
HAL Id: hal-03445359
https://hal.science/hal-03445359v1

Submitted on 23 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Physiological Expression of AMPKγ2 Mutation Causes
Wolff-Parkinson-White Syndrome and Induces Kidney

Injury in Mice
Xiaodong Yang, John Mudgett, Ghina Bou About, Marie-France Champy
Methlin, Hugues Jacobs, Laurent Monassier, Guillaume Pavlovic, Tania

Sorg-Guss, Yann Hérault, Benoît Petit-Demoulière, et al.

To cite this version:
Xiaodong Yang, John Mudgett, Ghina Bou About, Marie-France Champy Methlin, Hugues Jacobs,
et al.. Physiological Expression of AMPKγ2 Mutation Causes Wolff-Parkinson-White Syndrome and
Induces Kidney Injury in Mice. Journal of Biological Chemistry, 2016, 291 (45), pp.23428-23439.
�10.1074/jbc.M116.738591�. �hal-03445359�

https://hal.science/hal-03445359v1
https://hal.archives-ouvertes.fr


Physiological Expression of AMPK�2RG Mutation Causes
Wolff-Parkinson-White Syndrome and Induces Kidney Injury
in Mice*□S

Received for publication, May 17, 2016, and in revised form, September 8, 2016 Published, JBC Papers in Press, September 12, 2016, DOI 10.1074/jbc.M116.738591

Xiaodong Yang‡, John Mudgett§, Ghina Bou-About¶, Marie-France Champy¶, Hugues Jacobs¶, Laurent Monassier�,
Guillaume Pavlovic¶, Tania Sorg¶, Yann Herault¶, Benoit Petit-Demoulière¶, Ku Lu‡, Wen Feng‡, Hongwu Wang**,
Li-Jun Ma‡, Roger Askew§, Mark D. Erion‡, David E. Kelley‡, Robert W. Myers‡, Cai Li‡, and X Hong-Ping Guan‡1

From the Departments of ‡Cardiometabolic Disease, §Genetic Engineered Models, and **Kenilworth Chemistry and Modeling
Informatics, Merck Research Laboratories (MRL), Kenilworth, New Jersey 07033, the ¶Institut Clinique de la Souris, PHENOMIN,
Centre Européen de Recherche en Biologie et Médecine GIE (Groupement d’Intérêt Economique), CNRS UMR 7104, INSERM U964,
Université de Strasbourg, 67404 Illkirch, France, and the �Laboratory of Neurobiology and Cardiovascular Pharmacology
Department, EA 7296, Fédération de Médecine Translationnelle, University of Strasbourg, 67000 Strasbourg, France

Mutations of the AMP-activated kinase gamma 2 subunit
(AMPK�2), N488I (AMPK�2NI) and R531G (AMPK�2RG), are
associated with Wolff-Parkinson-White (WPW) syndrome, a
cardiac disorder characterized by ventricular pre-excitation in
humans. Cardiac-specific transgenic overexpression of human
AMPK�2NI or AMPK�2RG leads to constitutive AMPK activa-
tion and the WPW phenotype in mice. However, overexpression
of these mutant proteins also caused profound, non-physiolog-
ical increase in cardiac glycogen, which might abnormally alter
the true phenotype. To investigate whether physiological levels
of AMPK�2NI or AMPK�2RG mutation cause WPW syndrome
and metabolic changes in other organs, we generated two
knock-in mouse lines on the C57BL/6N background harboring
mutations of human AMPK�2NI and AMPK�2RG, respectively.
Similar to the reported phenotypes of mice overexpressing
AMPK�2NI or AMPK�2RG in the heart, both lines developed
WPW syndrome and cardiac hypertrophy; however, these
effects were independent of cardiac glycogen accumulation.
Compared with AMPK�2WT mice, AMPK�2NI and AMPK�2RG

mice exhibited reduced body weight, fat mass, and liver steatosis
when fed with a high fat diet (HFD). Surprisingly, AMPK�2RG

but not AMPK�2NI mice fed with an HFD exhibited severe kid-
ney injury characterized by glycogen accumulation, inflamma-
tion, apoptosis, cyst formation, and impaired renal function.
These results demonstrate that expression of AMPK�2NI and
AMPK�2RG mutations at physiological levels can induce bene-
ficial metabolic effects but that this is accompanied by WPW
syndrome. Our data also reveal an unexpected effect of
AMPK�2RG in the kidney, linking lifelong constitutive activa-
tion of AMPK to a potential risk for kidney dysfunction in the
context of an HFD.

