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SUMMARY

Brown (BAT) and white (WAT) adipose tissues play distinct roles in maintaining whole-body
energy homeostasis, and their dysfunction can contribute to non-alcoholic fatty liver disease
(NAFLD) and type 2 diabetes. The AMP-activated protein kinase (AMPK) is a cellular energy
sensor, but its role in regulating BAT and WAT metabolism is unclear. We generated an inducible
model for deletion of the two AMPK B subunits in adipocytes (ip1p2AKO) and found that
iB1P2AKO mice were cold intolerant and resistant to B-adrenergic activation of BAT and beiging
of WAT. BAT from iB1p2AKO mice had impairments in mitochondrial structure, function, and
markers of mitophagy. In response to a high-fat diet, iB1p2AKO mice more rapidly developed
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liver steatosis as well as glucose and insulin intolerance. Thus, AMPK in adipocytes is vital for
maintaining mitochondrial integrity, responding to pharmacological agents and thermal stress, and
protecting against nutrient-overload-induced NAFLD and insulin resistance.

In Brief

Mottillo et al. find mice lacking AMPK specifically in adipocytes are intolerant to cold and
resistant to B-adrenergic stimulation of brown and beige adipose tissues. These defects,
independent of lipolysis, are caused by impaired mitophagy, which results in defective BAT
mitochondria, non-alcoholic fatty liver disease, and insulin resistance.
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INTRODUCTION

Brown (BAT) and white (WAT) adipose tissue play distinct roles in maintaining whole-body
energy homeostasis, and as such require an integrated system to match energy availability
with demand in response to hormonal and nutritional cues. BAT functions to generate heat
through lipid catabolism, and its activation has potent anti-obesity and anti-diabetic effects
in rodents (Sidossis and Kajimura, 2015). Conversely, reduced activity or dysfunction in
BAT can cause insulin resistance (Lowell et al., 1993). In humans, reduced metabolic
activity of BAT is associated with insulin resistance (Chondronikola et al., 2014) and type 2
diabetes (Blondin et al., 2015). As human BAT may be targeted pharmacologically (Carey et
al., 2013; Cypess et al., 2015), there is renewed interest in its therapeutic potential for
treating metabolic diseases; however, the molecular mechanisms by which ATP sensing and
use are integrated into this important metabolic circuit have yet to be fully defined.

AMP-activated protein kinase (AMPK) is a cellular sensor of energy homeostasis (Steinberg
and Kemp, 2009), responding to various physiological, hormonal, and nutritional cues to
balance ATP production with demand. AMPK regulates energy homeostasis by the
phosphorylation of multiple substrates that alter most, if not all, branches of cellular
metabolism (Ducommun et al., 2015; Hoffman et al., 2015; Schaffer et al., 2015; Steinberg
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and Kemp, 2009). AMPK is implicated in regulating multiple aspects of lipid synthesis and
utilization (for review, see O’Neill et al., 2013). For example, AMPK-mediated inhibition of
acetyl-CoA carboxylase (ACC) reduces malonyl-CoA levels and relieves inhibition on
carnitine palmitoyltransferase 1 (CPT1) to promote fatty acid oxidation and suppress fatty
acid synthesis (Carling et al., 1987; Fullerton et al., 2013). AMPK also indirectly regulates
fatty acid oxidation by controlling mitochondrial homeostasis. AMPK regulates
mitochondrial content, quality, and fission through peroxisome proliferator-activated
receptor gamma co-activator 1a (PGCla) (Jager et al., 2007), unc-51 like autophagy
activating kinase 1 (ULK1)-mediated mitophagy (Bujak et al., 2015; Egan et al., 2011; Tian
et al., 2015), and mitochondrial fission factor (MFF) (Ducommun et al., 2015; Toyama et al.,
2016), respectively. While AMPK has also been implicated in regulating lipolysis, its role is
controversial (for review, see Watt and Steinberg, 2008), with groups reporting either
inhibition (Daval et al., 2005; Sullivan et al., 1994), activation (Ahmadian et al., 2011; Yin et
al., 2003), or no effect (Chakrabarti et al., 2011; Roepstorff et al., 2004). Despite the central
role of AMPK in regulating multiple aspects of metabolism, our understanding of the role of
AMPK in adipose tissue is largely based on studies conducted in cultured cells (Daval et al.,
2005; Sullivan et al., 1994; Vila-Bedmar et al., 2010; Yin et al., 2003) or in mice genetically
lacking single subunits of AMPK that retain substantial residual AMPK activity (Bauwens et
al., 2011; Dzamko et al., 2010; Wan et al., 2014).

