energy expenditure, resulting in higher adiposity.

To test effect of Aifm2 ablation specifically in BAT and iWAT on thermogenesis, Aifm2 

pooled shRNA were injected directly to BAT and iWAT of WT mice via AAV7/9 viruses that 

are reported to restrict expression in adipose tissue (Jimenez et al., 2013). AAV7/9 viruses 

carrying scrambled shRNA were used as controls. BAT and iWAT of these mice were 

evaluated after 2 wks. RT-qPCR showed Aifm2 mRNA levels were 3-fold lower in both BAT 

and iWAT of Aifm2 shRNA injected mice, while there were no significant differences in 

pWAT or other tissues. Aifm2 protein levels were lower also by Aifm2 shRNA injection 

(Fig. S4G). In addition, there was no significant changes in adipogenic markers such as 

PPARγ C/EBPβ, FABP4 (Fig. S4I). When Aifm2 shRNA AAV7/9 injected mice were 

subjected to 4oC for 4 hrs, average body temperature was 3oC lower than control mice (Fig. 

S4H, left). Moreover, whole-body OCR of Aifm2 shRNA injected mice was significantly 

lower than the control mice at RT, and was even more significant at 4°C (Fig. 4H, right). We 

also employed lentivirus for Aifm2 shRNA directly to BAT and iWAT of WT mice. After 2-

wks, Aifm2 mRNA levels to be 2-fold lower in both BAT and iWAT of Aifm2 shRNA 

lentivirus injected mice than control shRNA injected mice (Fig. S4J). Similar to Aifm2 

AAV-shRNA injected mice, these mice have lower rectal temperature and BAT, accompanied 

with lower whole-body OCR with no difference in adipogenic and thermogenic markers 

(Fig. S4K–L). These results indicate Aifm2 effect is due to its function in glycolysis, but not 

adipocyte differentiation.

To further determine the role of Aifm2 specifically in BAT in vivo, we generated Aifm2 

floxed mice using CRISPR-Cas9 Nickase system (Fig. 6J, left). To generate BAT specific 

KO of Aifm2 (Aifm2 BKO), we injected homozygous Aifm2 floxed mice with UCP1-Cre 

AAV7 virus that we constructed by inserting Cre into 3’ end of the −2.8 kb UCP1 promoter 

to express Cre in UCP1+ cells in adults (Kozak et al., 1994). Control mice were floxed mice 

that were injected AVV control virus. Along with the pair of gRNAs, in vitro transcribed 

gRNA and Cas9 Nickase mRNA were injected into zygotes. RT-qPCR showed Aifm2 

mRNA to be reduced by 10-fold and 5-fold in BAT and iWAT, respectively, while there was 

no difference in pWAT, kidney, and muscles (Fig. S4M). Immunoblotting also showed a 

significantly lower Aifm2 protein levels in Aifm2-BKO mice (Fig. 6H). When subjecting to 

4oC, Aifm2-BKO mice had 4oC lower body temperature than Aifm2 floxed mice. Moreover, 
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whole-body OCR of Aifm2-BKO mice was lower at all temperatures than the floxed mice, 

the difference being more significant at both 23oC and 4oC than at 30oC (Fig. 6I). When 

BAT depots were and subjected to Seahorse, whole-body OCR in BAT of Aifm2 BKO was 

approximately 33% lower than one in WT mice (Fig. S4N). Taken together, these results 

show that Aifm2 ablation specifically in UCP1+ cells in vivo results in decreased OCR and 

impaired thermogenesis.

Next, we generated transgenic mice overexpressing Aifm2 in UCP1+ cells for conditional 

gain-of function studies. We constructed a plasmid in which the chicken β-actin promoter 

driving the Aifm2 tagged with zsGreen and the bovine growth hormone poly A signal at the 

3’ end. We inserted LoxP-STOP-LoxP casette at the 5’ of the Aifm2 coding sequence to 

allow Cremediated conditional excison of stop codon for Aifm2 expression (Fig. 6J, top). 

And these mice were crossed with UCP1-Cre mice to overexpress Aifm2 only in UCP1+ 

cells. RT-qPCR and immunoblotting of Aifm2 showed overexpression in both BAT and 

iWAT of Aifm2 TG mice (Fig. 6J, bottom and S6A). Body weight and EcoMRI scanning 

showed that these mice had lower body weight with smaller WAT mass without any 

differences in lean mass than WT mice (Fig. 6K). It is confirmed by dissecting and weighing 

of each WAT depots (Fig. S6B). H&E staining revealed not much difference in morphology 

of BAT between Aifm2 TG and WT (Fig. S6C). There was no difference in food intake (Fig. 

