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Phosphorylated creatine (Cr) serves as an energy buffer for ATP replenishment in organs with highly fluctu-
ating energy demand. The central role of Cr in the brain and muscle is emphasized by severe neurometabolic
disorders caused by Cr deficiency. Common symptoms of inborn errors of creatine synthesis or distribution
include mental retardation and muscular weakness. Human mutations in L-arginine:glycine amidinotransfer-
ase (AGAT), the first enzyme of Cr synthesis, lead to severely reduced Cr and guanidinoacetate (GuA) levels.
Here, we report the generation and metabolic characterization of AGAT-deficient mice that are devoid of Cr
and its precursor GuA. AGAT-deficient mice exhibited decreased fat deposition, attenuated gluconeogenesis,
reduced cholesterol levels and enhanced glucose tolerance. Furthermore, Cr deficiency completely protected
from the development of metabolic syndrome caused by diet-induced obesity. Biochemical analyses revealed
the chronic Cr-dependent activation of AMP-activated protein kinase (AMPK), which stimulates catabolic
pathways in metabolically relevant tissues such as the brain, skeletal muscle, adipose tissue and liver, sug-
gesting a mechanism underlying the metabolic phenotype. In summary, our results show marked metabolic
effects of Cr deficiency via the chronic activation of AMPK in a first animal model of AGAT deficiency. In add-
ition to insights into metabolic changes in Cr deficiency syndromes, our genetic model reveals a novel mech-
anism as a potential treatment option for obesity and type 2 diabetes mellitus.

INTRODUCTION

The phosphocreatine (PCr)/creatine (Cr) system functions as a
rapidly available buffer for ATP replenishment in organs of
high and fluctuating energy demand. PCr and Cr [(P)Cr] are
most abundant in the skeletal muscle at concentrations of
20–40 mM (1). Continuous non-enzymatic degradation of Cr
to creatinine (Crn) at a daily rate of 1–2% necessitates ex-
ogenous dietary Cr intake or endogenous Cr synthesis. Cr bio-
synthesis is a two-step process occurring mainly in the kidney,

pancreas and liver (1). In a first step, L-arginine:glycine amidi-
notransferase (AGAT, EC 2.1.4.1) synthetizes guanidinoace-
tate (GuA) from arginine and glycine. In a second step, GuA
N-methyltransferase (GAMT, EC 2.1.1.2) methylates GuA to
form Cr. Finally, Cr is distributed and actively taken up by dif-
ferent tissues via the Cr transporter (SLC6A8). Mutations in
AGAT (OMIM 602360), GAMT (OMIM 601240) or SLC6A8
(OMIM 300352) underlie hereditary Cr deficiency syndromes
characterized by mental retardation and muscle weakness
(2–4).
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A number of mouse models with single and double Cr
kinase (CK) subunit deficiencies have elucidated the role of
the Cr/CK system in the skeletal muscle, brain and heart.
However, due to the existence of four CK isoforms, the com-
plete and systemic (P)Cr depletion has not yet been achieved
(5–8). We previously generated a mouse model of GAMT
deficiency showing complete and systemic lack of Cr (9).
However, GAMT-deficient mice accumulated significant
amounts of phosphorylated GuA, which could partially substi-
tute for (P)Cr (10). Thus, we decided to block the first step of
Cr synthesis by generating AGAT-deficient mice to avoid the
accumulation of any energy-buffering guanidino compounds.

CK-deficient and GAMT-deficient mice are smaller and
lighter in weight than their littermates, indicating an altered
energy metabolism. As intracellular high-energy phosphates
such as ATP and (P)Cr are known to control signaling cas-
cades regulating cellular and whole-body energy metabolism
(11,12), we hypothesized that the depletion of (P)Cr stores
could alter glucose and lipid metabolism, the dysfunction of
which underlies type 2 diabetes mellitus (T2DM) and obesity.

Therefore, we generated and analyzed AGAT-deficient
mice focusing on their metabolic phenotype and taking advan-
tage of the temporary and reversible replenishment of the Cr
pool by oral Cr supplementation. In our AGAT-deficient
mouse model, we show that Cr deficiency results in attenuated
gluconeogenesis, reduced cholesterol levels, enhanced glucose
tolerance and complete protection from diet-induced obesity
(DIO). Our data suggest that metabolic effects of Cr deficiency
syndromes are mediated via the chronic activation of
AMP-activated protein kinase (AMPK) in tissues such as skel-
etal muscle and adipose tissue. In addition, this mechanism
might prove valuable for the treatment of metabolic syndrome,
including T2DM and obesity.

RESULTS

Generation of AGAT mice with reversible Cr depletion

To achieve complete (P)Cr and (P)GuA depletion in mice, we
genetically disrupted AGAT, the first enzyme of Cr biosyn-
thesis. Disruption of the murine AGAT gene was confirmed
by Southern blot analysis and the absence of the AGAT
protein in western blot (Fig. 1). AGAT2/2(d/d) mice were
viable and did not require any specific treatment for survival
or growth. Breeding did not lead to offspring from d/d
females or males. Histological sections from testis revealed
impaired spermatogenesis and comparable structural abnor-
malities as previously seen in GAMT knockout mice (Supple-
mentary Material, Fig. S1). Heterozygous breeding revealed
AGAT genotype frequencies characterized by a Mendelian in-
heritance pattern [wild-type (wt), 24.9%; heterozygous,
51.0%; d/d, 24.1%; n ¼ 1388]. In vivo skeletal muscle 1H
magnetic resonance (MR) spectroscopy of d/d mice confirmed
(P)Cr depletion ([total Cr]: wt 28.9+ 2.9 mM, d/d 4.1+
1.5 mM, P , 0.01 (wt versus d/d), Fig. 2A and B]. (P)Cr con-
centrations returned to wt levels in the skeletal muscle on oral
Cr supplementation of d/d mice (d/d + Cr) ([total Cr]: 22.7+
2.0 mM; Fig. 2A and B bottom). Biochemical analysis of urine
from d/d mice confirmed the systemic depletion of Cr, Crn and
GuA (Fig. 2C). Although Cr and Crn levels did not differ

