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SUMMARY

Diet-induced thermogenesis is an important homeo-
static mechanism that limits weight gain in response
to caloric excess and contributes to the relative
stability of bodyweight inmost individuals. We previ-
ously demonstrated that creatine enhances energy
expenditure through stimulation of mitochondrial
ATP turnover, but the physiological role and impor-
tance of creatine energetics in adipose tissue have
not been explored. Here, we have inactivated the first
and rate-limiting enzyme of creatine biosynthesis,
glycine amidinotransferase (GATM), selectively in
fat (Adipo-Gatm KO). Adipo-GatmKOmice are prone
to diet-induced obesity due to the suppression of
elevated energy expenditure that occurs in response
to high-calorie feeding. This is paralleled by a blunted
capacity for b3-adrenergic activation of metabolic
rate,which is rescuedbydietary creatine supplemen-
tation. These results provide strong in vivo genetic
support for a role of GATM and creatine metabolism
in energy expenditure, diet-induced thermogenesis,
and defense against diet-induced obesity.

INTRODUCTION

The escalation in prevalence of obesity worldwide has led to a

surge in the number of individuals with type 2 diabetes, cardio-

vascular disease, and cancer, as well as rising healthcare costs

(Adams et al., 2006; Juonala et al., 2011; Khandekar et al., 2011;

Twig et al., 2016). Excess fat storage occurs when caloric

intake persistently exceeds caloric expenditure (Ravussin

et al., 1988); thus, obesity can be caused by increased food

intake, decreased energy expenditure, or a combination of the

two. However, bodyweight inmost individuals is remarkably sta-
660 Cell Metabolism 26, 660–671, October 3, 2017 Published by Else
ble in response to experimentally imposed alterations in energy

intake because of compensatory changes in energy expenditure

(Leibel et al., 1995; Rosenbaum et al., 2008). Decreased food

intake triggers a reduction in energy expenditure, which limits

weight loss (Apfelbaum et al., 1971; Leibel and Hirsch, 1984;

Miller and Parsonage, 1975; Rosenbaum et al., 2008, 2010).

Conversely, excessive caloric intake enhances energy expendi-

ture and thus limits weight gain in humans (Bouchard et al., 1990;

Levine et al., 1999) and rodents (Bachman et al., 2002; Rothwell

and Stock, 1979). Such a fine equilibrium is suggestive of pre-

cisely tuned metabolic regulatory systems (Hall et al., 2012).

Brown and beige adipose tissues dissipate chemical energy

as heat, through non-shivering thermogenesis. This thermogenic

activity offers tremendous potential to combat obesity (Harms

and Seale, 2013; Lowell and Spiegelman, 2000; Rosen and Spie-

gelman, 2014). Brown fat function is historically evaluated by

monitoring the activation of metabolic rate in response to adren-

ergic stimuli. By this measure, the capacity for brown adipose

tissue (BAT)-mediated non-shivering thermogenesis is increased

by exposure to environmental cold (Foster and Frydman, 1978)

and to high-calorie diets (Bachman et al., 2002; Rothwell and

Stock, 1979). Importantly, individuals who are predisposed to

obesity exhibit decreased adrenergic-dependent thermogenic

capacity (Jung et al., 1979), suggesting that this impairment is

relevant in the context of human weight gain. In addition, certain

genetically engineered mouse models that are predisposed to

obesity exhibit reduced adrenergic activation of metabolic rate

(Cohen et al., 2014; Feldmann et al., 2009).

The capacity to increase energy expenditure in response to

caloric excess is referred to as diet-induced thermogenesis.

Although components of this regulatory system have been iden-

tified (Bachman et al., 2002; Chen et al., 1996; Huszar et al.,

1997; Krude et al., 1998; Lee et al., 1996; Zhang et al., 1994),

the molecular mechanisms are not fully understood. High-

fat feeding sensitizes animals to the thermogenic effects of

noradrenaline (Feldmann et al., 2009; Himms-Hagen et al.,

1986; Rothwell and Stock, 1979), strongly suggesting that ther-

mogenic fat is a critical regulator of diet-induced thermogenesis.
vier Inc.
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Figure 1. Disruption of Gatm and Creatine Metabolism in Adipose Tissue

(A) Targeting strategy for the conditional disruption of the Gatm gene.

(B) qRT-PCR of Gatm in primary brown adipocytes (genotype: Gatm flox/flox) following adenoviral-mediated transduction of GFP or Cre recombinase. n = 6.

(C) Cartoon of breeding strategy to generate adipose-specific Gatm knockout mice (Adipo-Gatm KO).

(D) qRT-PCR of Gatm in primary brown adipocytes from Gatm flox/flox and Adipo-Gatm KO mice. n = 6.

(legend continued on next page)
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An obviousmolecular candidate for driving diet-induced thermo-

genesis is uncoupling protein 1 (UCP1), the principal effector

protein controlling cold-mediated non-shivering thermogenesis

in fat.

Mice with ablation of Ucp1 (UCP1-KO) have rates of energy

expenditure comparable to wild-type animals across a range

of environmental temperatures (Enerb€ack et al., 1997; Feldmann

et al., 2009; Liu et al., 2003; Meyer et al., 2010). Genetically

engineered congenicmicewith deletion or with severely reduced

levels of Ucp1 are sensitive to acute cold exposure, indicating

that UCP1 is critical for thermal homeostasis. However, these

animals are resistant to diet-induced obesity at temperatures

below the thermoneutral zone, when alternative thermogenic

mechanisms are activated (Enerb€ack et al., 1997; Liu et al.,

2003; Thomas and Palmiter, 1997). The relative increase in

body weight of UCP1-KO mice is greater than wild-type animals

at 30�C, andUCP1-KOmice have impaired adrenergic activation

of metabolic rate following 4 weeks of high-fat feeding (Feld-

mann et al., 2009). However, UCP1-KO mice do not exhibit

suppression of metabolic rate in the context of diet-induced

thermogenesis, as the increase in oxygen consumption between

wild-type and knockout animals is identical in response to acute

high-fat feeding (Anunciado-Koza et al., 2008). Together, these

data suggest that both UCP1-dependent and -independent

mechanisms play a role in diet-induced thermogenesis.