S6D). The TG mice had higher levels of BAT and thermogenic genes, such as UCP1, Dio2 

and Cidea, but had lower adipogenic markers, such as Sox9 (Fig. S6E). Aifm2 TG mice 

could maintain body temperature better when exposed at 4oC. After 5 hrs at 4oC, body 

temperature of Aifm2-TG mice was decreased only by 1oC, while that of WT littermates 

dropped by 4oC (Fig. 6L, left). After 12 hrs at cold, BAT of Aifm2 TG mice showed higher 

temperature, by 8oC compared to WT mice as detected by the infrared camera (Fig. 6L, 

right). Moreover, 80% of Aifm2-TG mice survived, whereas only 20% WT mice remained 

after longer cold exposure (Fig. S6F). The Aifm2-TG mice showed a higher wholebody 

OCR at 30oC during night, and 23°C during both day and night than WT littermates, and the 

increase in OCR was even more significant at 4oC (Fig. 6M). OCR of BAT and iWAT of 

Aifm2 TG mice by Seahorse was also higher than that of WT littermates (Fig. 6N). 

Moreover, the NAD/NADH ratio was 2-fold higher in iWAT and BAT of Aifm2 TG mice 

than WT littermates (Fig. 6O, left). BAT of Aifm2 TG showed 2-fold higher lactate levels 

than BAT of WT (Fig. 6O, right). The Aifm2-TG mice had a greater thermogenic capacity 

and energy expenditure, which led to lower adiposity and leaner phenotype. Overall, these 

results of loss- and gain-of-function in vivo clearly demonstrate evidence for the critical role 

of Aifm2 in thermogenesis in BAT and that Aifm2 increases glycolysis and OCR to enhance 

thermogenesis resulting in decreased adiposity in mice.

Aifm2 promotes glucose oxidation for cold- and diet-induced thermogenesis

In contrast to the fasted state in which BAT may primarily use FFA released from WAT 

lipolysis for thermogenesis, BAT may use glucose for oxidation in the fed state to fuel 

thermogenesis. We next tested if Aifm2 functions in response to diet or fed state when 

glucose is abundant. We evaluated substrate preference in fueling thermogenesis in BAT 

cells. We compared VCO2/VO2 from the OCR by Seahorse. VCO2/VO2 in basal condition 

was 0.87 and 0.81 in control and Aifm2 KD BAT cells, respectively, showing that Aifm2 
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depletion shifted the ratio somewhat toward FA oxidation. Remarkably, when treated with 

ISO, the VCO2/VO2 ratio in control BAT cells increased to 0.95, whereas the ratio in Aifm2 

KD cells failed to increase (Fig. 7A, left). Conversely, Aifm2 OE shifted VCO2/VO2 ratio 

from 0.87 to 0.90, a slight shift toward glucose oxidation in the basal condition. Notably, 

ISO treatment of Aifm2 OE cells further shifted VCO2/VO2 to 1.00, an indication of 

exclusive glucose utilization (Fig. 7A, right). Similar to BAT cells in culture, Aifm2 KO 

mice showed a lower whole-body VCO2/VO2 of 0.76 compared to the WT of 0.84, whereas 

Aifm2 TG mice had VCO2/VO2 of 0.9. Aifm2 BKO also had lower whole-body VCO2/VO2 of 

0.77 than 0.82 of Aifm2 floxed control mice (Fig. 7E). Overall, these data establish that 

Aifm2 not only increases glycolysis but promotes further oxidation of glucose of BAT 

during thermogenesis.