between wt and d/d + Cr mice, GuA levels in d/d + Cr mice
were still comparable with d/d mice (Fig. 2C). Together,
MR spectroscopy and biochemical analysis confirm the
systemic depletion of Cr and GuA in AGAT-deficient mice.
In addition, Cr deficiency in d/d mice was reversed by oral
Cr administration and is thus Cr-dependent.

Cr deficiency leads to a reduction in body weight
and fat content

Systemic Cr deficiency resulted in a marked metabolic pheno-
type. The d/d mice were lean and short and had a markedly
reduced body mass index (BMI; Fig. 2D–F). From 4 weeks
of age onward, d/d mice showed consistently lower body
weight (Fig. 3A and B). No weight difference was observed
between wt and heterozygous mice (data not shown). The
body composition analysis of d/d mice revealed reduced fat
content (Fig. 3C), which was accompanied by lower serum
levels of the adipose-derived anorexigenic hormone leptin
and increased food intake (leptin: wt 12.2+ 8.1 ng/ml, d/d
3.9+ 2.7 ng/ml, P , 0.001; absolute food intake: wt 3.6+
0.2 g/24 h, d/d 4.3+ 0.1 g/24 h, P , 0.001; Fig. 3D). The
decreased body weight could not be explained by malabsorp-
tion (feces energy content: wt 16.5+ 0.05 kJ/g, d/d 16.4+
0.04 kJ/g), glucosuria (urine analysis reagent strip: wt nega-
tive, d/d negative) or changes in other metabolic parameters
such as body temperature (rectal temperature: wt 37.1+
0.28C, d/d 37.0+ 0.18C, P ¼ 0.68), free triiodothyronine
(fT3: wt 1.45+ 0.13 pg/ml, d/d 1.31+ 0.16 pg/ml, P ¼

Figure 1. Generation of AGAT mice. (A) To disrupt the murine AGAT locus
by gene targeting, exon 3 was replaced with a selection cassette containing the
neomycin resistance gene (Neo) flanked by Lox-P sites, as described in Mate-
rials and methods. (B) Southern blot analysis of the AGAT gene in heterozy-
gous and homozygous AGAT knockout mice reveals predicted restriction
fragments. (C) Western blot analysis reveals the absence of the AGAT
protein in kidney lysates of d/d mice.
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0.54) or adiponectin serum levels (wt 125.3+ 7.2 mg/ml, d/d
122.2+ 4.7 mg/ml, P ¼ 0.71). The locomotor activity of d/d
mice was even reduced during the active dark period
(dark phase: wt 40.8+ 4.2%, d/d 29.3+ 3.3%, P , 0.05;
Fig. 3D). In addition, reduced body tension and severe scoli-
osis were observed, indicating chronic muscular hypotonia.
Unlike d/d mice, d/d + Cr mice resembled wt mice with
respect to body length, body weight, BMI and body compos-
ition (Fig. 2 and 3). Hence, the AGAT-deficient mouse
model reported here is characterized by complete and

reversible Cr deficiency associated with decreased body
weight and fat content.

Cr deficiency protects from metabolic syndrome

The decreased body fat content in d/d mice prompted us to in-
vestigate whether adiposity could be induced by a high fat diet
(HFD)—a widely used experimental model for DIO and meta-
bolic syndrome. Therefore, we investigated whether d/d mice
would become obese when put on a HFD. After 8 weeks of

Figure 2. AGAT-deficient mice are Cr deficient. Representative 1H (A) and 31P (B) MR spectra of hind limb muscle in wt, d/d and Cr supplemented d/d (d/d +
Cr) mice (×4 indicates four-fold y-axis magnification; tCr, total creatine; Tau, taurine; Pi, inorganic phosphate) (n ¼ 3). (C) Concentrations of Cr, Crn and GuA
in 24 h urine of wt, d/d and d/d + Cr mice. Representative pictures (D), snout-anus length (E) and BMI (F) of 20-week-old wt, d/d and d/d + Cr female litter-
mates (n ¼ 16–21). Data are expressed as mean+SEM. Statistical significance between indicated conditions (∗P , 0.05; ∗∗P , 0.01; ∗∗∗ P , 0.001).

Human Molecular Genetics, 2012 3

 by guest on N
ovem

ber 28, 2012
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


HFD, the weight of wt mice (wt HFD) nearly doubled,
whereas the weight of d/d mice (d/d HFD) did not change
(Fig. 4A). In contrast, Cr supplementation of d/d mice on
HFD (d/d + Cr HFD) resulted in a pronounced increase in
body weight (Fig. 4B). Body composition analysis of d/d
HFD mice revealed reduced fat content compared with wt
and d/d + Cr mice on HFD, which can mainly be attributed
to reduced epigonadal white adipose tissue (WAT) depots
(Fig. 4C and D). As DIO is normally associated with increased
lipid deposition in non-adipose tissues, we determined the
liver fat content in wt and d/d on HFD. While wt mice on
HFD exhibited hepatic steatosis, d/d mice on HFD showed
only discrete lipid deposition in the liver (Fig. 4E). Hence,
Cr deficiency protects from excessive lipid storage in both
adipose and ectopic liver tissue.