While UCP1 has not been demonstrated as sufficient for

mediating diet-induced thermogenesis, this certainly does not

exclude an involvement of thermogenic adipose tissues from

this process. Inactivation of all three b-adrenergic receptors

(b-less mice) causes massive obesity and suppresses induction

of metabolic rate upon acute high-calorie feeding (Bachman

et al., 2002). Therefore, obesity in b-less mice has been directly

linked to inhibition of diet-induced thermogenesis, potentially

throughdefective functionof target tissuesof thesympatheticner-

vous system. Such possibilities include brown, beige, and white

adipose tissues, or skeletal muscle, where diet-induced thermo-

genesis may be induced by alternative futile cycles (Anunciado-

Koza et al., 2008; Granneman et al., 2003; Meyer et al., 2010;

Mottillo et al., 2014; Rowland et al., 2016; Ukropec et al., 2006).

We previously demonstrated that creatine enhances energy

expenditure through stimulation of mitochondrial ATP turnover.

Further support for this comes from data demonstrating that

reduction of endogenous creatine levels with b-guanidinopro-

pionic acid blunts adrenergic activation of metabolic rate and

core body temperature in vivo, which is associated with a reduc-

tion in beige and brown fat oxidative metabolism (Kazak et al.,

2015; Wakatsuki et al., 1996; Yamashita et al., 1995). However,

the physiological importance of creatine metabolism in adipose

tissue, specifically, has not been explored. Here, we take a

genetic approach to reduce adipose tissue creatine synthesis
(E) Western blot of GATM from purified brown adipocytes. Ponceau staining was

(F) Representative western blot from BAT from mice housed at 28�C. Vinculin (V

(G) Western blot from purified subcutaneous (SubQ) adipocytes from mice hous

pendent adipocyte purifications per genotype (each sample represents adipocyt

(H) Volcano plot ofmetabolites differentially detected in BAT (by NMR) fromAdipo-

(I) Creatine concentration in BAT from KO compared to flox mice; these data we

(J) LC-MS analysis of metabolites upstream and downstream of GATM activity in

Data are presented as means ± SEM. *p < 0.05, ***p < 0.01.
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in vivo through inactivation of the rate-limiting enzyme of creatine

biosynthesis, Gatm. Our findings indicate that adipose tissue

creatine energetics supports diet-induced thermogenesis and

combats obesity.

RESULTS

Generation of Fat-Specific GATM Knockout Mice
To examine the physiological relevance of adipose tissue crea-

tine metabolism, we deleted the rate-limiting enzyme of creatine

biosynthesis selectively in adipose tissue (Figure 1A). Adenoviral

delivery of Cre recombinase significantly reduced Gatm tran-

script levels in primary brown adipocytes from Gatm flox/flox

(flox) animals, relative to GFP virus (Figure 1B). These results

demonstrate appropriate targeting of loxP sites to the Gatm lo-

cus. Next, flox mice were bred to transgenic animals expressing

Cre recombinase, driven by the fat-specific adiponectin pro-

moter (Eguchi et al., 2011) to generate Adipo-Gatm KO (KO)

mice (Figure 1C). Primary interscapular brown and subcutane-

ous adipocytes from the KOmice exhibited significantly reduced

Gatm transcript abundance relative to cells from flox animals

(Figures 1D and S1A). Gatm mRNA levels were not entirely

deleted in adiponectin-Cre transgenic cultures, likely because

of Gatm expression in non-adiponectin-expressing cells. In

addition, the KO mice exhibited a substantial reduction in

GATM protein, as assessed by western blot analysis following

purification of mature adipocytes from brown and subcutaneous

adipose tissues (Figures 1E and 1G). There was no alteration in

Gatm mRNA from non-adipose tissues (Figure S1B). Apparent

mitochondrial respiratory chain abundance in BAT and subcu-

taneous adipocytes was unaltered in the KO mice (Figures 1F

and 1G). UCP1 protein abundance was unaltered in the BAT of

KO animals (Figure 1F). Strikingly, UCP1 protein levels were

markedly higher, specifically in the subcutaneous fat cells from

the KO animals (Figure 1G), which is consistent with prior work

demonstrating a compensatory relationship between genes of

creatine metabolism and UCP1 (Kazak et al., 2015). Together,

these data demonstrate efficient deletion of Gatm from Cre-

expressing adipocytes, without apparent disruption of the mito-

chondrial respiratory chain.

Next, we measured steady-state levels of creatine, phospho-

creatine, and proximal metabolites in BAT. BAT was used for

these measurements because it is the most homogeneous of

the adipose tissue depots, in that the majority of cells from the

tissue are bona fide adipocytes (Roh et al., 2017). This is partic-

ularly relevant, as measurement of creatine after purification of

adipocytes is complicated by the fact that the creatine trans-

porter promotes release of creatine from cells (Bera et al.,

2008; Dodd et al., 1999). Utilizing nuclear magnetic resonance

(NMR) spectroscopy, creatine abundance was significantly
used to control for loading.

CL) was used as loading control. n = 6–9 mice per genotype.

ed at 4�C for 1 week. Vinculin (VCL) was used as loading control. n = 3 inde-

es isolated from five mice).

GatmKO (KO) compared toGatm flox/flox (flox) mice. n = 6mice per genotype.

re obtained from the same experiment as shown in (H).

BAT from KO compared to flox animals. n = 6–9 mice per genotype.
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Figure 2. Thermal Biology of Adipo-Gatm KO Mice

(A) Representative thermal images of Flox, Het, and KO mice, 6 hr after transition from 28�C to 4�C.
(B) Body temperature of Flox, Het, and KO mice using a rectal probe. n = 6 mice per genotype.

(C) Core body temperature, using implantable visceral transponders, following acute transition from 28�C to 4�C. n = 8–14 mice per genotype.

(D) Representative EMG traces at 28�C and following 15 and 30 min after the transition to 4�C.
(E) Frequency of shivering bursts, quantified from data in (D). n = 3 mice per genotype.

Data are presented as means ± SEM. *p < 0.05.
reduced (�60%) in the BAT of KO compared to flox animals (Fig-

ures 1H and 1I). Next, we corroborated these results using liquid

chromatography-mass spectrometry (LC-MS). The downstream

products of GATM activity (creatine, phosphocreatine, and sar-

cosine) were significantly reduced in the BAT of KO animals,

with no alteration in steady-state levels of metabolites upstream

of GATM activity (Figure 1J). Metabolites involved in creatine en-

ergetics were unchanged in heart tissue of KOmice (Figure S1C).