AMPK2 is an energy sensor that functions to maintain energy
homeostasis in response to changes in the ratio of AMP to ATP
in the cell (1). AMPK is a heterotrimeric complex composed of
catalytic � subunits (�1 and �2), regulatory � (�1 and �2), and
�-subunits (�1, �2, and �3) (2). The AMPK �-subunit has three
AMP binding sites; two sites exhibit reversible and one site
irreversible binding (3, 4). AMPK is activated by its upstream
kinase LKB1 via phosphorylation of Thr-172 of the �-subunit
(5–7). Upon binding of AMP to AMPK �-subunit, AMPK can
be further allosterically activated (8, 9). AMPK is reported to
regulate multiple metabolic functions in different organs,
such as protein synthesis, lipid metabolism, insulin receptor
signaling pathway, hepatic gluconeogenesis, glucose trans-
port in skeletal muscle, cardiac function, kidney develop-
ment, etc. (8, 10).

To date, AMPK�2 (Prkag 2) is the only subunit recognized to
be associated with disease-causing mutations. Human genetic
studies reported association of AMPK�2 mutations and Wolff-
Parkinson-White (WPW) syndrome, a cardiac defect charac-
terized by intermittent or persistent ventricular pre-excitation
in sinus rhythm and arrhythmia and sometimes accompanied
by paroxysmal tachycardia and cardiac hypertrophy (11, 12). In
total, 11 mutations of and one insertion in the AMPK�2 subunit
have been identified that are correlated to WPW syndrome
(13). Of these mutations/insertion, AMPK�2NI (Asn 3 Ile
mutation at amino acid 488) and AMPK�2RG (Arg3Gly muta-
tion at amino acid 531) have been intensively studied (14 –17).
Both AMPK�2NI and AMPK�2RG mutations are believed to
generate constitutively active AMPK complexes. AMP can fur-
ther enhance AMPK activity upon binding to AMPK�2NI (16,
17). In contrast, AMPK�2RG, a mutation within the irreversible
AMP binding region, lacks responsiveness to AMP because
it has lost its ability to bind AMP (3, 18, 19). Transgenic mice
with cardiac-specific overexpression of human AMPK�2NI and
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AMPK�2RG at �20-fold over endogenous AMPK�2 levels
exhibit dramatic glycogen accumulation, cardiac hypertrophy,
and ventricular pre-excitation compared with mice overex-
pressing human AMPK�2WT at similar levels (16 –18). The
effect of the AMPK�2RG mutation in the regulation of cardiac-
specific ion channels and on early onset of pre-excitation and
atrial fibrillation in the WPW patients suggested that AMPK�2
mutations can cause abnormalities of the cardiac conduction
system during development of the heart (20). In a recent report,
Kim et al. (21) reported that eliminating glycogen storage in
AMPK�2NI transgenic mice by genetic inhibition of glucose
6-phosphate-stimulated glycogen synthase activity prevented
pre-excitation in mice but did not affect cardiac hypertrophy,
indicating a glycogen-induced abnormality in cardiac electrical
conductance but a glycogen-independent effect on cardiac
hypertrophy in WPW syndrome.

To investigate how AMPK�2NI and AMPK�2RG mutations
affect cardiac function and metabolism, we generated two
knock-in mice harboring single mutation of AMPK�2NI or
AMPK�2RG. The current study was undertaken to understand
the causality of AMPK�2NI and AMPK�2RG mutations ex-
pressed at physiological levels on the WPW syndrome and to
explore whether they affect whole-body metabolism and func-
tion of other organs. We hypothesize that these mutations
affect not only cardiac function but also whole-body metabo-
lism, especially major metabolic organs, such as liver, skeletal
muscle, and kidney. We describe our initial findings in this
paper.