Obesity and insulin resistance are associated with reduced AMPK activity in both WAT and
BAT (Lindholm et al., 2013; Ruderman et al., 2013). In addition, interventions in humans
that reduce adiposity concomitantly reinstate AMPK levels within adipose tissue (Fritzen et
al., 2015; Xu et al., 2015). However, the physiological role of AMPK in adipocytes in
regulating whole-body energy expenditure, substrate utilization, and insulin sensitivity is not
known. To address these questions, we created an inducible model for the deletion of AMPK
activity in adipocytes by crossing AdipoQ-CreER'2 mice (Mottillo et al., 2014) with double
floxed AMPK B1B2mice (O’Neill et al., 2011). This model allows for the temporal and cell-
specific deletion of AMPK without the consequences of removal in non-adipocyte cell types
observed using other models (Jeffery et al., 2014; Lee et al., 2013) and also avoids any
potential confounding effects that AMPK might have on adipocyte differentiation and
development that occurs primarily over the first 3 weeks after birth (Habinowski and
Witters, 2001; Vila-Bedmar et al., 2010; Wu et al., 2015). We found that adipocyte deletion
of AMPK in adult mice did not alter lipolysis; however, it was vital for maintaining
mitochondrial structure, function, and markers of mitophagy in BAT. AMPK deletion in
adipocytes resulted in cold intolerance and reduced thermogenesis in response to acute and
chronic p3-adrenoreceptor (3-AR) stimulation, findings consistent with a defect in BAT
and beige fat. Furthermore, the lack of adipocyte AMPK exacerbated the detrimental effects
of a high-fat diet (HFD), including the development of liver steatosis and insulin resistance.
Thus, adipocyte AMPK is a critical hub for integrating pharmacological, thermal and
nutritional inputs, suggesting that targeted activation may be useful in treating non-alcoholic
fatty liver disease (NAFLD) and type 2 diabetes.
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B-adrenergic stimulation, which mobilizes free fatty acids (FFAs) and stimulates
thermogenesis, is known to activate AMPK in adipose tissue of rodents (Gauthier et al.,
2008; Inokuma et al., 2005; Koh et al., 2007; Moule and Denton, 1998), but whether this
occurs in human brown fat is not known. Treatment of human brown adipocyte cells, derived
from the supraclavicular region of three different adult human subjects (Jespersen et al.,
2013) with norepinephrine, increased activation of AMPK as detected by greater
phosphorylation of AMPKa T172 and that of its downstream substrate ACC S79 (Figure
1A). To investigate the physiological role of adipocyte AMPK, we treated Control mice
(floxed alleles, but no CreERT2) and mice deficient for AMPK in adipocytes (floxed alleles,
with CreERT2, herein named iB1-p2AKO) with tamoxifen at 8 weeks of age. Tamoxifen had
a small effect on body weight within the first week, but mice returned to their previous
weight within the second week (Figure S1A). Tamoxifen treatment removed AMPK B1 and
B2 subunits from BAT and WAT of iB1p2AKO mice, but not Control mice (Figure 1B). This
deletion was specific to adipocytes, as AMPK B1 and B2 expression in other metabolic
tissues (liver, muscle, and heart) or the stromal vascular cell fraction of adipose tissue was
not altered (Figures 1B and S1B). As AMPK B1 and 2 subunits are essential for
heterotrimer formation (Dzamko et al., 2010; Steinberg et al., 2010; Woods et al., 1996), this
resulted in dramatic reductions in AMPKa expression and phosphorylation levels of
AMPKa T172 and ACC S79 in adipocytes, but not other tissues (Figures 1B and S1B).
Overall, these data indicate that efficient adipocyte deletion of AMPK was achieved, and it
suggests that residual AMPKa expression in whole adipose tissue lysates is likely from
resident stromal vascular cells in which AMPK expression was not affected.

Not Regulate Adipocyte Lipolysis In Vivo

We investigated the role of AMPK in lipolysis and found that neither basal nor
isoproterenol-stimulated release of FFA or glycerol were different between genotypes
(Figures 1D and 1E), despite greater phosphorylation of AMPKa by isoproterenol in
adipocytes isolated from Control mice, compared to iB1-B2AKO (Figures 1C and 1F).
Protein levels of AMPKa, B1, and p2 (Figure 1C) and phosphorylation levels of AMPKa
T172 and ACC S79 (Figures 1C and 1G) were almost completely abolished in fat cells from
iB1R2AKO mice; however, phosphorylation of the AMPK consensus site on hormone
sensitive lipase (HSL), S565, was reduced by isoproterenol but not AMPK deletion (Figure
1H). The phosphorylation levels of the protein kinase A (PKA) site on HSL, S660, which
stimulates HSL activity (Watt and Steinberg, 2008), was increased by isoproterenol
treatment but was not different between control and AMPK-deficient adipocytes (Figure 11).
Phosphorylation of adipose triglyceride lipase (ATGL), the rate-limiting enzyme for
lipolysis, on the putative AMPK site S406 (Ahmadian et al., 2011; Pagnon et al., 2012), was
unaffected by deletion of AMPK and isoproterenol treatment (Figure 1J). One possibility for
the lack of a detectable effect of AMPK on lipolysis could be that prior activation of AMPK
is required (Watt et al., 2006). However, prior activation of AMPK with AICAR (as detected
by increased phosphorylation levels of AMPKa T172 and ACC S79 in Control adipocytes)
had no effect on the phosphorylation of HSL S565 (Figure S1C). In addition, AICAR
reduced lipolysis in both Control and iB1p2AKO adipocytes (Figure S1D), indicating that
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the effects of AICAR on lipolysis are likely AMPK independent. Similarly, there was no
difference in serum FFA between Control and iB1p2AKO mice treated in vivo with the p3-
AR agonist CL-316,243 (CL; Figure S1E), nor in phospho-HSL S660 levels (Figure S1F).
This was despite lower phosphorylation of the AMPK targets ACC, Raptor (Gwinn et al.,
2008), and HSL S565 in iB1p2AKO mice, which would be anticipated to increase lipolysis
(Figure S1F). Collectively, these data indicate that lack of adipocyte AMPK in vivo does not
affect lipolysis in response to B-adrenergic stimuli.