Together, these data demonstrate selective reduction of GATM,

creatine, and related metabolites in adipose tissue.

Fat-Specific Deletion of Gatm Confers Mild Cold
Sensitivity
Pharmacological reduction of creatine using the creatine

analog b-guanidinopropionic acid reduces body temperature

in response to cold (Kazak et al., 2015; Wakatsuki et al., 1996;

Yamashita et al., 1995). Therefore, under these conditions, we

sought to examine the role of adipose tissue creatine meta-

bolism on body temperature of KO mice. First, using infrared

thermography, interscapular temperature and total body tem-

perature of KO mice were shown to be moderately reduced

compared to controls upon transition to 4�C (Figures 2A and

S2A). Next, rectal temperature measurements demonstrated
significantly reduced body temperature of KO mice upon

transition to 4�C (Figure 2B). Lastly, core body temperature

was measured using surgically implanted transponders in the

visceral cavity. Upon acute transition to 4�C, the body tempera-

ture of KOmice significantly decreased 1.5�C relative to flox and

het animals (Figure 2C). Strikingly, KO mice defended a lower

temperature for 72 hr following cold transition (Figure 2C).

No difference in body temperature was detected between the

genotypes at 28�C (Figures 2B and 2C). In the acute phase,

heat production to maintain thermal homeostasis is dependent

on shivering.Wemeasured shivering directly using electromyog-

raphy (EMG). At 28�C, there was marginal EMG activity, while

upon transition to 4�C, there was a robust increase in shivering

in both genotypes to a similar extent (Figures 2D and 2E).

Moreover, there was no change in physical activity of KO mice

compared to controls (Figure S2B). Together, these data sug-

gest that adipose tissue Gatm and creatine energetics support

adaptive thermogenesis in response to environmental cold.

Adipo-Gatm KO Animals Are Prone to Diet-Induced
Obesity
Because deletion of Gatm in adipose tissue impaired thermal ho-

meostasis in response to environmental cold, we explored the
Cell Metabolism 26, 660–671, October 3, 2017 663
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Figure 3. Adipo-Gatm KO Mice Are Prone to Diet-Induced Obesity
(A) Body mass of Flox, Het, and KO mice at 8 weeks of age, reared at 23�C on chow diet.

(B) Body mass during high-fat feeding at 28�C. The 0 time point is the same data as in (A). n = 9 mice per genotype.

(C) Fat mass and lean mass after 4 weeks of high-fat feeding. n = 9 mice per genotype.

(D) Fat mass and lean mass plotted as a percentage of total body mass.

(E) Cumulative energy (MJ) intake following 4 weeks of high-fat feeding. n = 9 mice per genotype.

(F) Metabolic efficiency asmeasured by bodymass or fat mass accumulation as a function of cumulative energy intake after 4 week of high-fat feeding. n = 9mice

per genotype.

Data are presented as means ± SEM. n = 5–9 mice per genotype. *p < 0.05, ***p < 0.01.
function of creatine energetics on energy balance and diet-

induced obesity. Mice were reared on standard chow diet at

23�C until 8 weeks of age. Prior to high-fat feeding, the body

mass of the KO mice was greater than the flox animals and

trended higher than the het animals (Figure 3A). Because typical

housing conditions (�20�C–24�C) cause small rodents to in-

crease food intake andmetabolism to defend their body temper-

ature, we conducted our experiments at 28�C to limit thermal

stress. Under these conditions, the KO mice rapidly developed

diet-induced obesity. The mass of the KO mice diverged from

the flox and het animals following high-fat feeding; the dynamic

phase of weight gain occurred in the first 6 weeks (Figure 3B). By

week 4 of high-fat feeding, the KO mice were 8.7 ± 1.84 g and

7.1 ± 0.99 g heavier than the flox and het mice, respectively (Fig-

ure 3B). Body composition analysis demonstrated that the

weight gain (80%–85%) was primarily accounted for by adipose

tissue accumulation (Figures 3C and 3D, left panels). Addition-

ally, there was a minor, but significant, contribution to weight

gain from lean mass (Figure 3C, right panel). When expressed

as a percentage of total body weight, lean mass of the KO

mice was significantly lower than the other two genotypes due

to the large increase in fat mass (Figure 3D, right panel). Cumu-

lative energy intake of both the KO and hetmice wasmoderately,
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but significantly, greater than the flox animals (Figure 3E). Impor-

tantly, however, there was no difference in energy intake be-

tween the KO and het genotypes despite the difference in weight

gain (Figure 3E).

Increased metabolic efficiency is a hallmark of obesity (Bou-

chard et al., 1990; Canolty and Koong, 1976; Hainer et al.,

2001; Leibel and Hirsch, 1984; Ravussin et al., 1988) and repre-

sents the fraction of assimilated energy that is stored somati-

cally. Therefore, we examined metabolic efficiency by analyzing

the fraction of ingested energy that was associated with (1)

the increase in total body mass or (2) the accumulation of fat

mass. KO mice exhibited substantially higher metabolic effi-

ciency under both analyses (Figure 3F). These data strongly sug-

gest that fat-specific deletion of Gatm causes obesity due to

increased metabolic efficiency.

Adipo-Gatm KO Animals Have Mild Metabolic
Impairment
Consistent with obesity, following 4 weeks of high-fat feeding,

KO animals exhibited impaired glucose tolerance compared to

the flox and het mice (Figure 4A). Similarly, fasting plasma insulin

levels were significantly elevated in the KO, compared to the flox

mice 5 weeks after the onset of high-fat feeding (Figure 4B).
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Figure 4. Increased Energy Assimilation Is Not the Cause of Diet-Induced Obesity of Adipo-Gatm KO Mice

(A) Glucose tolerance test by intraperitoneal administration of glucose (IPGTT). Glucose was administered per total body mass at 1 g kg�1, following 4 weeks of

high-fat feeding. n = 5–6 mice per genotype.

(B) Fasting insulin levels were determined from plasma samples after 5 weeks of high-fat feeding. n = 5–6 mice per genotype.