To examine whether Aifm2 effect on thermogenesis is due to glucose oxidation, Aifm2 OE 

BAT cells were treated with UK5009, an inhibitor of mitochondrial pyruvate carrier (MPC), 

to prevent pyruvate transport into mitochondria. MCP inhibition was reported to block 

lactate uptake due to accumulation of intracellular pyruvate. With the β-AR stimulation, 

Aifm2 OE BAT cells showed a 40% increase in uncoupled OCR, and this increase was lost 

with the MCP inhibitor treatment. MCP inhibitor also decreased uncoupled OCR in the 

control cells, indicating glucose oxidation for thermogenesis and Aifm2 effect on 

thermogenesis as well (Fig. 7B). In contrary, when Aifm2 OE BAT cells were treated with 

carnitine palmitoyltransferase 1 (CPT1) inhibitor, Etomoxir, to prevent FA transport into 

mitochondria, Aifm2 still increased overall and uncoupled OCR (Fig. 7C). Next, we 

measured OCR in BAT cells maintained in media containing either glucose or FA only. 

Similar to that observed in cells in complete media, OCR was higher in Aifm2 OE cells 

compared to control cells in glucose only containing media. But this increase in OCR was 

not detected when cells were maintained in palmitate only media (Fig. 7D, left). We next 

measured the heat production to test the effect of Aifm2 on thermogenesis in BAT cells 

maintained in glucose or FA only. Indeed, Aifm2 OE BAT cells had higher heat production 

by ERthermAC than control cells in the presence of glucose only, but not in the presence of 

palmitate only (Fig. 7D, right). These results support the notion that BAT cells can utilize 

glucose to fuel thermogenesis and that Aifm2 effect on thermogenesis is dependent on its 

function in glycolysis and glucose oxidation.

Our results so far showed Aifm2 can sustain glycolysis and glucose utilization to support 

thermogenesis during cold exposure. Next, we wanted to investigate whether Aifm2 

functions in diet-induced thermogenesis. Thus, we compared Aifm2 expression in fasted and 

fed condition. Mice kept at 30oC were either fasted or given a high carbohydrate diet (HCD) 

overnight. Indeed, similar to UCP1, Aifm2 mRNA increased by 2- and 4-fold in BAT and 

iWAT, respectively, in HCD mice. Immunoblotting revealed a similar increase in Aifm2 

protein levels (Fig. 7F). WT and Aifm2 TG mice were then fasted at 30oC for 6 hrs and half 

of each group was given HCD. OCR was measured for 20 hrs by CLAMS. Some activity 

was observed early in HCD treated mice due their immediately consumption of food at right 

after a period of fasting. The data showed that fasted Aifm2 TG mice on HCD had lower 

whole-body OCR than WT. More importantly, Aifm2 TG mice had significant higher OCR 

than WT mice only in the HCD fed state but failed to maintain the level in the fasted state 

(Fig. 7G), indicating that Aifm2 effects on OCR requires glucose. Overall, by increasing 
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NAD levels to support robust glycolysis, Aifm2 is critical, not only for cold-induced, but 

also for diet-induced thermogenesis.

DISCUSSION

Aifm2, a FAD dependent NADH/NAD oxidoreductase, belongs to Apoptosis Inducing 

Factor (AIF) family of proteins, having 22% identity and 44% similarity with AIF. While 

AIF was reported to be widely expressed in various organs, Aifm2 is very low in many 

tissues but expressed at a high level mainly in BAT and that Aifm2 in BAT is induced by 

cold exposure and by diet. Moreover, upon cold-exposure, Aifm2 is induced in subcutaneous 

WAT, a WAT depot that undergoes beiging. With its NADH oxidase activity, we show that 

Aifm2 maintains a robust glycolytic rate by generating NAD in cytosol to promote 

thermogenesis.

It has recently been reported that FFAs released from WAT, rather than those from 

intracellular lipolysis, are utilized for thermogenesis in BAT, particularly in the fasted state 

(Shin et al., 2017, Schreiber et al., 2017). Our studies demonstrate BAT utilizes glucose via 

glycolysis upon cold, especially in the fed state, and that Aifm2 is required for optimal 

glycolysis. In this regard, glucose utilization in BAT was reported to be diminished in UCP1 

KO mice treated with norepinephrine (Inokuma et al., 2005). Remarkably, Aifm2 expression 

is induced not only by cold but also by diet even at thermoneutrality. Not much is known 

about the function of Aifm2 in BAT. Aifm2 has been reported to be a p53 target and a tumor 

suppressor by inducing apoptosis (Mei et al., 2006, Wu et al., 2004). However, the Aifm2 

KO mouse model reported previously did not develop tumor, nor the authors noted any 

phenotypes related to obesity or thermogenesis (Mei et al., 2006). We found Aifm2 

overexpression in BAT cells did not induce apoptosis (Fig. S2). Possibly, we propose that 

Aifm2 may even promote tumor growth by enhancing aerobic glycolysis.