Results

Increased AMPK Activity in AMPK�2NI and AMPK�2RG

Knock-in Mice—N488I and R531G mutations in human
AMPK�2 correspond to the N485I and R528G mutations,
respectively, in mouse AMPK�2 due to the absence of three
amino acids, Pro-207, Ala-253, and Val-254, in mouse
AMPK�2 (Fig. 1A). Both AMPK�2NI and AMPK�2RG knock-in
mice were generated on a C57BL/6N background. The geno-
type of all mice was confirmed by sequencing the mutated
regions (Fig. 1B).

We next measured AMPK� and phospho-AMPK� protein
levels in liver and skeletal muscle of the AMPK�2WT,
AMPK�2NI, and AMPK�2RG mice using antibodies recognizing
both the �1 and �2 subunits. Knock-in of AMPK�2NI and
AMPK�2RG mutations did not affect the protein levels of
AMPK� and phospho-AMPK� in liver and skeletal muscle as
compared with AMPK�2WT controls (Fig. 1, C and D). mRNA
levels of AMPK �-, �-, and �-subunits in liver and skeletal mus-
cle were not different in AMPK�2NI and AMPK�2RG mice as
compared with AMPK�2WT mice (data not shown). Taken
together, these data demonstrate that the AMPK�2NI and
AMPK�2RG knock-in mutations had no effect on expression of
�2 subunit and other AMPK subunits.

Two main isoforms of acetyl-CoA carboxylase (ACC), ACC1
and ACC2, are downstream targets of activated AMPK. Phos-
phorylation of ACC inhibits its enzymatic activity, and this
effect is widely employed to reflect the activity of AMPK (22).

FIGURE 1. Characterization of AMPK�2NI and AMPK�2RG mice. A, schematic diagram of human and mouse AMPK�2 protein. Mouse AMPK�2 has three amino
acid deletions, Pro-207, Ala-253, and Val-254, versus the human protein; thus, N485I and R528G correspond to N488I and R531G in human AMPK�2. B, modified
sequence of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice. C and D, phosphorylated AMPK� (Thr-172), total AMPK�, and phospho-AMPK� (Thr-172)/total AMPK�
ratio in liver and skeletal muscle of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice at 26 weeks of age (n � 8). E and F, phosphorylated ACC in liver and skeletal
muscle of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice at 26 weeks of age (n � 8). RU, relative units. *, p � 0.05; **, p � 0.01. Error bars, S.E.
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We therefore used phosphorylated ACC (pACC) (both ACC1
and ACC2) to monitor AMPK activity. In skeletal muscle,
pACC was significantly increased in AMPK�2NI and AMPK�2RG

compared with AMPK�2WT mice (Fig. 1, E and F). Liver levels
of pACC in AMPK�2RG mice were significantly higher than in
AMPK�2NI and AMPK�2WT mice. The pACC level in skeletal
muscle was significantly lower than in the liver in AMPK�2WT

mice and showed larger differences among AMPK�2WT,
AMPK�2NI, and AMPK�2RG mice. Based on the level of pACC
in different groups, it appeared that both AMPK�2NI and
AMPK�2RG are intrinsically activated and that AMPK�2RG has
the highest activity in skeletal muscle as compared with
AMPK�2WT and AMPK�2NI (Fig. 1F).

AMPK�2NI and AMPK�2RG Mice Develop WPW Syn-
drome—To investigate the effect of AMPK�2NI and AMPK�2RG

mutations on cardiac electrical conductance, we recorded a
surface electrocardiogram (ECG) by using electrocardiography
in isoflurane-anesthetized, 8-week-old mice fed with a chow
diet. Continuous ECG recording indicated that 50% of
AMPK�2NI and 70% of AMPK�2RG mice had bradycardia
with significantly shortened PR intervals compared with
AMPK�2WT mice (Fig. 2A and Table 1). The QRS complex in
AMPK�2NI and AMPK�2RG mice appeared similar to that
of AMPK�2WT mice (Fig. 2A). In particular, compared with
AMPK�2WT mice, no � wave was observed in AMPK�2NI and
AMPK�2RG mice (Fig. 2A). Sometimes we noticed intermittent
pre-excitation due to a probable retrograde conduction in the
accessory pathway (Fig. 2A, bottom). Further ECG analysis
demonstrated that AMPK�2NI and AMPK�2RG mice had inter-
mittent pre-excitation, shortened PR interval, bradycardia,
sinus arrhythmia, and occasional premature ventricular con-
traction (supplemental Table 1). Cardiac pACC in AMPK�2NI

and AMPK�2RG mice was significantly increased as compared
with AMPK�2WT mice (Fig. 2B), indicating increased AMPK
activity in the heart of AMPK�2NI and AMPK�2RG mice.