Adipocyte AMPK Is Critical for Brown Fat Function

A vital function for adipose tissue is to defend against cold exposure. Female Control and
iB1P2AKO mice of similar body weight were acclimatized at thermoneutrality (30°C) for 1
week (Figures 2A and S2A) and then challenged with cold exposure (4°C). iB132AKO mice
were unable to maintain core body temperature (Figure 2B) or interscapular BAT
temperature (Figures 2C and 2D). Acute cold exposure significantly reduced triglyceride
levels in BAT of Control mice; however, this effect was absent in iB1-p2AKO mice (Figure
2E). Moreover, basal levels of UCP1 were lower in iB1p2AKO mice (Figures 2F and 21).
The hypothermia in iB132AKO mice was not due to a failure to mobilize FFA or glycerol
into circulation (Figures S2B and S2C), further supporting a minimal role for adipocyte
AMPK in regulating lipolysis in vivo. Similar cold intolerance (Figures S2D and S2E) and
an inability to oxidize BAT derived lipid (Figure S2H) was also observed in male
iB1P2AKO mice housed at 23°C, then exposed to 4°C for 3 hr. Importantly, mice with
double floxed B1 and B2 alleles behaved similarly to C57BL/6 mice when placed in the cold
(Figures S2F and S2G). Cold exposure activated AMPK in BAT of Control mice (Figures 2F
and 2G), as noted by greater phosphorylation of AMPKa T172 and a tendency for greater
phosphorylation of the S79/212 site on ACC (Figures 2F and 2H).

We also probed BAT function using the B3-AR agonist CL (Figure 2J), which increases
thermogenesis through a UCP1-dependent pathway (Crane et al., 2014). A single injection
of CL increased AMPK activity as detected by greater phosphorylation of AMPKa T172
and Raptor S792 (Figure S2I). CL also increased oxygen consumption (Figure 2K) and
interscapular BAT temperature in Control mice (Figures 2L and 2M), but this effect was
diminished in i1p2AKO mice, despite normal FFA release (Figure 2N).

In liver (Fullerton et al., 2013) and resting skeletal muscle (O’Neill et al., 2014), AMPK
regulates fatty acid oxidation via phosphorylation and inhibition of ACC, which reduces
levels of malonyl-CoA, an allosteric inhibitor of CPT1 (Carling et al., 1987; Steinberg and
Kemp, 2009). Thus, we tested whether AMPK-mediated phosphorylation of ACC and
subsequent removal of CPT1 inhibition was involved in BAT thermogenesis in mice that
have both an ACC1-S79A and ACC2-S212A knockin mutation (ACC DKI) (Fullerton et al.,
2013). ACC DKI mice maintained core body temperature and interscapular BAT
temperature at 4°C in a similar manner to wild-type mice (Figures S2J and S2K).
Furthermore, when acutely challenged with CL, ACC DKI mice increased oxygen
consumption equally to wild-type mice (Figure S2L). Overall, these results indicate that
AMPK is required for acute BAT thermogenesis, but this effect does not depend on AMPK
phosphorylation of ACC.
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Adipocyte AMPK Regulates Mitochondrial Structure and Function in BAT

Since the defect in BAT of mice deficient for adipocyte AMPK was not due to the AMPK-
ACC axis, we examined whether this was due to a defect in mitochondria. Assessment of
mitochondrial morphology by electron microscopy revealed altered mitochondrial structure
and greater disrupted cristae in iB1p2AKO mice (Figures 3A and 3B), while total
mitochondria did not differ (Figure 3C). Consistent with alterations in mitochondrial
structure, respiration rates in isolated BAT mitochondria, which eliminates potential
differences in mitochondrial number, were lower in iB1p2AKO mice (Figure 3D). Non-
UCP1-mediated respiration levels in the presence of GDP, the ATP synthase inhibitor
oligomycin, or the chemical uncoupler FCCP, were also lower in iB1-p2AKO mice (Figure
S3A,; significant difference for all but FCCP; p = 0.06). The alterations in mitochondrial
structure and function suggested a defect in mitochondrial quality control but not
mitochondrial content (biogenesis). In line with this observation, we found that protein
levels of PGCla, a master regulator of mitochondrial biogenesis, was not different between
genotypes basally (Figure S3B). Recently, AMPK has been implicated in regulating
mitochondrial morphology by phosphorylating MFF (Ducommun et al., 2015; Toyama et al.,
2016). However, phosphorylation levels of MFF on the AMPK target site S129 were not
different in BAT of Control and ip1p2AKO mice (Figure S3C), nor did they change in
response to cold challenge. Furthermore, the phosphorylation of MFF at S129 or S146 did
not differ between brown adipocytes from Control or iB132AKO mice under basal
conditions or after pharmacological activation of AMPK (Figure S3D). This finding was in
contrast to the reduction in the phosphorylation of ULK1 S555 (Figure S3D), which AMPK
phosphorylates to increase mitophagy, a process that promotes the clearance of damaged
mitochondria to maintain mitochondrial quality (Egan et al., 2011). The levels of phospho-
ULK1 S555 were also lower in vivo, in BAT of mice deficient for adipocyte AMPK (Figure
3E). Consistent with a defect in mitochondrial clearance, the lipidation of the autophagy
protein LC3B was lower (LC3B II/LC3B I; Figure 3F), with greater accumulation of the
autophagy adaptor protein p62 in BAT of mice deficient for adipocyte AMPK (Figure 3G).
These changes in markers of mitophagy were also observed in isolated mitochondria from
the BAT of ip1p2AKO mice (Figures S3E and S3F). In addition, cold exposure led to
dynamic changes in pULK1 S555 and LC3B lipidation (LC3B II/LC3B 1) in BAT of Control
mice, effects not observed in iB1E2AKO mice (Figure S3G). Overall, these data indicate that
in BAT, AMPK maintains mitochondrial integrity and function through the regulation of
mitophagy.