Some studies have proposed that glucose is an energy source to fuel thermogenesis, 

particularly in postprandial thermogenesis, with an increase in insulin secretion (M et al., 

2018). However, the fate of glucose metabolism after glycolysis was not clear. Pyruvate 

produced from glycolysis may be transported into mitochondria to be oxidized via TCA 

cycle. Moreover, citrate from TCA cycle is transported to cytoplasm for de novo lipogenesis, 

which can explain how lipogenesis and lipolysis may increase in parallel during 

thermogenesis (Yu et al., 2002, Barquissau et al., 2016). Pyruvate may also be used for 

anaplerosis to replenish TCA cycle intermediates (Cannon and Nedergaard, 1979) that might 

even be required for FA oxidation (Winther et al., 2018). In our study, we show glycolysis 

increase significantly upon β-AR stimulation and blocking glycolysis and glucose oxidation 

decreased OCR and heat production even in the presence of FAs. This notion is supported by 

our observation that mice that are fasted have lower OCR and body temperature compared to 

fed mice (Data not shown). The effect of Aifm2 on thermogenesis in BAT cells is 

completely dependent on glucose oxidation since blocking glucose oxidation by inhibiting 

pyruvate transport into mitochondria diminishes thermogenesis increased by Aifm2 

overexpression. These findings demonstrate that Aifm2 is essential for robust glycolysis and 

subsequent glucose oxidation to maximize thermogenic capacity.
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In order to maintain robust glycolysis during thermogenesis, high cytosolic NAD level is 

essential for BAT. Interestingly, we found that Aifm2 can translocate to mitochondrial inner 

membrane facing the interspace and, upon cold exposure or β-AR stimulation, NAD is 

generated by its NADH oxidase activity. Aifm2 isolated from either LD or mitochondrial 

fraction of BAT cells showed similar Km and Vmax for NADH oxidase activity (Fig. S7). 

We propose that Aifm2 translocated from LD to mitochondria, not only to increase cytosolic 

NAD, but also to support ETC. At this time, the mode of regulation that explains how cold 

exposure /β-AR stimulation can increase Aifm2 association with mitochondria is not known. 

In order to explore the regulation of Aifm2 translocation to mitochondria during 

thermogenesis, we tested Nmyristoylation of Aifm2 under β-AR stimulation. However, there 

was no changes of Nmyristoylation of Aifm2 during thermogenesis, indicating that 

myristoylation is not critical for Aifm2 translocation to mitochondria (Fig S3E). Next, we 

measured ex vivo lipolysis. Although no significant difference in lipolysis between Aifm2 

KO and WT mice, as expected, lipolysis was increased in the stimulated compared to basal 

condition in WT and KO mice (Fig. S4F). It is possible that as lipolysis increases during 

thermogenesis, LDs get smaller and Aifm2 might translocate from LD to mitochondria due 

to lacking binding surface. Thus, it should be further explored in the future.

Although mtGPD has been presumed to regenerate cytosolic NAD level in BAT, the role of 

mtGPD in glycolysis remains unclear, since its importance in thermogenesis could not be 

demonstrated in mtGPD knockout mouse models (Alfadda et al., 2004). We propose that 

Aifm2 represents a unique BAT specific mechanism for NAD regeneration to sustain high 

glycolytic flux during thermogenesis by its NADH oxidase enzymatic activity. Interestingly, 

Aifm2 shares sequence similarity to yeast NDE1, a NADH oxidoreductase that associates 

with the mitochondrial inner membrane and faces the mitochondrial intermembrane space 

and maintains cytosolic NAD to support glycolysis (Luttik et al., 1998b). We propose that 

Aifm2 acts as a mammalian NDE by associating with the mitochondrial inner membrane. 

With the same enzymatic activity and localization, we argue that Aifm2 is a mammalian 

NDE specifically present in thermogenic tissues.