Furthermore, the hepatic triglyceride (HTG) content and the
contribution of hepatic de novo lipogenesis (DNL) to the total
HTG content were determined by in vitro nuclear magnetic res-
onance spectroscopy (NMR) measurements. In line with histo-
logical findings, the HTG pool was significantly decreased in d/
d compared with wt mice (Table 1). 2H NMR measurements
using 2H2O as a DNL tracer revealed higher 2H enrichment
of the HTG in d/d mice, which was not attributable to the
increased lipid synthesis via DNL (14.9+ 9.4 mmol/g wet
weight (ww) for wt mice versus 17.1+ 7.3 mmol/g ww for

d/d mice) but to the reduced HTG pool of d/d mice. These
data suggest higher hepatic b-oxidation or triglyceride output
via very low-density lipoprotein. Based on the assumption
that the remaining (unlabeled) HTG pool predominantly
reflects a dietary lipid contribution during ad libitum feeding,
only a minor fraction of dietary lipid is likely to end up as tri-
glycerides in hepatic tissue of Cr-deficient mice. Hence, free
fatty acids seem to be redirected to other energy-demanding
tissues (e.g. skeletal muscle). The increase in circulating trigly-
cerides on Cr supplementation of d/d mice is another indication
of an altered lipid handling under the Cr-deficient condition
(Fig. 4F). Since the liver is also the primary source of endogen-
ous cholesterol synthesis, we measured cholesterol serum levels
and found reduced concentrations in d/d mice under HFD con-
ditions and normalized levels on Cr supplementation (Fig. 4G).
Cr deficiency thus leads to reduced adipose and non-adipose
lipid deposition and ultimately to protection from DIO.

Cr deficiency improves glucose tolerance

In addition to obesity and hyperlipidemia, impaired glucose
tolerance and diabetes are hallmarks of the metabolic syn-
drome. We therefore investigated whether Cr deficiency is
associated with abnormalities in glucose homeostasis in
these mice. This was studied on both normal and HFD.

Figure 3. AGAT-deficient mice have reduced body weight and fat content. Body weight development of male (A) and female (B) animals until 12 weeks of age
(n ¼ 7–26). (C) Body composition analysis of water, fat and lean mass in wt, d/d and d/d + Cr mice (n ¼ 6–13). (D) Comparison of cage activity, absolute and
relative food intake of d/d mice normalized to wt levels indicated by dashed line (n ¼ 9–12). Data are expressed as the mean+SEM. Statistical significance
between d/d versus wt (∗), d/d versus d/d + Cr (#) or between indicated conditions (∗,#P , 0.05; ∗∗,##P , 0.01; ∗∗∗,###P , 0.001).
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Glucose tolerance tests revealed faster glucose clearance in
d/d mice on a normal diet (Fig. 5A). Whereas wt and, to a
lesser degree, d/d + Cr animals developed glucose intolerance

on HFD, d/d mice continuously showed accelerated glucose
clearance (Fig. 5B). Increased insulin sensitivity in d/d mice
was excluded by unaltered insulin tolerance tests (Fig. 5C).

Figure 4. Cr-deficient mice are resistant to DIO. Weight development of wt, wt HFD, d/d and d/d HFD (A) as well as of d/d + Cr and d/d + Cr HFD mice (B)
(n ¼ 6–14). Arrows indicate start of HFD. Quantitative analysis of body composition (C) and different adipose tissues (iWAT, intestinal WAT; sWAT, sub-
cutaneous WAT; eWAT, epigonadal WAT) (D) in animals on normal or HFD (n ¼ 6–7). (E) Representative Sudan black liver staining of wt (left) and d/d
mice (right) on HFD (n ¼ 3). Cholesterol (F) and triglyceride (G) levels were determined in fasted wt, d/d and d/d + Cr under normal diet and HFD (n ¼
5–15). Data are expressed as the mean+SEM. Statistical significance between d/d versus wt (∗), normal versus HFD (†) or between indicated conditions
(∗,†P , 0.05; ∗∗,††P , 0.01; ∗∗∗,†††P , 0.001).
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Insulin levels in d/d mice, too, were comparable with wt mice
under fasted conditions, but were even lower in d/d mice com-
pared with wt and d/d + Cr mice after glucose challenge or
when fed ad libitum (Fig. 5D). Given the attenuated blood
glucose increase, we next investigated the steady-state
GLUT4 protein levels. Quantitative western blot analysis
revealed elevated GLUT4 levels in skeletal muscle and
WAT of d/d mice (Fig. 5E and F). In addition to increased
glucose clearance through GLUT4, gluconeogenesis in the
liver significantly contributes to glucose homeostasis. Pyru-
vate tolerance tests (PTTs), indeed, showed impaired gluco-
neogenesis in d/d mice, which was normal in d/d + Cr mice
(Fig. 5G). In addition to insulin, we analyzed serum levels
of glucagon—the most important glucose-increasing
hormone (13). Glucagon levels under fasted conditions and
30 min after glucose injection did not differ between wt, d/d
and d/d + Cr mice (Fig. 5H). In conclusion, enhanced
glucose tolerance in d/d mice does not result from increased
insulin sensitivity, decreased glucagon levels or elevated
insulin secretion, but is rather a consequence of increased
glucose uptake via GLUT4 and impaired gluconeogenesis.