Adipocyte AMPK Is Important for the Catabolic Remodeling of BAT and WAT

Since mitochondrial function is critical for the catabolic remodeling of WAT and BAT, we
examined remodeling in mice deficient for adipocyte AMPK in response to chronic B3-AR
activation (Figure 4A). Daily treatment of mice with CL elevated oxygen consumption,
carbon dioxide, and heat production in Control mice, but these effects were blunted in
iB1R2AKO mice (Figure 4B, S4A, and S4B). CL treatment had no effect on body weight,
food or water intake, or activity levels (Figures S4C-S4F), suggesting that reductions in
energy expenditure of iB1B2AKO mice may have been due to a defect in adipose tissue
metabolism. Mitochondrial cytochrome ¢ oxidase (COX) activity was lower in BAT of
iB1Pp2AKO mice under control conditions and following 5 days of CL treatment (Figure
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4C). Electron transport chain (ETC, OXPHOS) subunit content was similar between
genotypes with saline; however, with CL treatment, the upregulation of OXPHOS subunit
expression was attenuated in iB132AKO mice (Figure 4D).

In addition to BAT, the blunted effects of the B3-AR agonist on increasing oxygen
consumption in iB12AKO mice may have also resulted from impaired catabolic remodeling
of iIWAT into beige or brown in white (brite) adipocytes (Rosen and Spiegelman, 2014).
Control mice treated for 5 days of CL had a greater appearance of multilocular beige
adipocytes in iIWAT compared to iB12AKO mice (Figure 4E). Furthermore, 5 days of CL
increased the mRNA expression of browning markers (Cidea, Ppara, Pdk4, Figure 4F) and
ETC complex I and 11 in Control mice (Figure S4G), but this effect was attenuated in iWAT
of iB1-p2AKO mice. Notably, chronic CL treatment increased mRNA and protein levels of
UCP1 in Control mice, but not in ip1p2AKO mice (Figures 4G and 4H). These results
demonstrate that adipocyte AMPK is required for B-adrenergic-induced remodeling of BAT
and iWAT.

Lack of Adipocyte AMPK Exacerbates HFD-Induced Insulin Resistance

Obesity is associated with reduced AMPK activity in both WAT and BAT (Lindholm et al.,
2013; Ruderman et al., 2013). Moreover, dysfunctional BAT can contribute to diet-induced
obesity and insulin resistance (Lowell et al., 1993). Therefore, to investigate the role of
adipocyte AMPK in obesity-induced insulin resistance, mice were challenged with a HFD
for 12 weeks (Figure 5A). As expected, the levels of phosphorylated AMPKa T172 in BAT
were greatly reduced in HFD-fed ip1p2AKO mice (Figure 5B). Mice lacking AMPK in
adipocytes had greater weight gain after 5-8 weeks of the HFD treatment, but by 12 weeks
body mass did not differ (Figure 5C) from controls. The histology of BAT, inguinal, and
gonadal WAT (gWAT) did not show any gross differences under HFD (Figure S5A), and
adiposity was not greater after 12 weeks of HFD (Figure 5D). Consistent with similar
adiposity, whole-body metabolic parameters such as VO,, RER, food and water intake, and
activity levels were also similar between genotypes (Figure S5B-S5F). Despite similar body
mass and adiposity, HFD-fed iB132AKO mice had higher fasting blood glucose, insulin
(Figures 5E and 5F), and HOMA-IR levels (Figure S5G). Insulin sensitivity was not
different between genotypes in chow-fed mice prior to starting the HFD intervention (Figure
S5H), nor in mice fed an additional 11 weeks of chow diet (Figure S51). However, on HFD,
iB1P2AKO mice were more glucose intolerant (Figure 5G) and less sensitive to an
intraperitoneal insulin tolerance test compared to Control (Figure 5H). Control mice with
AMPK B1p2-floxed alleles had similar glucose tolerance to C57BL/6 mice that received a
HFD, but no tamoxifen (Figure S5J).