The phenotype of our loss- and gain-of function mouse models firmly establish the 

physiological significance of Aifm2 in thermogenesis; Aifm2 total and BAT specific 

deficiency in mice significantly impairs glycolytic capacity, thermogenesis and cold 

tolerance which led to decreased energy expenditure and higher adiposity. Conversely, 

Aifm2 overexpression in BAT enhances thermogenesis, protecting mice from diet induced 

obesity. Although mitochondrial Complex I is present in BAT, Aifm2 as a mammalian NDE, 

can maximize glycolysis and glucose oxidation and provide elections to ETC to fuel UCP1 

for thermogenesis by associating with the mitochondrial inner membrane.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resoucres and reagents should be directed to and will be 

fulfilled by the Lead Contact, Hei Sook Sul (hsul@berkeley.edu). All plasmids generated in 

this study will be made available on request but we may require a payment and/or a 

completed Materials Transfer Agreement if there is potential for commercial application.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal studies were carried out in accordance with UC Berkeley ACUC and OLAC 

regulations. Generation of Aifm2 KO mice was created by injecting Cas9 mRNA and an in 

vitro transcribed guide RNA target sequence, CTTCCCTGGCAAGTTTAACG, 

corresponding to aa113–120 at the third exon of Aifm2 into zygotes. Aifm2 was first 

inserted into plasmid in which the chicken β-actin promoter driving tagged zsGreen and the 

bovine growth hormone poly A signal at the 3’ end. The vector also contains LoxP-STOP-

LoxP cassette at 5’ end of the Aifm2 coding sequence. Generation of Aifm2 floxed mice 

was carried out by microinjected into embryos. Aifm2 TG mice were generated by crossing 

these mice with UCP1-Cre mice. Aifm2 floxed mice using CRISPR-Cas9 Nickase system. 

A pair of the gRNAs target sequences, ACCAGCGGCTCGAGCCTCTCAGG and 

GTAAATCTCAGGACAGCGCTAGG, corresponding to 5’ and 3’ end of Exon 2 of the 

Aifm2 gene, respectively, with Cas9 Nickase mRNA, and DNA donor containing Exon2 

flanked by LoxP sites were injected into zygotes. Mice were housed in a 12:12 light-dark 

cycle and chow and water were provided ad libitum, when not specified.

Metabolic and thermogenic measurements—Fat and lean mass was determined by 

echoMRI-100V. CT Scan was performed on Trifoil eXplore RS9 microCT system. Oxygen 

consumption was measured using the Comprehensive Laboratory Animal Monitoring 

System (CLAMS). Data were normalized to lean body mass determined by EchoMRI. Mice 

were individually caged and maintained under a 12 hr light/12 hr dark cycle. Food 

consumption and locomotor activity were tracked. Cold exposed mice were housed for 10 

days at thermoneutrality before cold exposure at 4°C. Body temperatures were assessed 

using a RET-3 rectal probe for mice (Physitemp). CL316,243 (Sigma) was intraperitoneally 

injected into mice at 1mg/kg. FLIR E5 series infrared camera was employed to capture 

thermography.

Human tissues—Human cDNA array containing cDNA from 48 samples covering all 

major human normal tissues at different locations (Origene, HRMT104) were used for RT-

qPCR and human tissue lysates (Thermo) were utilized immunoblotting.

Cell culture—Brown adipocyte differentiation was performed as described in (Kajimura et 

al., 2008). To induce thermogenic genes, cells were treated for 6 hrs with 10 μM 

isoproterenol or CL316,248. Cells were then harvested for RNA isolation or protein 

extraction or fixed with formalin for ORO staining. For adenoviral transduction, sub-

confluent BAT cells were transduced with vehicle (ViraQuest) or Aifm2 (Abmgood) 

lentivirus with 0.5 μg/ml polyLysine at MOI=100. For Aifm2 knockdown, BAT adipocytes 

were transduced by Aifm2 shRNA lentivirus at MOI=200.

Whole mount staining—1mm piece of tissue was excised, fixed with 1% PFA, incubated 

with UCP1 antibody, LipidTox Red Reagent (Thermo Fisher) and DAPI. Tissues were 

immobilized on a slide with mounting medium and visualized using a confocal microscope.

Mitochondria and lipidTox analysis—MitoTracker Red was added into the culture 

media at final concentrations of 300nM. The cells were incubated under normal culture 
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conditions for 15 min. LipidTox Red was added into the culture media at 1:200 dilution. The 

cells were incubated under normal culture conditions for 30 min. These cells were mounted 

with Duolink Mounting medium with DAPI, and then visualized by fluorescence 

microscopy.