Cr deficiency results in chronic AMPK activation

Body energy homeostasis depends on complex processes regu-
lating caloric intake and expenditure. A key sensor and regu-
lator of energy metabolism is AMPK. AMPK activation by
phosphorylation is promoted by increased intracellular
AMP:ATP and Cr:PCr ratios, which reflect elevated cellular
energy demand (11,14). We hypothesized that the depletion
of (P)Cr stores would stimulate AMPK activity possibly via
an increase in the intracellular AMP:ATP ratio.

In addition to complete Cr depletion (Fig. 2), AGAT-
deficient mice had reduced muscular nucleoside triphosphate
(NTP) concentrations compared with wt mice (NTP/volume
in d/d was 63+ 8% of wt, P , 0.001). In agreement with
our hypothesis, phosphorylated and thus activated AMPK
(pAMPK) levels were increased in the skeletal muscle,
WAT and liver of d/d mice (Fig. 6A–F). Cr supplementation
normalized the (P)Cr pool (Fig. 1 bottom) and, most import-
antly, returned AMPK activation in d/d + Cr to wt levels
(Fig. 6A–F). Furthermore, acetyl-CoA-carboxylase (ACC), a
prominent downstream target of AMPK (15), was inhibited
by increased phosphorylation in the skeletal muscle, WAT

and liver of Cr-deficient but not Cr-supplemented d/d mice
(Fig. 6A–F). Consistent with increased basal AMPK
phosphorylation, the 5-amino-1-b-D-ribofuranosyl-imidazole-
4-carboxamide (AICAR)-induced decrease in blood glucose
levels was less pronounced in d/d mice (Fig. 6G). Thus, the
genetic disruption of Cr synthesis led to reversible, chronic
and systemic AMPK activation, correlating with the metabolic
phenotype in d/d mice.

Brain Cr deficiency results in chronic AMPK activation
in the hypothalamus

Recent results have revealed a pivotal role of the hypothal-
amus for whole-body metabolism (16). Therefore, we also
investigated whether AGAT deficiency also results in
chronic hypothalamic AMPK activation. The in vivo brain
1H MR spectroscopy of d/d mice revealed Cr deficiency in
selected subcortical brain areas ([total Cr]: wt 11.4+
1.5 mM, d/d 1.5+ 1.2 mM, P , 0.01 (wt versus d/d),
Fig. 7A–C). Total brain Cr concentrations, similar to those
in the skeletal muscle, returned to wt levels in d/d + Cr
([total Cr]: 11.9+ 2.0 mM; Fig. 7A–C). Likewise, as in the
skeletal muscle, liver and WAT, the depletion of the Cr pool
in the brain resulted in increased phosphorylated and thus acti-
vated AMPK levels (Fig. 7D and E). Cr supplementation sig-
nificantly reduced pAMPK levels to wt levels in d/d + Cr
mice. Thus, AGAT deficiency resulted in both brain Cr
deficiency and reversible and chronic hypothalamic AMPK
activation.

DISCUSSION

The consequences of Cr deficiency syndromes and, in particu-
lar, the impact of the (P)Cr pool in regulating the whole-body
energy homeostasis are incompletely understood. Although Cr
deficiency is generally believed to be detrimental to cell and
organ function, our present study surprisingly reveals that sys-
temic Cr deficiency in mice leads to enhanced glucose toler-
ance and complete protection from DIO. All metabolic
parameters were reversible upon Cr supplementation. Our
data strongly suggest that these effects are mediated by
chronic AMPK activation in metabolically important organs
such as the brain, skeletal muscle, WAT and liver.

Mouse models for Cr deficiency

Here, we report on the generation of AGAT-deficient mice and
show that AGAT deficiency in mice results in the systemic de-
pletion of Cr, which is reversible on dietary Cr supplementa-
tion. Heterozygous breeding followed a Mendelian
inheritance pattern, while d/d mice were infertile. As in
GAMT2/2, infertility can be attributed to impaired spermato-
genesis in AGAT2/2 mice (9). In contrast, the proportion of
GAMT-deficient offspring from heterozygous breeding was
14.5% and thus strongly deviated from the Mendelian ratio
(9). This difference in perinatal survival might be caused by
the accumulation of GuA reaching neurotoxic levels in
GAMT-deficient mice, which has been shown to interfere
with GABAergic neurotransmission (17). The d/d mice, in

Table 1. HTG content and DNL fractional synthesis

Wt AGAT2/2

[HTG] (mmol/g ww) 195+20 106+19∗
2H body water fractional enrichment (%) 2.51+0.15 2.38+0.30
2H HTG fractional enrichment (%) 0.19+0.05 0.36+0.15∗

DNL synthesis (mmol/g ww) 14.9+9.4 17.1+7.3
Non-DNL (mmol/g ww) 180.0+43.0 89.1+44.3∗∗