Since differences in fasting blood glucose and insulin sensitivity were not observed under
chow conditions, we further explored the tissue-specific metabolic defects in HFD-fed ip1-
B2AKO mice that promoted dysglycemia (Figure 6A). Mice deficient for adipocyte AMPK
had a reduction in glucose uptake in response to insulin in BAT (Figure 6B) and liver (Figure
S6A). Consistent with the defect in CL-mediated oxygen consumption under chow
conditions (Figure 2K), change in oxygen consumption was lower in HFD-fed iB1p2AKO
mice after injection of CL (Figure 6C), but there was no difference in the change in serum
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FFA (Figure S6B). The levels of fasting and fed plasma FFA and glycerol between
genotypes did not differ (Figures S6C and S6D). However, serum triglyceride levels were
greater in the post-prandial state, but not under fasting conditions in iB1-p2AKO mice
(Figure 6D). An acute intraperitoneal injection of insulin increased AKT S473
phosphorylation in the liver, BAT, and gWAT of Control, but not ip12AKO mice (Figure
6E). The increase in phospho-AKT S473 by insulin was similar between genotypes in
quadriceps muscle (Figure 6E). The differences in whole-body insulin sensitivity between
genotypes was likely not driven by inflammation in gWAT, as the expression of
inflammatory and immune markers were increased similarly by HFD treatment in both
genotypes (Figure S6E). We further explored the impairment in liver insulin sensitivity of
iB1R2AKO mice and found that their livers were heavier (Figure 6F) and displayed greater
triglyceride accumulation (Figures 6G and 6H). Finally, levels of serum ALT, an indicator of
liver damage, trended higher in i1p2AKO mice (p = 0.052; Figure 61). Overall, these
results indicate that AMPK deficiency in adipose tissue depresses energy utilization in BAT
and thereby promotes the development of hepatic lipid accumulation and insulin resistance.

DISCUSSION

Obesity and type 2 diabetes are characterized by reductions in the metabolic activity of BAT,
suggesting that therapies that restore BAT function may be effective for treating these
disorders. Despite intense interest, the molecular mechanisms contributing to reduced BAT
activity that occur with obesity and diabetes are not fully understood. We found that deletion
of AMPK in adipocytes leads to defects in BAT mitochondrial structure and function and
reduced oxidative metabolism in response to cold exposure or B-adrenergic stimuli. Loss of
adipocyte AMPK exacerbates the development of liver steatosis, liver insulin resistance, and
whole-body glucose and insulin intolerance. These data indicate that reductions in adipose
AMPK, as observed in obese humans (Ruderman et al., 2013), is an important contributing
factor to reduced BAT activity, liver steatosis, insulin resistance, and dysglycemia.

The greater whole-body insulin resistance observed in i12AKO mice is similar to mice
with a germline deletion of AMPK B2 (Steinberg et al., 2010), effects that at the time were
attributed primarily to impairments in skeletal muscle function. Interestingly, loss of both
AMPK B subunits specifically in skeletal muscle does not affect insulin sensitivity when
mice are fed a HFD (Marcinko et al., 2015), suggesting that reductions in BAT metabolic
activity may have been a contributing factor to the insulin resistance observed in germline
AMPK B2 null mice. While we previously observed very low levels of AMPK B2 in WAT of
AMPK B1 KO mice (Dzamko et al., 2010), these low levels of detection compared to the
current study may have been the result of using a p pan antibody that had a much greater
affinity for detecting the B1 compared to $2 subunit. Importantly, similar to ip1p2AKO
mice, whole-body deletion of AMPK 1 also did not alter adipocyte lipolysis (Dzamko et
al., 2010).

Studies using a variety of pharmacological agents have suggested that AMPK may regulate
lipolysis through direct phosphorylation of ATGL and HSL (Ahmadian et al., 2011; Pagnon
etal., 2012; Watt et al., 2006). ATGL has been shown to be phosphorylated at S406 by both
AMPK and PKA (Ahmadian et al., 2011; Pagnon et al., 2012); however, we found no
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difference in iB1p2AKO mice, making it unlikely that AMPK is the primary kinase that
phosphorylates this residue. We found that levels of phospho-HSL S565 were not reduced in
isolated adipocytes of mice lacking AMPK, supporting the importance of other kinases in
maintaining phosphorylation of this residue as previously suggested (Garton and Yeaman,
1990). Consistent with minimal effects of AMPK on the phosphorylation of these residues,
we found no changes in adipose tissue lipolysis basally or following B-adrenergic
stimulation. Interestingly, the non-specific pharmacological AMPK activator AICAR
impaired lipolysis independent of AMPK—an effect that is likely related to observations
that AICAR and biguanides can supress CAMP production in cells independent of AMPK
(Kalderon et al., 2012; Miller et al., 2013). Collectively, these studies suggest that AMPK
has a minimal role in regulating adipocyte lipolysis.