Plasmid Constructs—Aim2 N-terminal and C-terminal deletion constructs were created 

by PCR amplifying the non-deleted part of the vector and reinserting into either pCDNA3.1 

or pEGFP-C1. Aifm2 D285N and G2A mutants were created by site directed mutagenesis 

using the following primers indicated in Table S1.

Luciferase Assays—293FT cells were transfected with 300ng CREB or empty vector 

with 100 ng of indicated Aifm2 promoter luciferase reporter construct and 0.5ng pRL-CMV 

in 24-well plates with Lipofectamin2000 reagent. Cells were lysed 48h post-transfection and 

assayed for luciferase activity using the Dual-Luciferase Kit (Promega) according to 

manufacturer recommended protocol.

Separation of SVF and Adipocyte fraction—SVF fractionation was carried out as 

previously described12. Briefly, mouse WAT and BAT were minced and digested with 

Collagenase type II (Sigma) in KREBs buffer at 37° C for 45 min with shaking. Cell 

suspension was then passed through 100 μm mesh, span at 300g for 5 min, floating 

adipocyte fraction was collected for RNA, DNA, or protein extraction, whereas cell pellet 

was resuspended in KREBS buffer, passed through 70 μm and 40 μm mesh and subjected to 

FACS and in vitro differentiation, or lysed with RIPA buffer for immunoblotting or with 

TRIzol for RNA isolation.

RNA isolation and RT-qPCR—Total RNA from cells were extracted using TRIzol and 

RNA from adipose tissue were extracted using RNeasy Lipid kit (Qiagen). Reverse 

transcription was performed with 1 μg of total RNA using Superscript II (Invitrogen) or with 

10–100 ng from sorted cells using Superscript III (Invitrogen). RT-qPCR was performed on 

ABI PRISM 7500 (Applied Biosystems). Statistical analysis was performed using ddct 

method with U36B4 primers as control (see primer sequences in Supplementary Table S1.

Whole mount staining—1mm piece of tissue was excised, fixed with 1% PFA, incubated 

with UCP1 antibody, LipidTox Red Reagent (Thermo Fisher) and DAPI. Tissues were 

immobilized on a slide with mounting medium and visualized using a confocal microscope.

Immunoblotting and Immunostaining—For immunoblotting, tissues or cells were 

lysed in RIPA buffer. Proteins (5–100 μg) were separated on SDS-PAGE gel, transferred on 

a nitrocellulose membrane and incubated with indicated antibodies. For whole-mount tissue 

immunostaining, a 1mm piece of WAT or BAT was excised, incubated with LipidTOX 

Reagent (Thermo Fisher) and DAPI, immobilized on a slide with mounting medium and 

imaged using confocal microscope. Cell number and size was calculated using ImageJ 

software.

Seahorse assay—BAT cell line cells were differentiated in 12-well plates, trysinized, and 

reseeded in XF24 plates at 50K cells per well at day 4 of differentiation and assayed on day 
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5 of differentiation. On the day of experiments, the cells were washed three times and 

maintained in XF-DMEM (SigmaAldrich) supplemented with 1 mM sodium pyruvate and 

17.5 mM glucose. Oxygen consumption was blocked by 1 μM oligomycin. Maximal 

respiratory capacity was assayed by the addition of 1 μM FCCP. Tissues were incubated for 

1 hour at 37°C w ithout CO2 prior to analysis on the XF24 Analyzer.

AAV and lentivirus administration in animals—Mice were anesthetized with 

ketamine (100 mg/kg). For administration into BAT and WAT, a longitudinal incision in the 

skin at the interscapular or inguinal area was performed. To distribute the vector in the 

whole depot, each interscapular BAT (iBAT) or inguinal WAT (iWAT) received four 

injections of 20 μL AAV or Aifm2 shRNA solution using a Hamilton syringe. For the 

systemic administration, AAV vectors were diluted in 200 μL saline and injected into the 

lateral tail vein.

Subcellular fractionation—Mitochondrial fractions were isolated with 50 mg of brown 

adipose tissue or 2×107 using Mitochondria Isolation Kit for Tissue or Culture Cells 

(Thermo Scientific). LD and cytosolic fractions were isolated as described in (Harris et al., 

2012).