Values in mean+SD. WT n ¼ 6, AGAT n ¼ 5, all males. Data were
determined from 1H and 2H NMR spectra using 1.1% 2H-enriched pyrazine as
an internal reference. Significance levels when compared with wt mice on a
ND.
∗P , 0.05, t-test.
∗∗P , 0.01, t-test.
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Figure 5. Cr deficiency improves glucose tolerance. Glucose tolerance test in wt, d/d and d/d + Cr mice on normal diet (A) and HFD (B) (n ¼ 10–13). (C)
Insulin tolerance test (0.25 IU/g body weight) in fasted wt, d/d and d/d + Cr mice (n ¼ 10–13). (D) Insulin secretion of fasted, glucose-injected, ad libitum-fed
on ND-fed as well as fasted on HFD-fed wt, d/d and d/d + Cr animals (n ¼ 7–9). Representative western blots (left) and quantitative analysis (right) of GLUT4
normalized to protein content from skeletal muscle (E) and WAT (F) (n ¼ 3–8). (G) Pyruvate tolerance (2 mg/g body weight) test in fasted wt, d/d and d/d + Cr
mice (n ¼ 10–13). (H) Glucagon levels of fasted and glucose-injected wt, d/d and d/d + Cr animals (n ¼ 6). Data are expressed as the mean+SEM. Statistical
significance between normal versus HFD (∗), d/d versus d/d + Cr (#) or between indicated conditions: ∗,#P , 0.05; ∗∗P , 0.01; ∗∗∗,###P , 0.001 (n ¼ 9–13).
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contrast, were devoid of GuA (Fig. 2C) (9). In addition, the
normal body weight development of d/d mice until 3 weeks
of age is indicative of normal development during the early
postnatal period (Fig. 3), which may be ascribed to prenatal
and early post-natal Cr supplementation by heterozygous
mothers.

Although our targeting strategy yielded a constitutive
AGAT knockout, a major advantage of this model is the
complete reversibility of Cr deficiency, as shown by MR spec-
troscopy and biochemical analysis (Fig. 2). Oral Cr supple-
mentation resulted in complete normalization of body weight
and body composition in d/d mice (Fig. 3). Furthermore,
enhanced glucose tolerance of d/d mice returned to wt levels
on oral Cr supplementation (Fig. 5). Above all, Cr replenish-
ment rendered d/d mice partially susceptible to DIO (Fig. 4).

Our data show that the replenishment of the Cr pool via oral
Cr supplementation led to normalization of metabolic altera-
tions in d/d mice. Therefore, our AGAT-deficient mouse
model displays aspects of conditional mouse models function-
ing as a ‘Cr ON/OFF’ system. Hence, the effects of Cr deple-
tion in this mouse model are not caused by adaptations during
development.

Mouse models for chronic AMPK activation

Body energy homeostasis depends on a careful regulation of
caloric intake and expenditure. A key sensor and regulator
of energy metabolism is AMPK. Energy-demanding processes
such as hypoxia, muscle contraction and ischemia activate
AMPK-promoting catabolic and AMPK-inhibiting anabolic

Figure 6. Cr-deficient mice show chronic AMPK activation. Representative western blots of pACC, pAMPK, AMPK and total protein from the skeletal muscle
(A), fat (WAT) (B) and liver (C) (n ¼ 3–8). Quantification of AMPK, pAMPK and pACC from the skeletal muscle (D), WAT (E) and liver (F) normalized to
total protein (n ¼ 3–8). (G) AICAR tolerance test in wt, d/d and d/d + Cr mice (n ¼ 5–10). Data are expressed as the mean+SEM. Statistical significance
between wt and d/d or between indicated conditions (∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001).
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processes. In glucose metabolism, AMPK increases glucose
uptake into skeletal muscle via GLUT4 and inhibits gluconeo-
genesis, eventually reducing blood glucose levels (12). In lipid
metabolism, AMPK increases lipid oxidation in skeletal
muscle and decreases lipogenesis in WAT, ultimately redu-
cing ectopic fat deposition and adiposity (18). Consequently,
AMPK acts as a central gauge in lipid and glucose homeosta-
sis (1,2) and represents an attractive target for the treatment of
obesity and T2DM (1).

Interestingly, AMPK activation by phosphorylation is pro-
moted and stabilized by increased intracellular AMP:ATP

and Cr:PCr ratios, which reflect cellular energy deficiency
(3,4). Our study demonstrates that (P)Cr deficiency leads to
reduced intracellular ATP levels and increased phosphoryl-
ation of AMPK and its downstream target ACC. At a function-
al level, elevated basal AMPK activation is characterized by
decreased AICAR responses (Fig. 5). Furthermore, Cr supple-
mentation normalizes pAMPK or pACC levels in AGAT-
deficient mice, establishing a direct link between the (P)Cr
pool and AMPK activity. Therefore, our mouse model repre-
sents a novel approach to chronic and systemic AMPK activa-
tion (Fig. 8).