(C) Insulin tolerance test by intraperitoneal administration of insulin (IPITT). Insulin was administered per total body mass at 1 U kg�1, following 10 weeks of

high-fat feeding. n = 5–6 mice per genotype.

(D) qRT-PCR of Gatm in pancreas from Flox, Het and KO mice. n = 5–6 mice per genotype.

(E) Intestinal length. n = 5–6 mice per genotype.

(F) Cumulative energy (MJ) intake over 5 days. n = 7 mice per genotype.

(G) Fecal dry weight (grams) output over 5 days. n = 7 mice per genotype.

(H) Fecal energy (MJ) output over 5 days. n = 7 mice per genotype.

(I) Assimilated energy (MJ) over 5 days. n = 7 mice per genotype.

Data are presented as means ± SEM. *p < 0.05.
However, insulin tolerance tests demonstrated that the KO mice

did not display signs of insulin resistance (Figure 4C). Together,

these data demonstrate that fat-specific loss of Gatm causes

obesity with mild metabolic dysfunction.

Obesity of Adipo-Gatm KOMice Is Not Due to Enhanced
Caloric Absorption
To determine the physiological mechanism driving adipose

expansion in KO mice, we focused on the possible contribution

of caloric absorption. GATM is highly expressed in pancreatic

exocrine acinar cells (Sorenson et al., 1995), which play an

important role in nutrient absorption through the secretion of

digestive enzymes. Thus, we assessed Gatm expression in

pancreatic extracts. No difference in pancreatic Gatm mRNA

abundance was observed between the Gatm genotypes (Fig-

ure 4D), demonstrating that there was no leaky expression of

the adiponectin-Cre transgene. We next assessed the potential

for increased caloric absorption by measuring intestinal length.

However, there was no difference between the genotypes (Fig-

ure 4E). Next, we evaluated caloric absorption directly. Moni-

toring of cumulative energy intake during high-fat feeding did

not reveal differences between genotypes (Figure 4F). At the
same time, we collected the total fecal output and analyzed

the energy content of feces using oxygen bomb calorimetry.

We detected no significant differences in total fecal output (Fig-

ure 4G) or fecal energy content between genotypes (Figure 4H).

Using oxygen bomb calorimetry to determine the energy content

of the high-fat diet, we were not able to detect differences

in assimilated energy between the genotypes (Figure 4I). Collec-

tively, these data indicate that excess nutrient absorption is not

the cause of diet-induced obesity of KO mice.

Defective Diet-Induced Thermogenesis in Adipo-Gatm
KO Mice
In order to determine whether diet-induced obesity was trig-

gered by reduced energy expenditure, we monitored the resting

metabolic rate of KO mice at thermoneutrality (RMRt) (Speak-

man et al., 2004), prior to a significant divergence in fat mass.

At this early time point, the het and KO mice had a trend toward

higher lean mass compared to flox animals, whereas the fat

mass was highest in the KO animals (Figure 5A). There was no

difference in average physical movement (Figure S3A) or cumu-

lative food intake (Figure S3B) between genotypes. The RMRt

data were analyzed four distinct ways. First, we expressed the
Cell Metabolism 26, 660–671, October 3, 2017 665
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Figure 5. Fat-Specific Deletion of Gatm Suppresses Diet-Induced Thermogenesis

(A) Body composition (lean and fat mass) at 8 weeks of age in mice reared at 23�C.
(B–D) Average of lowest three VO2 values of animals housed at 28�C following 5 days of high-fat feeding and expressed (B) per mousewithout ratio normalization,

(C) by total body mass (TBM), and (D) by lean body mass (LBM). n = 4 mice per genotype.

(E) Representative western blot from BAT frommice housed at 28�C and injected with saline (vehicle) or CL 316,243 (CL) at 1mg kg�1. n = 6–9mice per genotype.

(F) CL-induced oxygen consumption at 28�C, represented as changes over pre-CL values. n = 6 mice per genotype.

(G) qRT-PCR analysis following 4 days of standard chow or high-fat diet at 28�C in brown adipose tissue (BAT). n = 5 mice per genotype.

(H) qRT-PCR analysis following 4 days of standard chow or high-fat diet at 28�C in subcutaneous adipose tissue (SubQ). n = 5 mice per genotype.

(I) qRT-PCR analysis following 4 days of standard chow or high-fat diet at 28�C in perigonadal adipose tissue. n = 5 mice per genotype.

(J) Relative increase in high-fat-diet-induced oxygen consumption, measured continuously over 4 days at 28�C. n = 5 mice per genotype.

Data are presented as means ± SEM. *p < 0.05, ***p < 0.01. Statistics for (F) and (J) are as follows: *p < 0.05 (flox versus KO), xp < 0.05 (het versus KO).
data as milliliters oxygen consumed per mouse, without ratio

normalization. The het and KO animals trended to be hypermet-

abolic compared to the flox animals, likely due to greater lean

mass (Figure 5B). However, despite having marginally elevated

lean mass, the KO animals trended toward a lower RMRt

compared to the het animals, specifically (Figure 5B). These

latter data suggested that the KO animals might have impaired

energy expenditure.

To test this idea in more detail, we normalized the RMRt data

by total body mass. With this analysis, the KO animals trended

lower than both the flox and het mice (Figure 5C). This is likely

the case because lean mass was the primary tissue responsible
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for the weight differences at this early time point. This idea was

confirmed when lean body mass was used for ratio normaliza-

tion, which demonstrated that the KO mice had a lower RMRt

than the flox and het animals (Figure 5D). However, RMRt was

not significantly different between groups when accounting for

differences in lean body mass by ANCOVA (p = 0.272).