We found that B-adrenergic stimuli activate AMPK in human brown adipocytes and BAT of
mice. Previous studies have indicated that this is likely a consequence of increases in
lipolysis (Gauthier et al., 2008) and mitochondrial uncoupling (Inokuma et al., 2005), which
collectively cause reductions in the AMP/ADP: ATP ratio and activation of AMPK. The
activation of AMPK in BAT by stimuli that increase energy demand is in contrast to
AMPKs role in the hypothalamus, where it prevents negative energy balance by reducing
sympathetic outflow (Lépez et al., 2010). These opposing functions of AMPK in peripheral
and central circuits are consistent with hormonal regulators of energy balance such as leptin
and ghrelin, which differentially regulate AMPK activity in the periphery and CNS (Dzamko
and Steinberg, 2009).

The role of AMPK in adipose tissue thermogenesis does not appear to involve acute
regulation of fatty acid oxidation, as we found that mice lacking an important AMPK
phosphorylation site on ACC, which controls fatty acid oxidation in the liver and resting
skeletal muscle (Fullerton et al., 2013; O’Neill et al., 2014), responded normally to both cold
and B-adrenergic stimuli. Instead, the primary role of AMPK in BAT involves the
maintenance of mitochondrial quality. Our deletion of AMPK in adipocytes occurs in adult
mice, at a time when BAT is completely developed and has a full complement of
mitochondria, which may explain why there were no differences in PGCla protein and
mitochondrial number. However, BAT of iB1p2AKO mice had greatly altered mitochondrial
morphology and function, along with a defect in autophagy signaling, marked by an elevated
LC3BII/LC3BI ratio, accumulation of p62, and reduced phosphorylation of ULK1. These
findings are consistent with recent work that suggests a role for autophagy in regulating lipid
metabolism in adipocytes (Martinez-Lopez et al., 2016) and adds to these findings by
indicating that AMPK is important for regulating this pathway and controlling mitochondrial
quality.

Both cold and B3-AR agonists activated AMPK and have been shown to chronically increase
BAT metabolic activity in humans; however, discomfort and tachycardia, respectively, will
likely limit the widespread adoption of these therapies (Chondronikola et al., 2014; Cypess
et al., 2015). On the other hand, as AMPK activity is reduced in adipose tissue of diabetic
patients (Ruderman et al., 2013) and AMPK activators such as metformin and salicylate are
well tolerated in humans (Hawley et al., 2012; Zhou et al., 2001), the development of direct
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AMPK activators (Xiao et al., 2013) that target BAT may be an effective means to improve
mitochondrial function, reduce liver lipids, and improve insulin sensitivity.

EXPERIMENTAL PROCEDURES

Animals

Mice deficient for AMPK B1p2 in adipocytes were generated by crossing AMPK p1flox/flox
p2flox/flox mice (O’Neill et al., 2011) with mice harboring the tamoxifen-sensitive Cre
recombinase (CreERT2) under the control of the adiponectin promoter B6N.129S-Tg
(Adipog-CreERT2)!m1J99 (Mottillo et al., 2014) that had been backcrossed on C57BL/6
background. All experiments were sanctioned by the McMaster University Animal Ethics
Committees. Details on the generation, and maintenance of mouse strains are in the
Supplemental Experimental Procedures.

Metabolic and Blood Measurements

Metabolic monitoring was performed in a Comprehensive Lab Animal Monitoring System
(CLAMS; Columbus Instruments) as described (O’Neill et al., 2011). To assess UCP1-
mediated thermogenesis, CL-316,243 (CL; 0.033 nmol/g body weight) treatment was
performed using CLAMS, and infrared thermography as previously described (Crane et al.,
2014). A rectal thermal probe was used to determine core body temperature in mice. All
metabolic monitoring was performed in a room kept between 26°C and 28°C. Details on
metabolic and blood measurements are in the Supplemental Experimental Procedures.

Adipocyte Isolations and Lipolysis

Adipose tissue depots from three mice per genotype were pooled and digested with
collagenase Type Il (Sigma) and performed as detailed in the Supplemental Experimental
Procedures.

Immunoblotting and Immunoprecipitation

Antibodies, immunoblotting, and immunoprecipitation are described in detail in the
Supplemental Experimental Procedures.

Tissue Triglyceride Determination

Determination of tissue triglyceride content is described in detail in the Supplemental
Experimental Procedures.

COX Activity Assay

COX activity was measured using homogenates that were frozen and thawed three times to
disrupt membranes. Details on COX activity assay are in the Supplemental Experimental
Procedures.

Tissue Processing and Transmission Electron Microscopy

Detailed procedures for tissue processing and transmission electron microscopy are in the
Supplemental Experimental Procedures.
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Cell Culture

Generation and culture of human primary and murine immortalized brown adipocyte cell
lines is detailed in the Supplemental Experimental Procedures.

Isolation of BAT Mitochondria and Respirometry

BAT from the interscapular and axillary regions was combined from individual mice, and
mitochondria were isolated and respirometry performed as described in detail in the
Supplemental Experimental Procedures.

RNA Isolation and Real-Time Quantitative PCR (RT-gPCR)

RT-gPCR was carried out as previously described to determine mRNA expression levels
(Galic et al., 2011; O’Neill et al., 2011). Briefly, adipose tissues were lysed in TRIzol
reagent (Invitrogen) to remove lipid and the aqueous phase was applied to an RNeasy kit
(QIAGEN) column for subsequent purification. Relative gene expression was calculated
using the comparative Ct (2-24Ct) method, where values were normalized to a housekeeping
gene (Ppia). All Tagman primers were purchased from Invitrogen (see Supplemental
Experimental Procedures).