Figure 7. Brain Cr deficiency results in hypothalamic AMPK activation. (A) The lower two STEAM-localized 1H MR spectra were obtained from the thalamus/
hippocampus region of the same knockout mouse before (lower) and after 21 days of Cr supplementation (middle) [voxel size ¼ 8.8 ml, repetition time (TR) ¼
5 s, 256 average, 5 Hz Lorentzian apodization, 7 T MR systems]. (B) The STEAM-localized spectra (voxel size ¼ 8.8 ml, TR ¼ 5 s, 256 average, 5 Hz Lorent-
zian apodization, 7 T MR systems) were acquired in the thalamus/hippocampus region as shown in gradient echo MR images in transversal [repetition time/echo
time (TR/TE) ¼ 4000/10 ms, four slices of 1 mm, FOV 15 × 15 mm, 128 × 128 matrix) and coronal (TR/TE ¼ 4000/4 ms, 1 mm slices, FOV 12 × 12 mm,
64 × 64 matrix] directions. (C) Bar graph of cerebral total Cr (tCr) levels in wt, d/d and d/d + Cr for 21 days (n ¼ 5 per group). Note the absence of tCr in
d/d mice is rescued after 21 days of Cr supplementation (∗∗∗P , 0.001 compared with wt and d/d + Cr). (D) Representative western blots of pAMPK,
pACC and AMPK from the hypothalamus (n ¼ 3–5). (E) Quantification of pAMPK, pACC and AMPK normalized to total protein (n ¼ 3–5) (∗P , 0.05,
∗∗P , 0.01).
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There are numerous transgenic mouse models of reduced or
deficient AMPK activity, but only a limited number of chronic
AMPK activation models that demonstrate marked effects of
AMPK on lipid and glucose metabolism (19). Pharmacologic-
al approaches aimed at blocking ATP synthesis or mimicking
AMP (e.g. AICAR) are known to exert unspecific effects on
additional AMP-sensitive enzymes (glycogen phosphorylase,
fructose-1,6-bisphosphatase) (14). Liver-specific expression
of a constitutively active AMPK transgene resulted in
reduced fat storage and reduced weight gain on high-fat diet
(20–22), but rendered AMPK unresponsive to hormonal, nu-
trient and energy signals. Thus, AGAT d/d mice are the first
genetic mouse model with chronic, systemic and reversible
AMPK activation.

Cr-deficient mice are resistant to metabolic syndrome

Our data indicate that enhanced glucose tolerance and reduced
lipid accumulation in Cr-deficient mice are presumably a con-
sequence of chronic AMPK activation, leading to reduced adi-
posity, enhanced glucose tolerance and reduced cholesterol
levels (Fig. 7). While other transgenic mouse models with
increased AMPK activity revealed only moderate effects on
DIO-associated weight change (still .50% weight gain)
(22), AMPK activation in AGAT-deficient mice was asso-
ciated with complete protection from DIO. Previous models

of chronic AMPK activation expressed constitutively active
AMPK subunits that were, for example, tissue specifically
expressed in the liver (22), whereas our approach resulted in
complete and systemic depletion of PCr and thus in AMPK ac-
tivation. Mouse models of (P)Cr deficiency, i.e. GAMT2/2

and CK-B/UbCKmit double-knockout mice, revealed
decreased body weight and reduced adiposity (9,23). Ineffi-
cient neuronal transmission and defective thermoregulation
have been suggested as underlying mechanisms in CK-B/
UbCKmit double-knockout mice (23). Our current data
suggest that reduced ATP levels in the absence of PCr and,
consequently, chronic AMPK activation may account for the
metabolic phenotype of mouse models with Cr deficiency. In
addition to previous Cr deficiency models, our data indicate
that Cr-dependent AMPK activation stimulates catabolic
lipid metabolism with reduced lipid deposition and decreased
cholesterol levels under conditions of HFD feeding.

Accumulating evidence suggests that the hypothalamus
plays a pivotal and central role in the regulation of the whole-
body energy metabolism. In particular, the AMPK signaling
pathway in the hypothalamus is essential for energy homeosta-
sis and glucose sensing (24). Previous studies demonstrated
that hypothalamic AMPK inhibition suppressed glucose pro-
duction, whereas hypothalamic AMPK stimulation increased
hepatic gluconeogenesis (16,25). In contrast, we show that
brain Cr deficiency results in chronic AMPK activation in

Figure 8. Schematic summary of AMPK activation and metabolic effects in normal and Cr-deficient mice. (A) Metabolic parameters change in wt mice on HFD.
(B) Cr deficiency increases pAMPK and GLUT4 in skeletal muscle and WAT, as well as pAMPK levels in the liver and brain, regardless of the diet.
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the hypothalamus and, as a consequence, in impaired glucose
production. This discrepancy could be explained by the pre-
dominance of AMPK in specific neuronal subpopulations
[e.g. those expressing proopiomelanocortin or neuropeptide
Y and agouti-related protein (NPY/AgRP)] or tissues (e.g.
hypothalamus versus liver) (26). The exact mechanism,
however, remains elusive, because the relative contribution
of neuronal subpopulations or tissues with chronic AMPK
activation to the observed metabolic phenotype cannot be
determined due to the systemic depletion of creatine in
AGAT-deficient mice.