Because lean body mass was the dominant contributor to

differences in RMRt, we examined the contribution of adipose

tissue specifically to whole-body metabolic rate. Adipose tissue

metabolism can be induced in rodents through agonism of

the fat-specific b3-adrenergic receptor CL 316,243 (CL) (Arch

et al., 1984; Bloom et al., 1992; Granneman et al., 2003; Harms



et al., 1974). Adrenergic responsiveness can be masked at sub-

thermoneutral temperatures when thermoregulatory thermogen-

esis is active. Therefore, we examined the acute response to CL

in conscious free-moving mice at 28�C. To this end, we adminis-

tered CL and monitored upstream adrenergic signaling and O2

consumption in parallel. We detected no genotype differences

in the upstream PKA-dependent signaling events linked to the

activation of fuel delivery, as assessed by western blot of phos-

phorylated hormone-sensitive lipase (HSL) at serine 660 (Fig-

ure 5E). These data indicate that adrenergic tone is intact in

KO mice. Nevertheless, the KO animals had a severely blunted

(�50%–60%) O2 consumption response following acute CL

administration (Figure 5F). Notably, at the time of injection the

KO mice were roughly 1 g heavier than the flox and het groups

(Figure S3C). Given that the increase in body mass was primarily

due to lean mass (Figure 5A), a tissue that is not directly targeted

by b3-agonism, the blunted metabolic activation of the KO mice

was striking. Collectively, these data are consistent with sup-

pression of diet-induced thermogenesis in KO animals given

that activation of adrenergic signaling is similar among geno-

types, but results in decreased energy expenditure in KO ani-

mals specifically.

It is well established that acute exposure to excess calories

not only increases adrenergic responsiveness, but also in-

creases resting energy expenditure (Bachman et al., 2002; Feld-

mann et al., 2009; Himms-Hagen et al., 1986; Rothwell and

Stock, 1979). Therefore, we posited that if GATM regulates

diet-induced thermogenesis, the ability of high-fat feeding to

trigger an increase in energy expenditure should be detectable

in control (flox and het) animals but minimized in the KO

mice. Therefore, we monitored the mRNA expression of genes

involved in thermogenesis following acute high-fat feeding

in wild-type animals. Gatm mRNA was significantly elevated

(�2-fold) in response to acute (4 days) high-fat feeding in BAT

(Figure 5G). In addition, Gamt (responsible for the second step

of the creatine biosynthetic pathway) was also significantly

elevated in BAT (Figure 5G). Other genes that were significantly

increased at themRNA level in BATwereDio2,Ucp1, Fabp4, and

leptin (Figure 5G). Ckmt2 was significantly increased (�20-fold),

as was Gamt (�2-fold) in the SubQ depot following acute high-

fat feeding (Figure 5H). Ckmt1 and Gamt were both augmented

(�2-fold) in the perigonadal white fat in response to caloric

excess, as were Dio2 and Ucp1 (Figure 5I). These findings

demonstrate that acute high-fat feeding increases transcripts

of creatine metabolism genes in adipose tissue. To examine

diet-induced thermogenesis directly, total energy expenditure

was monitored in response to acute high-fat feeding at 28�C.
Strikingly, while high-fat feeding rapidly triggered an increase

in energy expenditure of flox and het mice, the response of the

KO animals was significantly impaired (Figure 5J). Metabolic

rates of the flox and het mice were induced upon transition to

high-fat feeding, and steadily increased daily (Figure 5J). In

contrast, the induction of energy expenditure was completely

absent in the KO animals during the first 2 days following transi-

tion to high-fat diet and was severely impaired relative to the

other genotypes during the entire duration of measurement (Fig-

ure 5J). These data directly demonstrate that GATM and creatine

metabolism in adipose tissue promote diet-induced thermogen-

esis to combat obesity.
Dietary Creatine Supplementation Rescues Impaired
Adrenergic Thermogenesis in Adipo-Gatm KO Mice
To determine if the impaired thermogenesis of KO animals was

primarily driven by creatine depletion, we compared the CL-

induced metabolic rate between flox mice fed a control diet,

KO mice fed a control diet, and KO mice fed a creatine-supple-

mented diet (Figure 6A). Consistent with our earlier findings (Fig-

ure 5F), KO mice fed the control diet had significantly impaired

maximal CL-induced activation of metabolism, compared to

flox animals fed the control diet (Figure 6B). Interestingly, crea-

tine-supplemented KO animals also had a significantly reduced

metabolic rate compared to control diet-fed flox animals (Fig-

ure 6B). In contrast, creatine supplementation rescued the

average oxygen consumption that occurred after reaching the

maximal CL response, to levels near identical to flox animals

(Figure 6C). Next, we applied regression analysis to investigate

the effect of creatine supplementation on the relationship be-

tween CL-induced metabolic rate and body weight. The rate of

change of average oxygen consumption per unit change in

bodymasswas proportionately higher in creatine-supplemented

KO mice compared to KO mice fed the control diet (Figure 6D).

Post hoc pairwise comparisons of mean difference in oxygen

consumption, accounting for total body mass as a covariate in

the ANCOVA, showed significantly decreased adrenergic ther-

mogenesis of KO animals compared to flox mice (Figure 6E).

Strikingly, creatine supplementation significantly increased the

CL-induced metabolic rate of KO animals to the extent that the

mean difference in oxygen consumption was not significantly

different than flox mice, while the mean difference in oxygen

consumption was significantly greater compared to control-fed

KO mice (Figure 6E). Hence, creatine supplementation can

rescue the suppressed adrenergic thermogenesis of Adipo-

Gatm KO animals. Specifically, creatine supplementation does

not primarily drive an increase in the maximal CL response, but

significantly prolongs the ability to sustain adrenergic activation

of metabolic rate over time. Together, these data show that cre-

atine depletion is the primary cause of increased metabolic effi-

ciency and decreased adaptive thermogenesis of mice lacking

adipocyte GATM.

DISCUSSION

Our prior work, using in vitro and chemical approaches, sug-

gested a critical role for adipose tissue creatine metabolism in

enhancing energy expenditure through stimulation of ATP turn-

over (Kazak et al., 2015). We have now examined the physiolog-

ical relevance of adipose tissue creatine energetics specifically

by genetic ablation of the first and rate-limiting enzyme of

creatine synthesis, GATM, using a Cre recombinase that is

adipose tissue selective. Since we used a Cre recombinase

driven by the adiponectin promoter, Gatm was ablated in all fat

depots. Notably, while GATM abundance is more than 5-fold

higher in beige fat mitochondria compared to brown fat mito-

chondria (Kazak et al., 2015), the greater abundance of these or-

ganelles in brown relative to beige adipose tissue suggests that

creatine energetics may promote thermogenesis in all types of

fat cells in vivo. Under thermoneutral conditions, BAT is the

dominant thermogenic effector. The data presented herein

indicate that Gatm and creatine depletion impairs diet-induced
Cell Metabolism 26, 660–671, October 3, 2017 667
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Figure 6. Dietary Creatine Supplementation Rescues Impaired Adrenergic Thermogenesis of Adipo-Gatm KO Mice

(A) Experimental group setup for creatine rescue experiment.