Mitochondria and mitoplast isolation—Intact mitochondria from adipose tissues or 

BAT cells were isolated using Mitochondria Isolation Kit. Mitochondrial extract was 

collected using 2% CHAPS lysis buffer. Intact mitoplast preparation was isolated by treating 

purified mitochondria with digitonin (0.25mg/ml) for 20 min.

NAD/NADH and NADH oxidase activity—NAD/NADH in cell/ tissue lysates was 

measured with colorimetric NAD/NADH (K337). Oxidoreductase activity assay was carried 

out by using spectrophotometer, as described in Miramar et al, 2001. The assay buffer 

contained 100 mM potassium phosphate pH, 8.0, 100 mM NaCl and 0.1 mM FAD. Enzyme 

was mixed in the assay buffer for 15 min prior to adding NADH to final concentration of 

0.25 mM. The absorbance at 340 nm was measuring at 25oC.

JC-1 and ERthermAC—BAT cells (1X106 cells/ml) were treated with JC-1 (2 μM) for 30 

min, and cells were then washed 2 times with PBS and subjected to FACS analysis. For 

ERthermAC, BAT cells were treated with the dye (250 nM) for 30 min prior to FACS 

analysis.

Statistical analysis—Statistical analysis was performed using two tailed t-test. The error 

bars represent standard deviation (SD). Data are expressed as mean +/− SD and p value 

<0.05 was considered statistically significant. Number of mice or replicates used in each 

experiment was indicated in figure legends. Experiments were repeated at least three times.

Data availability statement—The data that support the findings of this study are 

available from the corresponding author H.S.S. upon request.
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Supplementary Material

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

• Aifm2 is expressed specifically in brown adipose tissue (BAT).

• Aifm2 regenerates NAD to support robust glycolysis for thermogenesis.

• Glucose oxidation is critical for thermogenesis in fed state

• Aifm2 translocate from LD to mitochondria supports ETC for thermogenesis
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Figure 1. Aifm2 is specifically expressed in BAT and is induced by cold and β-agonist
(A) Aifm2 structure. (B) RT-qPCR/immunoblotting (IB) for Aifm2 in mouse tissues, human 

tissues. (C) Aifm2 expression in human BAT and WAT by microarray (left) and by RNA seq 

(right). (D) Aifm2 mRNA in SVF and adipocyte. (E) RT-qPCR/IB during BAT cell 

differentiation (n=6). (F) Aifm2 and UCP1 in iWAT and BAT of mice at 30oC or 4oC. (G) 

Aifm2 and UCP1 in iWAT and BAT of mice at 30oC injected with control or CL-316,248. 

(H) Luciferase activity using Aifm2-luc and either empty vector or CREB. Data are mean ± 

SD. *p<0.05, ** p< 0.01, *** p<0.001.
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Figure 2. Aifm2 translocates from LD to mitochondria during thermogenesis.
(A) IB of indicated fraction. (B) BAT collected from mice at 30oC or 4oC and 

immunoblotting in indicated fraction. (C) Confocal fluorescence of Aifm2-GFP (green) in 

BAT cells treated in either control or isoproterenol with LD stained by LipidTOX (red) or 

with mitochondria stained by Mitotracker Red. (D) Localization of Aifm2 G2A mutant, 

Aifm2 ΔN, Aifm2 ΔC in BAT cells by IB of various fractions, and imaging of Aifm2 G2A-

GFP, ΔN and (ΔC) (green) with either LipidTox or Mitrotracker Red. (E) IB in solubilized 

mitochondrial outer membrane and inner membrane space (OM+IMS) fraction and 

mitoplast fraction using BAT cells treated and BAT from mice. (F) IB for Aifm2-GFP of 

transfected HEK293 cells, NADH oxidase activity of Aifm2 in HEK293 by 

spectrophotometry at 340nm. Data are mean ± SD. *p<0.05, ** p< 0.01, *** p<0.001.
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Figure 3. Aifm2 generates NAD in cytosol to increase glycolysis in BAT cells
(A) IB for Aifm2 and NAD/NADH ratio in BAT cells transduced by Aifm2 shRNA 

lentivirus. (B) IB for Aifm2 (left) and NAD/NADH ratio (right) in BAT cells transduced by 

His-Aifm2 adenovirus. (C) Fluorescence images of HEK293 cells overexpressing Peredox 

(green) with either Aifm2His or control vector, NADH/NAD ratio by quantification of 