Statistical Analysis

Results were analyzed using Student’s t test or ANOVA where appropriate, using GraphPad
Prism software. A repeated-measures ANOVA was used for all body weight plots,
thermography measurements, and GTT and ITT data. A Bonferroni post hoc test was used to
test for significant differences as determined by the ANOVA. Significance was accepted at p
< 0.05. Data are presented as mean £ SEM.

Supplementary Material

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

Adipocyte AMPK is required for cold and B-adrenergic-stimulated
thermogenesis

AMPK is required for the browning of white adipose tissue (beige/brite fat)
AMPK is critical for mitophagy and maintaining BAT mitochondrial quality

Adipocyte AMPK is required to prevent NAFLD and insulin resistance
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Figure 1. Norepinephrine Activates AMPK in Human Brown Adipocytes but AMPK Does Not
Regulate Lipolysis In Vivo

(A) Primary human brown adipocytes were treated with 1 M norepinephrine (NE) or
vehicle for 45 min before measuring pAMPKa T172, total AMPKa, pACC S79, total ACC,
and UCP1. *p < 0.05, **p < 0.01 denotes a NE effect as determined by Student’s t test.

(B) AMPKP1 and B2, pAMPKa T172, total AMPKa, pACC S79, and total ACC levels in
Control (CreERT2 -) or iB1p2AKO mice (CreERT2 +) in BAT, iWAT, gWAT, liver,
quadriceps muscle, and heart.

(C-J) Isolated adipocytes from Control () and iB1p2AKO (+) mice were untreated (Basal)
or treated with 10 pM isoproterenol (Iso) for 45 min and the amount of FFA (D) or glycerol
(E) released into the media was quantified. Adipocytes were immunoblotted for total and
phosphorylated ACC, HSL, ATGL, AMPKa, and total levels of AMPK B1 and B2 and -
tubulin (C). The ratios of phospho-AMPKa.T1"2/AMPKa (F), phospho-ACCS79/ACC (G),
phospho-HSLS565/HSL (H), phospho-HSLSE80/HSL (1), and phospho-ATGLS4%¢/ATGL (J)
were quantified (n = 3 mice per genotype, from three independent experiments). Data are
means = SEM. ***p < 0.001 denotes a genotype effect within groups, and Tp < 0.05, T1p <
0.01, and T11p < 0.001 denote an Iso effect as determined by Student’s t test (D) or two-way
ANOVA and Bonferroni post hoc test. N.D., not determined. See also Figure S1.
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Figure 2. Adipocyte AMPK Is Required for Acute BAT-Mediated Thermogenesis
(A) Timeline, in weeks of age, for tamoxifen (TMX) treatment and cold exposure in female

Control and iB1p2AKO mice.

(B-D) Core body temperature (B), thermal images (C), and interscapular BAT temperature
(D) in Control and iB1p2AKO mice at 30°C, and 4°C for 1 and 2 hr (n = 6-9 per group).
(E) Triglyceride levels in BAT of mice kept at thermoneutrality (30°C) or exposed to cold
(4°C) (n = 4-7 per group).

(F-1) Phosphorylation of AMPK ([F] and [G], pAMPKa T172/AMPKa) and ACC ([F] and
[H], pACCS79/ACC), and total UCP1 protein levels ([F] and [1]) in response to cold (4°C) in
BAT of Control and iB132AKO mice (n = 4-6 per group). *p < 0.05 and ***p < 0.001
denotes a cold (4°C) effect within genotypes, and ttp < 0.01 and t11p < 0.001 denote a
genotype effect as determined by two-way ANOVA and Bonferroni post hoc test.

(J) Timeline, in weeks of age, for tamoxifen (TMX) and acute CL-316,243 (CL, 0.033
nmol/kg) treatment in female Control and iB1p2AKO mice (n = 8 mice per group).
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(K-N) Oxygen consumption (VO,; [K]), representative thermal images of mice in given
groups (L), interscapular BAT surface temperature (M), and plasma FFA (N) in response to a
single injection of saline or CL (0.033 nmol/kg, 20 min; n = 8 per group). Data are means *
SEM. *p < 0.05 denotes a genotype effect within groups, and T11p < 0.001 denotes a CL
effect as determined by two-way ANOVA and Bonferroni post hoc test. See also Figure S2.
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Figure 3. Adipocyte AMPK Is Important for Maintaining Mitochondrial Homeostasis in BAT
(A-C) Representative electron micrographs of mitochondria at two different magnifications

(A), quantification of percentage mitochondria with disrupted cristae (B) and total number
of mitochondria per micrograph (C) from BAT of chow-fed Control and ip1p2AKO mice (n
= 3 to 4 mice per genotype).

(D) Respiration in isolated BAT mitochondria with malate and L-carnitine (M + L-Carn; 2
mM and 2.5 mM) and after the addition of palmitoyl-CoA (PCoA,; 30 uM [n = 7 BAT
mitochondrial isolations per genotype]).