(B) CL-induced oxygen consumption (mL/hr), represented as changes over pre-CL values. n = 6 mice per group. CL 316,243 was injected intraperitonealy at

1 mg kg�1.

(C) Absolute oxygen consumption (mL/hr) following CL (1 mg kg�1) administration. Bar graph representing average oxygen consumption following maximal CL

response (3–15 hr after CL injection). n = 6 mice per group.

(D) Regression plot comparing the oxygen consumption as a function of mouse weight. n = 6 mice per group.

(E) Post hoc (Tukey’s HSD) pairwise comparison showing the mean difference in oxygen consumption between groups. Error bars = 95% confidence interval for

oxygen consumption (mL/hr). n = 6 mice per group.

Data are presented as means ± SEM. ***p < 0.01. Statistics for (B) are as follows: *p < 0.05 (flox control diet versus KO control diet), xp < 0.05 (flox control diet

versus KO creatine diet).
thermogenesis primarily in BAT, when studied at thermoneutral-

ity. Indeed, while pharmacological reduction of creatine in vivo

suppresses oxidative metabolism in beige fat, there is a strong

trend toward impairment of energy expenditure that is quantita-

tively larger in BAT (Kazak et al., 2015). Moreover, the compen-

satory increase of UCP1 in purified subcutaneous adipocytes

from KO mice may be a consequence of BAT dysfunction. As

shown here, genetic disruption of creatine synthesis specifically

in fat has a dramatic effect on energy expenditure and the devel-

opment of obesity on high-fat diet. Collectively, the data pre-

sented here demonstrate that adipose tissue is a dominant site

of diet-induced thermogenesis regulation, consistent with earlier

studies (Bachman et al., 2002; Feldmann et al., 2009; Rothwell

and Stock, 1979). Obviously, the current work makes the critical

role of adipose tissue creatine metabolismmuch clearer in phys-

iological and pathological contexts.

Given the broad importance of creatine energetics in tissues

such as heart, skeletal muscle, and brain, it is not surprising

that the results presented here differ markedly from previous

studies using whole-body Gatm KO mice (Choe et al., 2013). In

fact, global Gatm KO animals have reduced fat deposition and
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are protected from diet-induced obesity at room temperature.

However, this is at the expense of reduced body length, chronic

muscular hypotonia, and severe scoliosis (Choe et al., 2013). It is

conceivable that the thermal stress placed on the global Gatm

KOmice at room temperature is enhanced due to these latter ef-

fects at the whole-body level. Given that fat-specific deletion of

Gatm results in diet-induced obesity at thermoneutrality, it is

reasonable to conclude that the reduction in adipose expansion

in the global Gatm KOmouse is likely a secondary consequence

resulting from multi-tissue dysfunction and increased thermal

stress.

It is intriguing that genes and proteins regulating creatine

metabolism are highly selective for BAT compared to white fat

in humans. Mitochondrial creatine kinase expression has been

identified at themRNA level specifically in humanBAT compared

to white fat (Svensson et al., 2011). In addition, global proteomic

analysis on deep neck human BAT compared to paired white fat

also identified themitochondrial creatine kinases as being exclu-

sively expressed in BAT (M€uller et al., 2016). Clonal human

brown/beige adipocytes also exhibit powerful effects on oxida-

tive metabolism upon creatine modulation (Kazak et al., 2015).



Cold stress has a profound effect on metabolic studies. The

majority of the human population lives at or near thermoneutral-

ity, assisted by clothing and heating, so conducting metabolic

studies exempt from thermal stress is more relevant to human

physiology (Harms and Seale, 2013). Notably, the results pre-

sented herein were derived from experiments conducted under

thermoneutral housing, so the drive for heat production to

combat heat loss was eliminated. Under these conditions, the

physiological relevance of adipose tissue GATM and creatine

metabolism is revealed. Taken together, creatine energetics

may play an important role in the metabolism of human thermo-

genic fat.

Mice with adipose tissue ablation of Gatm showed mild meta-

bolic dysfunction with impaired glucose clearance and hyperin-

sulinemia in the fasted state. It is important to note that these

studies were carried out in young animals with rapid-onset

obesity. Presumably, a longer time course of high-fat feeding,

or the use of older animals, would establish the full extent of

metabolic dysfunction in Adipo-Gatm KO mice.

Our results might provide an explanation for previous studies

regarding the adipose tissue wasting effects by environmental

polychlorinated dibenzodioxins, such as 2,3,7,8-tetrachlorodi-

benzo-p-dioxin (TCDD) (Houlahan et al., 2015). TCDD is lipo-

philic, and accumulates in white fat, resulting in rapid weight

loss (Seefeld et al., 1984), and results in mobilization of energy

stores (Li et al., 2007). Transcriptional profiling of white adipose

tissue identifiedGatm to be the only gene with significantly lower

expression in a rat strain that is resistant to the wasting effects of

TCCD (Houlahan et al., 2015). The current work supports the

idea that decreased creatine metabolism may be an adaptive

mechanism for energy conservation upon TCDD exposure.

Multiple lines of evidence strongly suggest that the marked

obesity observed in Adipo-Gatm KO mice is due to impaired

diet-induced thermogenesis. First, the food intake of the het

and KO mice fed a high-calorie diet was identical, even though

the KO mice gained substantially more adipose tissue mass.

Second, adrenergic signaling was similar between flox and KO

mice but resulted in decreased energy expenditure in the KO an-

imals specifically. Third, and most importantly, the feeding of a

high-calorie diet caused a marked increase in the metabolic

rate (diet-induced thermogenesis) in flox and het mice, but this

response was significantly reduced in KO animals. In particular,

diet-induced thermogenesis was completely abolished in the KO

mice in the first 2 days following transition to high-fat feeding.