To further understand the effect of AMPK�2NI and AMPK�2RG

mutations on cardiac function, we measured heart weight and
quantitated relative mRNA levels of genes associated with car-
diac hypertrophy in AMPK�2WT, AMPK�2NI, and AMPK�2RG

chow diet-fed mice at 8 weeks of age by using echocardiogra-
phy. AMPK�2NI and AMPK�2RG mice fed with a chow diet
developed cardiac hypertrophy at 24 weeks of age (Fig. 2C).
Feeding the mice with an HFD did not worsen cardiac function
based on echocardiograms finding obtained at 24 weeks of age
as compared with mice fed with chow (data not shown). Rela-
tive mRNA levels of AMPK subunits were quantitated in the
heart of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice fed an
HFD (Fig. 2D). Overall, there was no significant difference
between AMPK�2NI and AMPK�2RG mice in all AMPK sub-
units except for slightly reduced �1 and �3 in AMPK�2NI and
AMPK�2RG mice, respectively, and a slightly induced �2 in
AMPK�2RG mice (Table 1). Biomarkers of cardiac hypertrophy,
NPPa, NPPb, Myh6, and Myh7 (23), were measured in the
heart of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice fed
with chow diet at 26 weeks of age. mRNA levels of NPPb
and Myh7 were significantly increased in AMPK�2NI and
AMPK�2RG mice, and Myh6 was significantly increased in
AMPK�2RG mice compared with AMPK�2WT mice (Fig. 2D).

Cardiac glycogen was measured in AMPK�2WT, AMPK�2NI,
and AMPK�2RG mice fed with a chow diet or HFD at 26 weeks
of age. Cardiac glycogen levels were not changed in AMPK�2NI

mice compared with AMPK�2WT mice fed with either chow
diet or HFD but were significantly increased by 5.6- and 46.9-
fold in AMPK�2RG mice fed with chow diet and HFD, respec-
tively (Fig. 2E). Although the effect was less pronounced, glyco-
gen content in skeletal muscle was significantly increased by
4- and 1.9-fold in AMPK�2RG mice fed with the chow diet and
HFD, respectively (Fig. 2F). Glycogen contents in skeletal mus-
cle of AMPK�2NI mice were significantly increased on HFD and
showed a trend of increase on chow diet compared with that of
AMPK�2WT mice (Fig. 2F).

Improved Metabolic Parameters in AMPK�2NI and AMPK�2RG

Mice Fed with HFD—Exercise, a well known weight loss mea-
sure, is known to activate AMPK (24), and AMPK activation by
AMPK activators could induce fatty acid oxidation (25). To
examine these potential effects in our models, we examined the
effects of AMPK�2WT, AMPK�2NI, and AMPK�2RG mutations
in mice fed with a chow diet or HFD on body weight and com-

FIGURE 2. AMPK�2NI and AMPK�2RG mice exhibit WPW syndrome. A, ECG
of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice under anesthetized conditions
at 22 weeks of age. AMPK�2NI and AMPK�2RG mice have a shorter PQ interval,
a feature of pre-excitation in human WPW syndrome in humans. B, pACC of
the heart of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice fed with HFD at 26
weeks of age (n � 8). RU, relative units. C, heart weight of AMPK�2WT,
AMPK�2NI, and AMPK�2RG mice on chow diet (n � 8). D, relative mRNA levels
of cardiac hypertrophy biomarker genes in AMPK�2WT, AMPK�2NI, and
AMPK�2RG mice. All mice were age-matched, maintained on a chow diet, and
euthanized at 26 weeks of age. Numbers in parenthesis are the CT values of each
gene in AMPK�2WT mice (n � 8). E and F, glycogen levels in the heart and skeletal
muscle of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice fed with chow diet and HFD
at 26 weeks of age (n � 8). *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.