Peredox fluorescence. (D) Extracellular acidification rate (ECAR) by XF-24 analyzer, 

glycolytic rate measured by ECAR under oligomycin and intracellular L-lactate 

concentration in Aifm2 KD in BAT cells. (E) ECAR, glycolytic rate and intracellular L-

lactate in Aifm2 overexpressing BAT cells. Data are mean ± SD. *p<0.05, ** p< 0.01, *** 

p<0.001.
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Figure 4. Aifm2 promotes thermogenesis by sustaining glycolysis in BAT cells
(A) FACS analysis of mitochondrial potential by JC-1 dye of Aifm2 KD BAT cells (left), 

and Aifm2 OE BAT cells. (B) OCR by Seahorse XF24 of Aifm2 KD BAT cells, and Aifm2 

overexpressing BAT cells. (C) FACS analysis of ERthermAC. (D) Uncoupled OCR, and 

FACS analysis and quantification of ERthermAC of Aifm2 overexpressing BAT cells treated 

with 2 deoxyglucose. Data are mean ± SD. *p<0.05, ** p< 0.01, *** p<0.001.
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Figure 5. NADH oxidase activity of Aifm2 is required to sustain glycolysis for thermogenesis
Aifm2 WT and D285N mutant were overexpressed in BAT cells. (A) IB. (B) NADH oxidase 

activity of total BAT cell, and NAD/NADH ratio. (C) Extracellular acidification rate 

(ECAR) in BAT cells OE Aifm2 WT or D285N. (D) OCR and uncoupled OCR. Aifm2 WT 

and D285N mutant, and yeast NDE1 were overexpressed in Aifm2 CRISPR KO BAT cells. 

(E) IB. (F) NAD/NADH ratio. (G) Extracellular acidification rate (ECAR), and intracellular 

Llactate. (H) Total OCR and uncoupled OCR. Data are mean ± SD. *p<0.05, ** p< 0.01, 

*** p<0.001.

Nguyen et al. Page 28

Mol Cell. Author manuscript; available in PMC 2021 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Aifm2 is critical for thermogenesis in vivo
(A) Generation of Aifm2 CRISPR KO mice and IB (B) Photograph of WT and Aifm2 KO 

mice, body weights and body composition. (C) Rectal temperature, infrared thermography, 

and survival curve of mice (n=6). (D) VO2 by CLAMS and OCR measured in BAT from 

mice (n=5–7). (E) NAD/NADH measured in BAT and iWAT and intracellular L-Lactate 

levels in BAT (n=5–6). (F) Metabolic Flux Analysis (MFA) using [U-13C] glucose. 

Representative glycolysis and TCA intermediates, M+1, M+2, M+3, etc. represent the 

number of 13C atoms. (G) Generation of Aifm2 floxed mice. (H) IB for Aifm2 in BAT of 

Aifm2 BKO. (I) Rectal temperature, and VO2 by CLAMS (n=5–6). (J) Generation of BAT 

specific Aifm2 transgenic (TG) mice. (K) Photograph of Aifm2-TG, body weights and body 

composition. (L) Rectal temperature and infrared thermography (n=6). (M) VO2 by 

CLAMS. (N) OCR of BAT and iWAT (n=7). (O) NAD/NADH, and intracellular L-Lactate 

levels of BAT (n=6). Data are mean ± SD. *p<0.05, ** p< 0.01, *** p<0.001.
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Figure 7. Aifm2 increases glucose oxidation to fuel cold/diet-induced thermogenesis
(A) VCO2/VO2 of Aifm2 KD and OE BAT cells. (B) OCR and uncoupled OCR measured in 

Aifm2 overexpressing cells treated with UK5099, MCP1/2 inhibitor. (C) OCR and 

uncoupled OCR measured in Aifm2 OE cells treated with Etomoxir, CPT1 inhibitor. (D) 

OCR and uncoupled OCR, and quantification of ERthermAC positive cells of Aifm2 OE 

BAT cells maintained in glucose only or palmitate only containing media. (E) VCO2/VO2 of 

Aifm2 KO, Aifm2 BKO and TG mice. (F) RT-qPCR/IB for Aifm2 and UCP1 in mice 

maintained at 30oC either fasted or fed HCD. (G) VO2 of WT and TG mice maintained at 

30oC fed HCD or fasted. Data are mean ± SD. *p<0.05, ** p< 0.01, *** p<0.001.
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