Transient energy and fat imbalances in the first several days

following a diet switch can account for a significant fraction of

the total body weight change (Guo and Hall, 2009). Therefore,

the absence of diet-induced thermogenesis in KO mice in the

first days following a high-fat diet switchmay largely explain their

profound susceptibility to diet-induced obesity.

In conclusion, our results provide in vivo genetic support for a

role for adipose tissue GATM and creatine metabolism in energy

expenditure and the defense against diet-induced obesity. It is

important to note that our findings do not exclude the possibility

that additional metabolic pathways contribute to the physiology

exhibited in the context of GATM deficiency in fat. Nevertheless,

these findings demonstrate that diet-induced thermogenesis

plays a critical role in body weight homeostasis and that adipose

tissue creatine energetics is a key effector of this process. How
and whether this pathway can be manipulated for therapeutic

purposes remains to be determined.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Total OXPHOS Rodent WB Antibody Cocktail Abcam Cat# ab110413; RRID: AB_2629281

GATM antibody [1C9] Abcam Cat# ab119269; RRID: AB_10902241

UCP1 antibody Abcam Cat# ab10983; RRID: AB_2241462

Vinculin Antibody Cell Signaling Technology Cat# 4650 also 4650S; RRID: AB_10559207

Chemicals, Peptides, and Recombinant Proteins

CL 316.243 hydrate Sigma-Aldrich Cat# C5976

Creatine monohydrate Sigma-Aldrich Cat# C3630

Ethanol, absolute for HPLC Sigma-Aldrich Cat# 34852

Sodium chloride Sigma-Aldrich Cat# S7653

EDTA Thermo Fisher Scientific Cat# 15575020

Mini Protease Inhibitor Cocktail Roche Cat# 11836153001

IGEPAL Sigma-Aldrich Cat# 18896

10% SDS Solution Biorad Cat# 1610416

2-Mercaptoethanol Sigma-Aldrich Cat# M3148

Tween 20 Sigma-Aldrich Cat# P7949

Bovine Serum Albumin Sigma-Aldrich Cat# A6003

Trizma base Sigma-Aldrich Cat# 93349

Luminata Forte Western HRP substrate Millipore Cat# WBLUF0100

Anti-Rabbit IgG (H+L), HRP Conjugate Promega Cat# W4011

Anti-Mouse IgG (H+L), HRP Conjugate Promega Cat# W4021

Phenylmethanesulfonyl fluoride Sigma-Aldrich Cat# P7626

Glycerol Millipore Cat# 104092

Sodium azide Sigma-Aldrich Cat# S2002

Durapore membrane filter, PVDF Millipore Cat# GVWP04700

20X TBS buffer Thermo Fisher Scientific Cat# 28358

TRIzol reagent Thermo Fisher Scientific Cat# 15596026

Rodent rectal temperature probe World Precision Instruments Cat# ATC2000

3-in-1 Echo MRI Composition Analyzer EchoMRI EchoMRI 3-in-1

Critical Commercial Assays

RNeasy Mini Kit QIAGEN Cat# 74104

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368813

GoTaq qPCR Master Mix Promega Cat# A6001

Pierce BCA protein assay kit Thermo Fisher Scientific Cat# 23225

Experimental Models: Organisms/Strains

B6;SJL-Tg(ACTFLPe)9205Dym/J Mus musculus Jackson labs RRID: IMSR_JAX:003800

B6;FVB-Tg(Adipoq-cre)1Evdr/J Mus musculus Jackson labs RRID: IMSR_JAX:010803

Oligonucleotides

Mouse qRT-PCR Primer Sequences NCBI PRIMER-BLAST

(https://www.ncbi.nlm.nih.gov/

tools/primer-blast/)

See Table S1

Recombinant DNA

Ad5CMVCre N/A Cat#: VVC-U of Iowa-5

Ad5CMVeGFP N/A Cat #: VVC-U of Iowa-4

(Continued on next page)

e1 Cell Metabolism 26, 660–671.e1–e3, October 3, 2017

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

R programming language with CalR Open Source RRID: SCR_001905

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/

LabChart 8 Pro Software ADInstruments https://www.adinstruments.com/products/labchart

Chenomx NMR suite 8.2 Software Chenomx http://www.chenomx.com/software/

nmr-suite-8-2-release-notes/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Bruce M.

Spiegelman (bruce_spiegelman@dfci.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Micewere housed at 23�C under a 12 hr light/dark cycle with free access to food andwater until 8 weeks of age. All experiments used

age-matchedmale littermates andwere conducted at 28�C. Animal experiments were performed according to procedures approved

by the Institutional Animal Care and Use Committee (IACUC) of the Beth Israel Deaconess Medical Center or the Harvard Center for

Comparative Medicine.

Breeding Schemes For Adipo-Gatm KO Mice
Gatm flox animals (Gatmtm1a(KOMP)Wtsi) on a C57BL/6NTac background were obtained from the European Mouse Mutant Archive

(EMMA). Transgenic mice expressing Flpe recombinase (Jackson, stock No: 003800) were used to delete the neomycin resistance

cassette and to generate mice with conditional potential. Adiponectin-Cre mice, maintained on a C57BL/6J background, were bred

to Gatm flox/flox animals to generate experimental groups. All animals utilized for experiments were age-matched littermates. To

obtain age-matched littermates of Gatm flox/flox, Adipo-Gatm heterozygous, and Adipo-Gatm KO mice, breeding was conducted

with three Gatm floxed alleles and one Adiponectin-Cre allele between the breeding pairs.

METHOD DETAILS

High fat feeding
Adipo-Gatm KO mice and age-matched littermate controls (Gatm flox/flox and Adipo-Gatm heterozygous) were genotyped at

2 weeks of age. At three weeks of age, mice were weaned by genotype into groups of three per cage, where they were housed at

23�C and fed a chow diet. Mice of different genotypes were housed in cages side by side to limit variability in exposure to differential

temperatures within the housing facility. At 8 weeks of age, mice (housed three per cage) were transferred to incubators set at 28�C
and directly switched to high fat diet, which was a rodent diet (OpenSource Diets, D12492) with 60% kcal% fat, 20% kcal% carbo-

hydrate, and 20% kcal% protein. C57BL/6NJ mice (Jackson labs; stock No: 005304) were used as wild-type mice for examining

mRNA levels during diet-induced thermogenesis studies.