AMPK�2RG Causes WPW Syndrome and Kidney Injury

23430 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 45 • NOVEMBER 4, 2016



position and other metabolic parameters. On a chow diet,
body weight and body weight gain of AMPK�2NI and
AMPK�2RG mice were similar to AMPK�2WT controls (Fig. 3,
A, B, F, and G). On the HFD, both AMPK�2NI and AMPK�2RG

mice gained less weight as compared with AMPK�2WT controls
(Fig. 3, B and G). Body composition analysis demonstrated that
the major differences in body weight between AMPK�2WT and
AMPK�2NI and AMPK�2RG were due to fat mass (Fig. 3, C, E,
and H–J). At 20 weeks of age, the fat mass of AMPK�2NI and
AMPK�2RG mice was lower than that of AMPK�2WT mice by
44 and 32.5%, respectively (Fig. 3, D and I). Food intake of
AMPK�2RG mice was significantly decreased versus AMPK�2WT

mice on both diets and trended lower for AMPK�2NI versus
AMPK�2WT mice (Fig. 3K).

There were no significant differences in glucose and insulin
tolerance in AMPK�2NI and AMPK�2RG mice fed with a chow
diet compared with AMPK�2WT mice, consistent with the lack
of difference in body weight. By contrast, on an HFD, both
AMPK�2NI and AMPK�2RG mice showed improved glucose tol-
erance and insulin tolerance (Fig. 4, A–F). Plasma levels of TG,
cholesterol, and free fatty acid were significantly lower in
AMPK�2NI and AMPK�2RG than in AMPK�2WT mice on the
HFD under fed conditions (Fig. 4, G and H). The plasma ketone
levels were significantly increased in AMPK�2RG mice on the HFD
(Fig. 4H).

At study termination, metabolic organs, including liver,
heart, skeletal muscle, kidney, and pancreas of AMPK�2WT,
AMPK�2NI, and AMPK�2RG mice, were investigated for histo-
logical changes by H&E staining. No obvious histological
changes of heart, skeletal muscle, and pancreas were observed
in AMPK�2NI and AMPK�2RG mice compared with AMPK�2WT

mice fed with either chow diet or HFD (data not shown).
AMPK�2WT mice developed liver steatosis after being fed with
HFD for 17 weeks, whereas AMPK�2NI and AMPK�2RG appear to
be protected with no obvious accumulation of lipid droplets in the
liver (Fig. 4I). Altogether, AMPK�2NI and AMPK�2RG mice are
resistant to HFD-induced body weight gain and show improved
metabolic parameters compared with AMPK�2WT mice.

AMPK�2RG Induces Kidney Pathology and Renal Impair-
ment—During histopathological evaluation, we observed dra-
matic morphological changes in kidneys of AMPK�2RG mice.
Upon chow diet feeding, kidneys of AMPK�2WT and
AMPK�2NI mice appeared to be normal, whereas moderate to
severe cyst dilatation (occasionally with proteinosis) of distal
and collector tubules was evident in the medullar rays of
AMPK�2RG mice kidneys at 26 weeks of age (Fig. 5A). Kidneys
of AMPK�2WT and AMPK�2NI mice fed an HFD remained nor-
mal. In contrast, HFD-fed AMPK�2RG mice developed severe
kidney injury that manifests gross discoloration of the kidney

TABLE 1
Relative mRNA levels of AMPK isoforms in heart and kidney of
AMPK�2WT, AMPK�2NI, and AMPK�2RG mice fed with HFD at 26 weeks
of age
Prkaa1, AMPK �1; Prgaa2, AMPK �2; Prgab1, AMPK �1; Prkab2, AMPK �2;
Prkag1, AMPK �1; Prkag2, AMPK �2; Prkag3, AMPK �3. *, p � 0.05.

mRNA
AMPK�2WT

(n � 4), average CT
AMPK�2NI

(n � 4), change
AMPK�2RG

(n � 4), change

-fold -fold
Heart

Prkaa1 28.0 1.13 1.11
Prkaa2 24.6 1.07 1.09
Prkab1 26.7 1.12 1.07
Prkab2 26.7 1.19 1.23*
Prkag1 26.8 0.78* 1.00
Prkag2 26.3 0.82 0.70
Prkag3 29.9 0.73 0.68*