Unlike mouse models with liver-specific, constitutively
active AMPK expression (22), our model shows that systemic
Cr-dependent AMPK activation led to a reduction in body
weight, cholesterol, blood glucose levels and a trend towards
lower triglyceride levels. These marked effects on weight, adi-
posity and cholesterol levels were completely reversible on Cr
supplementation, resulting in a normalization of AMPK acti-
vation parameters in the skeletal muscle, WAT and liver.
Besides showing pronounced effects for lipid metabolism,
our data suggest that (P)Cr depletion and subsequent AMPK
activation in mice improve the glucose tolerance via different
mechanisms and tissues. AMPK activation in the liver inhibits
hepatic gluconeogenesis and thereby reduces the supply of
glucose during fasting (27). In line with these results, our func-
tional tests revealed a Cr-dependent inhibition of gluconeo-
genesis. In addition to reduced gluconeogenesis, plasmatic
glucose clearance is also increased via elevated levels of
GLUT4 in skeletal muscle and WAT. In our mouse model, im-
provement of glucose tolerance could not be attributed to
either increased insulin secretion or increased insulin sensitiv-
ity. Interestingly, insulin levels were decreased in d/d mice
after glucose injection, whereas glucagon levels were un-
changed in d/d mice compared with wt and d/d + Cr.
Despite a tight link between insulin-secreting b-cells and
glucagon-secreting a-cells, our results indicate a distinct
Cr-dependent regulation of pancreatic islet cells (13). Given
its regulation by intracellular energy levels and AMPK, the
KATP potassium channel seems a likely candidate linking the
(P)Cr pool and islet cell function to sense glucose levels and
secrete hormones (13). Thus, Cr-dependent AMPK activation
is independent of insulin and could therefore therapeutically
bypass insulin resistance.

In summary, we demonstrate that the chronic depletion of
the (P)Cr pool in AGAT-deficient mice leads to AMPK activa-
tion and thereby to a reduction in BMI, enhanced glucose tol-
erance and complete protection from DIO. We conclude that
AMPK activation via intracellular energy depletion reveals a
putative mechanism for the treatment of obesity and T2DM.

MATERIALS AND METHODS

Generation of AGAT-deficient mice

In brief, AGAT-deficient knockout (AGAT2/2) mice were
generated by homologous recombination in mouse embryonic
stem (ES) cells. The targeting vector comprised AGAT exons
3–7 subcloned from a 129/SvJ BAC clone containing the
AGAT locus. Exon 3 was disrupted by insertion of a loxP-
flanked neomycin selection cassette. The linearized targeting

vector was electroporated into R1 ES cells, which were sub-
jected to selection by geneticin (G418, Invitrogen, Karlsruhe,
Germany). Homologous recombination was verified by South-
ern blot analysis of digested genomic ES cell DNA as
described previously (9). Two positive clones were expanded
and microinjected into C57BL/6J mouse blastocysts, which
were then transferred into pseudo-pregnant CBA/C57BL/6J
females. Two of the chimeric mice that were mated gave
rise to germline transmission of the disrupted allele. To
excise the neomycin selection cassette from the targeted
allele, AGAT+/2 were crossed with a cre deleter mouse line
expressing cre recombinase in the germline. Males and
females with different genotypes from different litters were
randomly intercrossed to obtain AGAT+/+, AGAT+/2 and
AGAT2/2 progeny. Genomic DNA from mouse tail or ear bi-
opsies was screened by either Southern analysis or multiplex
polymerase chain reaction following the standard protocols.

Care and use of transgenic mice

Mice used in this study were obtained from heterozygous breed-
ing after backcrossing to a C57BL/6J genetic background for at
least six generations. All analyzed animals were littermates.
Mice (,5 per cage) were kept in standard cages under a
12 h:12 h light:dark cycle, constant temperature and humidity
and received standard food and water ad libitum. Chow was es-
sentially Cr free (R/M-H, Ssniff) (9). Cr supplementation was
achieved by addition of 1% Cr to chow (Ssniff) or drinking
water. HFD contained 60 kJ% fat (Ssniff). All experimental pro-
cedures were approved by the respective local animal ethics
committees (Hamburg: 110/10, Nijmegen: 2007-173).

In vivo 1H and 31P magnetic resonance spectroscopy

The metabolic profile of hind leg muscle was assessed in vivo
by 1H and 31P magnetic resonance spectroscopy (MRS) on a
horizontal bore magnet (Magnex Scientific) interfaced to a
7T MR spectrometer (MR Solutions), as described previously
(28). Animals were anesthetized using 1.2% isoflurane (1/1
O2/N2O) and analyzed by in vivo 1H and 31P MRS. Localized
1H MR spectra of the skeletal muscle of the lower hind limb
positioned under the magic angle were acquired using a
STEAM sequence (TR ¼ 5 s, TE ¼ 10 ms, TM ¼ 15 ms, 128
averages, voxel size 1.8 × 1.8 × 3.8 mm3) with VAPOR
water suppression (29). Voxel position was determined on
multislice gradient-echo images (TR ¼ 250 ms, TE ¼ 5 ms,
field of view (FOV) 20 × 20 mm2, 256 × 256 matrix), and
spectra were analyzed in the time domain using the jMRUI
(http://www.mrui.uab.es) software package and water as an in-
ternal reference. One-dimensional-localized 31P spectra of the
hind leg were obtained using a three-turn solenoid coil and a
pulse-acquire experiment (ISIS localization, 5 mm slice,
TR ¼ 7 s, 256 averages). NTP signal intensity was expressed
as intensity per muscle volume as determined from the cross-
sectional MR images in the corresponding slices.

Determination of guanidino compounds

Guanidino compounds were determined as described previous-
ly (9,30). Briefly, the guanidino compound concentrations
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were determined with a Biotronic LC 5001 (Biotronik,
Maintal, Germany) amino acid analyzer. All guanidino com-
pounds were separated via a cation exchange column using
sodium citrate buffers and were detected using the fluores-
cence ninhydrin method.