(E) Phospho-ULK 15555 protein levels normalized to total ULK1 levels from BAT of Control
and iB1P2AKO mice (n = 11 to 12 mice per genotype).

(F and G) immunoblot analysis of the LC3BII/LCBI ratio (F) and p62 levels normalized to
B-tubulin (G) in whole BAT tissue from chow-fed Control and i1p2AKO mice (n=61t0 7
per group). Data are means + SEM. *p < 0.05, **p < 0.01, and **p < 0.001 denote a
genotype effect within groups as determined using a Student’s t test. See also Figure S3.
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Figure 4. Adipocyte AMPK Is Required for the Adaptive Response to Thermogenesis and the
Browning Program
(A) Timeline, in weeks of age, for tamoxifen (TMX) and 5-day CL 316,243 (CL) treatment

in female Control and iB12AKO mice. Mice were treated with 0.5 mg/kg CL for four
consecutive days and 1 mg/kg on the final day.

(B) Whole-body oxygen consumption (VO5) under basal conditions or 6 hr post-CL
injection on indicated days (n = 6-9 per group).

(C and D) COX activity (C) and representative OXPHOS subunit immunoblotting with
quantification (D) (n = 8-10 per group) in BAT of Control and iB1p2AKO mice treated with
saline or CL for 5 days (5D CL).

(E) Representative iWAT histological images (10x magnification) of Control and iB132AKO
mice treated with CL for 5 days.

(F) mRNA expression of browning markers (Cidea, Ppara, Pdk4) in iWAT of Control and
iB1R2AKO mice treated with saline or CL for 5 days (n = 6-9 per group).

(G and H) iWAT UcpI mRNA (G) and protein levels (H) in Control and iB132AKO treated
with saline or CL for 5 days (5D CL) (n = 6-9 per group). Data are means + SEM. *p < 0.05
and **p < 0.01 denote a genotype effect within groups, and p < 0.05, T1p < 0.01, and T11p
< 0.001 denote a CL effect within genotype as determined by two-way ANOVA and
Bonferroni post hoc test. See also Figure S4.
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Figure 5. Adipocyte AMPK Protects against High-Fat-Diet-Induced Insulin Resistance
(A) Timeline, in weeks of age, for tamoxifen (TMX) and chow or HFD treatments in male

Control and iB1B2AKO mice (n = 8 to 9 for chow fed, n = 11 to 12 for HFD).

(B) Total and phosphorylated (T172) levels of AMPKa in BAT of HFD-fed Control (=) and
iB1R2AKO (+) mice (n =4 to 5).

(C and D) Body weight curves (C) and adiposity (D) in Control and ip1p2AKO mice on
indicated diet for 12 weeks.

(E and F) Fasting blood glucose (E) and plasma insulin concentrations (F) in Control and
iB1B2AKO mice on indicated diet for 10 weeks.

(G and H) Glucose tolerance test (GTT; [G]) and insulin tolerance test (ITT; [H]) performed
after 10 to 11 weeks of HFD in Control and iB1p2AKO mice. AUC, area under the curve.
Data are means £ SEM. *p < 0.05 and **p < 0.01 denote a genotype effect within groups as
determined by a Student’s t test ([B], AUC of [G] and [H]), two-way ANOVA (E, F), or two-
way repeated-measures ANOVA ([C], glucose curves of [G] and [H]) and Bonferroni post
hoc test. See also Figure S5.
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Figure 6. Deletion of Adipocyte AMPK Promotes Hepatic Lipid Accumulation
(A) Timeline, in weeks of age, for tamoxifen (TMX) treatment and experimental procedures

in male Control and iB1p2AKO mice on HFD.

(B) 3H-2-deoxy-D-glucose (2-DG) uptake in BAT of Control and iB1p2AKO mice on HFD,
fasted for 6 hr and injected with 0.7 U/kg insulin (n = 3 to 4).

(C) Change in oxygen consumption in response to CL-316,243 (0.033 nmol/kg, B3-AR test)
in Control and ip1p2AKO mice on HFD (n = 7 to 8).

(D) Plasma triglyceride (TGs) levels in HFD-treated mice in fed and fasted (10 hr) states (n
=81to 9 for fed, n = 11 to 12 for fasted).

(E) Levels of total AKT and phospho-AKTS473 (pAKTS473) under basal conditions (Basal)
and in response to an IP injection of insulin (1.0 U/kg for 15 min) in the liver, BAT, gWAT,
and quadriceps muscle (Quad) of 12 week HFD-treated Control (=) and iB1p2AKO (+) mice
(n =5-7).

(F-H) Liver weights (F), representative H&E stains (20x; [G]) and liver triglyceride (TGs;
[H]) levels in 12 weeks HFD-treated Control and iB132AKO mice (n = 18-20 per group).
(1) Plasma ALT levels in HFD fed Control and iB132AKO mice (n = 14 to 15). Data are
means + SEM. *p < 0.05 and **p < 0.01 denote a genotype effect within groups, and tp <
0.05 and tt1p < 0.01 denote an insulin effect within genotypes as determined using a
Student’s t test ([B], [C], [F1, [H]) or, where appropriate, by two-way ANOVA and
Bonferroni post hoc test. See also Figure S6.
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