Kidney
Prkaa1 27.9 0.94 0.93
Prkaa2 24.7 1.01 0.93*
Prkab1 26.8 1.10 1.23
Prkab2 29.8 0.94 1.17
Prkag1 28.5 1.24 1.26
Prkag2 26.3 1.16 1.01
Prkag3 30.0 0.76 0.92

FIGURE 3. AMPK�2NI and AMPK�2RG mice are resistant to HFD. A, time
curve of body weight and body weight gain of AMPK�2WT and AMPK�2NI mice
on chow diet and HFD (n � 9). B–E, body weight gain, body weight, and body
composition of AMPK�2WT and AMPK�2NI mice on chow diet and HFD at 20
weeks of age. F, time curve of body weight and body weight gain of
AMPK�2WT and AMPK�2RG mice on chow diet and HFD. G–J, body weight gain,
body weight, and body composition of AMPK�2WT and AMPK�2RG mice on
chow diet and HFD at 20 weeks of age. K, food intake of AMPK�2WT, AMPK�2NI,
and AMPK�2RG mice on chow diet and HFD. *, p � 0.05; **, p � 0.01; ***, p �
0.001. Error bars, S.E.
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(Fig. 5B). There was also dramatic tubular degeneration, as
indicated by papilla dilatation and severe cystic changes (with
proteinosis) in the collecting ducts (Fig. 5B). Many foci of
necrosis, lymphocyte infiltration, and regeneration were
observed in the tubulointerstitial compartment in HFD-fed
AMPK�2RG mice, indicating severe inflammation in the kidney
(Fig. 5B). Foci of amyloid deposits and areas of collagen fibers
were also observed in AMPK�2RG mouse kidneys (Fig. 5B and
supplemental Fig. 1A). Kidney glycogen content was not
changed in AMPK�2NI mice compared with AMPK�2WT

mice fed with either chow diet or HFD. By contrast, it was
significantly increased by 4.3- and 6.8-fold in AMPK�2RG mice
fed with a chow diet and HFD, respectively (Fig. 5C).

To further investigate kidney function, AMPK�2WT,
AMPK�2NI, and AMPK�2RG mice were maintained on either
the chow diet or HFD until 26 weeks of age. A 24-h urine
collection sample was used to measure albumin, creatinine,
NGAL, and KIM1, and these parameters were normalized to
urinary creatinine concentration (Fig. 5, D–J). Creatinine in
AMPK�2RG mice on HFD showed a trend of slight reduction,
which might be associated with a trend of decrease in lean mass
(Fig. 3J). The urinary albumin/creatinine ratio (ACR) has been
used as a marker reflecting change of renal function, and KIM-1
and NGAL levels have been used as renal tubular injury bio-

markers (26). On the chow diet, all parameters in AMPK�2NI

mice were similar to those of AMPK�2WT mice, whereas they
were significantly higher in AMPK�2RG mice (Fig. 5, H–J). On
the chow diet in AMPK�2RG mice, urinary ACR and excretion
of NGAL and KIM1 were increased by 87%, 57%, and 3.4-fold
compared with AMPK�2WT mice. This situation was exacer-
bated on an HFD, the urinary ACR and excretion of NGAL and
KIM1 in AMPK�2RG mice were increased by 2-, 8.5-, and 27.2-
fold compared with AMPK�2WT mice, indicating impaired
renal function and tubular injury in AMPK�2RG mice (Fig. 5,
H–J). Urinary ACR and excretion of NGAL and KIM1 were
comparable between AMPK�2WT and AMPK�2NI mice on
HFD (Fig. 5, H–J). Consistent with proteinurea, protein casts in
kidney tubules were prominent in AMPK�2RG mice fed with a
chow diet and HFD as shown by periodic acid-Schiff (PAS)
staining (supplemental Fig. 1B). There was no significant differ-
ence in kidney lipid contents among AMPK�2WT, AMPK�2NI,
and AMPK�2RG mice on either the chow diet or HFD, as indi-
cated by oil red O staining and lipid content measurement (sup-
plemental Fig. 1, C and D).