HTG and de novo lipogenesis

HTG content and its fractional synthesis by DNL were deter-
mined by 1H/2H NMR spectroscopy of liver extracts using
2H2O as a tracer aiming for 3% enrichment of body water
over 18 h (31). Mice received an intraperitoneal injection
with 99.9% 2H2O (Sigma-Aldrich, St Louis, MO, USA) fol-
lowed by 18 h ad libitum access to ND chow and drinking
water containing 3% 2H2O. Lipids from freeze-clamped livers
were separated by a Folch extraction followed by dissolution
in chloroform (32). A detailed description of this method was
reported previously (33). 1H and 2H NMR spectra were
acquired on a 11.7 T NMR system (Bruker Instruments, Biller-
ica, MA, USA) with WALTZ-16 decoupling. Enrichment of
2H2O and HTG was determined with TR ¼ 10 s, 32 ave and
TR ¼ 4s and 2 K ave. MestreNova (MestreLab Research,
Spain) was used for data processing. Total HTG and DNL frac-
tions were quantified against the 1.1%-enriched 2H4 pyrazine
mixture as internal reference. The enrichment of HTG methyl
hydrogens from 2H2-enriched body water was used to calculate
the contribution of DNL to the total HTG pool (33):

Fraction DNL (in %) = [2H HTG]
2H body water

× 100

Glucose, AICAR, insulin and PTTs

Mice were fasted for 14–16 h and intraperitoneally injected
with glucose (2 g/kg body weight), AICAR (0.25 g/kg body
weight), insulin (0.5 U/kg body weight) or sodium pyruvate
(2 g/kg body weight; Sigma-Aldrich). Blood glucose was mea-
sured from tail capillary blood and collected at indicated times.
Blood glucose levels were determined using a glucometer
(Accu-chek Sensor; Roche Diagnostics, Germany).

Urine analysis

For urine collection, mice were held over a clean Petri dish to
elicit reflex urination. Urine produced was applied to a urine
analysis reagent strips (Multistixw 10 SG Reagent Strips,
Siemens, Germany) and scored on a color scale for glucose
(negative, 100, 250, 500, 1000 and 2000 mg/dl).

Cage activity

Home cage activity was monitored for three consecutive days
with an infrared motion detector (INFRA-E-MOTION). Activ-
ity levels were calculated as the sum of activity values
obtained during light and dark phases.

Tissue collection and preparation

Animals were anesthetized with 2–3% isoflurane in 100%
oxygen. Muscle and fat were removed and flash frozen in
liquid nitrogen. Lysates were prepared in homogenization
buffer containing phosphatase inhibitors with disposable
1.5-ml pestles (VWR) and cleared by centrifugation (34).
Protein concentrations were determined using a BCATM

protein assay (Thermo Scientific).

Blood chemistry

Venous ethylenediaminetetraacetic acid blood was retrieved
by submandibular puncture and heparinized blood by direct
cardiac puncture. Plasma triglycerides and cholesterol levels
were determined by standard laboratory methods based on cer-
tified assays employed in the Department of Clinical Chemis-
try, University Medical Center Hamburg-Eppendorf, using
enzyme-based kits (Vitros Chemistry).

Determination of metabolic hormones

Leptin, insulin, fT3, adiponectin and glucagon plasma levels
were measured by enzyme-linked immunosorbent assay
according to the manufacturers’ protocols (leptin, insulin:
Crystal Chemistry; fT3: Calbiotech; adiponectin: BioCat; glu-
cagon: Cusabio Biotech).

Western blots

Equal amounts of cleared lysates (20–40 mg protein) were
separated by sodium dodecyl sulfatepolyacrylamide gel elec-
trophoresis on precast gels (Invitrogen) and transferred to
nitrocellulose membrane. Polyclonal rabbit antibodies
against recombinant murine AGAT protein purified from
Escherichia coli were kindly provided by Brian Tseng
(Harvard University, USA). Antibodies against AMPKa,
phospho-ACC (Ser79), phospho-AMPKa (Thr172) (Cell Sig-
naling) and mouse anti-GLUT4 (Acris Antibodies) were used
according to the manufacturers’ protocols. Enhanced chemilu-
minescence (Luminata Crescendo, Millipore) signals were
detected with a luminescent image analyzer (LAS-4000, Fuji-
Film). Total protein was measured with a laser scanner
(FLA-9000 with LPG filter, FujiFilm) on blot membranes
stained with Lava Purple (Fluorotechnics, GelCompany)
according to the manufacturer’s instructions (35). Signal quan-
tification was performed on non-saturated images using
ImageJ software (36).

Analysis of body composition

Body water was calculated as the difference before and after
drying, lean mass was measured after chloroform extraction,
the fat mass being the difference between dry and lean mass.

Liver morphology

To analyze liver tissue, mice were transcardially perfused with
4% paraformaldehyde in phosphate-buffered saline (PBS).
Livers were carefully dissected and post-fixed in the same
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solution at 48C for 24 h. The tissue was cryoprotected in 30%
sucrose in PBS and frozen in Jung tissue-freezing medium
(Leica Microsystems) on dry ice. Liver sections were cut at
14 mm on a cryostat (Leica Microsystems). Lipids were
stained with Sudan black.

Statistical analyses

Data are given as mean+SEM. The following statistical tests
were applied: parametric t-test (Excel X, Microsoft), one-way
ANOVA, two-way ANOVA or ANOVA for repeated mea-
surements, followed by Newman–Keuls post hoc comparisons
(Statistica 5, Statsoft). All tests were two-tailed and the level
of significance was set at P , 0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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