Whole Body Energy Expenditure
Metabolic studies in live animals were conducted at the Brigham andWomen’s Hospital (BWH) Metabolic Core facility. Animals were

housed individually in metabolic chambers maintained at 28�C under a 12 hr light/dark cycle with free access to food and water.

Whole body metabolic rate was measured using the Oxymax open-circuit indirect calorimeter, Comprehensive Lab Animal Moni-

toring System (CLAMS, Columbus Instruments), available to the Brigham and Women’s Hospital Metabolic Phenotyping Core.

Body Composition
Body composition was examined with Echo MRI (Echo Medical Systems, Houston, Texas) using the 3-in-1 Echo MRI Composition

Analyzer.

Adrenergic Activation of Metabolic Rate
Mice were injected with CL 316,243 (dissolved in saline) intraperitoneally at 1 mg kg-1 at 0600 hr. Mice were subsequently placed

back in their metabolic cages, and oxygen consumption was monitored.
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LC-MS Metabolomics
Steady state metabolomics experiments were conducted in collaboration with General Metabolics, LLC, and executed at General

Metabolics’ labs according to the methodology described in Fuhrer et al. (2011).

Nuclear Magnetic Resonance (NMR) Spectroscopy
Brown fat tissue samples (�20 mg) were homogenized and extracted with a mixture of ice-cold solvents water/methanol/chloroform

(H2O/MeOH/CHCl3 1:1:1, v:v:v). Thewater/methanol phasewas separated and dried in a speedvac. The extractwas reconstituted in a

550mlmixturecontaining500ml of phosphatebuffer pH7.4and50ml of 1mMofTSP-d4 inD2O, vortexed for 20sand transferred to5mm

NMR tubes. The NMRspectra were acquired on a Bruker 600MHzAvance III HD spectrometer equippedwith a BBI room temperature

probehead and SampleJet auto sampler (Bruker Biospin, Rheinstetten, Germany). 1H NMR spectra were recorded using 1D noesy

pulse sequence with presaturation (noesygppr1d), collecting 256 scans with calibrated 90 degree pulse (�11 ms), 4.55 s acquisition

time, and 4 s relaxation delay.Metaboliteswere identified andquantified usingChenomxNMRsuite 8.2 software, by fitting the spectral

lines of library compounds into the recorded NMR spectrum of tissue extract. The quantification was based on peak area of TSP-d4
signal. The metabolite concentrations are exported as mM in NMR sample and normalized to wet tissue mass (nmol/mg of tissue).

Body Temperature
A mouse rectal probe (World Precision Instruments) was used to examine body temperature. Body temperature was measured

following 7 days acclimation to 28�C. Mice were implanted with an intraperitoneal telemetry temperature probes 7 days before

the beginning of temperature measurements. Mice were maintained on a standard chow diet and housed at thermoneutrality

(30�C) for 48-72 hr prior to experiment start. Transition from 30�C to 4�C was performed over a period of three hours.

Electromyography (EMG)
Micewereplaced in a restrainer to limit freemovement.Needleelectrodeswereplacedsubcutaneously, close to thebackmusclesnear

the neck, to measure muscle activity. EMG data were collected from the implanted electrodes at a sampling rate of 2 kHz using

LabChart 8 Pro Software (ADInstruments, Colorado Springs, CO). The raw signal was converted to root mean square (RMS) activity.

RMS activity was analyzed for shivering bursts in 10 s windows. A burst was defined when RMS activity exceeded a threshold (set

at 25 mV above the baseline level) for at least 200ms. The baselinewas defined as themean EMGsignal within the entiremeasurement

window.

Gene Expression Analysis (qRT-PCR)
Total RNA was extracted from frozen tissue using TRIzol (Invitrogen), purified with RNeasy Mini spin columns (QIAGEN) and reverse

transcribed using a High- Capacity cDNA Reverse Transcription kit (Applied Biosystems). The resultant cDNA was analyzed by

qRT–PCR. Briefly, 20 ng cDNA and 150 nmol of each primer were mixed with GoTaq qPCR Master Mix (Promega). Reactions

were performed in a 384-well format using an ABI PRISM 7900HT real time PCR system (Applied Biosystems). Relative mRNA levels

were calculated using the comparative CT method and normalized to Ppib mRNA.

Western Blotting
Samples were prepared in Adipocyte Lysis Buffer (50mMTris, pH 7.4, 500mMNaCl, 1%NP40, 20%glycerol, 5 mMEDTA and 1mM

phenylmethylsulphonyl fluoride (PMSF), supplemented with a cocktail of Roche protease inhibitors). The homogenates were centri-

fuged at 16,000 g x 10 min at 4�C, and the supernatants were used for subsequent analyses. Protein concentration was determined

using the bicinchoninic acid assay (Pierce). Quantity of protein lysate to use for each antibody was determined empirically. Protein

lysates were denatured in Laemmli buffer (60 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.05% bromophenol blue, 0.7 M b-mercap-

toethanol), resolved by 4%–12% NuPAGE Bis- Tris SDS–PAGE (Invitrogen) and transferred to a polyvinylidene difluoride (PVDF)

membrane. Primary antibodies were diluted in TBS containing 0.05% Tween (TBS-T), 5% BSA and 0.02% NaN3. Membranes

were incubated overnight with primary antibodies at 4�C. For secondary antibody incubation, anti-rabbit or anti-mouse HRP

(Promega) was diluted in TBS-T containing 5%milk. Results were visualized with enhanced chemiluminescence (ECL) western blot-

ting substrates (Pierce).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as mean ± SEM. Unpaired two-tailed Student’s t test for pairwise comparison, one-way ANOVA for multiple

comparisons, two-way ANOVA for multiple comparisons involving two independent variables, and ANCOVA for in vivo metabolic an-

alyses were used to determine statistical differences. The Kruskal–Wallis test was used to test whether samples originate from the

same distribution. Significance was considered as p < 0.05. Statistical analysis and plotting for metabolic studies was performed in

the R programming language with CalR, a custom package for analysis of indirect calorimetry using analysis of covariance with a

graphical user interface. n values represent biological replicates for cultured cell experiments or individual animals for in vivo exper-

iments. Specific details for n value are noted in each figure legend.
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