AMPK�2RG Mutation Increases Apoptosis and Inflammation
in the Kidney—To investigate the mechanism of kidney injury
in AMPK�2RG mice, we first measured mRNA levels of the
seven AMPK subunits and calculated the -fold change of each

FIGURE 4. Improved glucose homeostasis and dyslipidemia in AMPK�2NI and AMPK�2RG mice. A–C, GTT, AUC of GTT, and ITT of AMPK�2WT and AMPK�2NI

mice on chow diet and HFD (n � 9). The diet in the HFD group was switched from chow diet to HFD at 9 weeks of age. GTT and ITT were performed at 20 and
21 weeks of age. D–F, GTT, AUC of GTT, and ITT of AMPK�2WT and AMPK�2RG mice on chow diet and HFD. G and H, fed plasma levels of TG, cholesterol, free fatty
acid, and �-hydroxybutyrate of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice on chow diet at 26 weeks of age. I, H&E histology of livers of AMPK�2WT, AMPK�2NI,
and AMPK�2RG mice on HFD at 26 weeks of age. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.
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subunit in AMPK�2NI and AMPK�2RG mice over AMPK�2WT

controls. Overall, there was no significant difference between
AMPK�2NI and AMPK�2RG mice in all AMPK subunits except
for a slightly reduced AMPK�2 in AMPK�2RG mice (Table 1).
The differences in AMPK activity in WT versus mutant mice
were confirmed by measuring kidney pACC as a function of
diet. When fed with a chow diet, pACC in the kidney of
AMPK�2NI and AMPK�2RG mice was significantly higher than
in AMPK�2WT mice. When the diet was switched to HFD,
pACC was significantly higher in the kidney of AMPK�2RG

mice compared with AMPK�2WT and AMPK�2NI mice (Fig. 6,
A and B).

To investigate the cause of kidney injury in AMPK�2RG

mice on HFD, we performed TUNEL staining of kidneys.
AMPK�2RG mouse kidneys were positive for TUNEL staining,
indicating active apoptosis (Fig. 6C). It has been reported that
AMPK activation inhibits phosphorylation of Akt, which in
turn activates FOXO3a, and the latter induces apoptosis in can-
cer cells (27). The insulin-independent AMPK-dependent
pathway regulates cell survival under the low energy state (28).
To investigate the mechanism of apoptosis in AMPK�2RG mice
on HFD, we measured pAkt (Thr-308)/Akt and pAkt (Ser-473)/
Akt in kidney lysates of 26-week-old AMPK�2WT, AMPK�2NI,
and AMPK�2RG mice fed with the chow diet or HFD. In mice

fed with the chow diet, there was no significant difference com-
pared with AMPK�2WT mice in the ratios of pAkt (Thr-308)/
Akt and pAkt (Ser-473)/Akt in the kidney of AMPK�2NI and
AMPK�2RG mice. On the HFD, AMPK�2RG mice exhibited a
significant decrease in the ratio of pAkt (Ser-473)/Akt and a
trend toward a lower ratio of pAkt (Thr-308)/Akt (Fig. 6, D and
E). FOXO3a is downstream target of Akt (29). Consistent with
decreased pAkt/Akt in AMPK�2RG mice, pFOXO3a was signif-
icantly increased in AMPK�2RG mice on the chow diet and
HFD (Fig. 6F). AMPK activation inhibits mTOR phosphoryla-
tion by phosphorylating the upstream mTOR regulator TSC2
on its Raptor subunit (30, 31). As expected, pmTOR (Ser-2448)/
mTOR was significantly decreased by AMPK�2RG on the chow
diet and HFD (Fig. 6G).

To investigate the inflammatory response revealed by kidney
histology in AMPK�2RG mice fed with HFD, we performed
molecular profiling of kidneys from AMPK�2WT, AMPK�2NI,
and AMPK�2RG mice, focusing on apoptosis, inflammatory
response, and autoimmunity pathways. Caspases, positive reg-
ulators of apoptosis, death domain receptors, cytokines and
chemokine receptors, and inflammatory and immune response
gene expression levels were compared in AMPK�2NI and
AMPK�2RG mice with those of AMPK�2WT mice. AMPK�2RG

mice showed significant and dramatic induction for many of

FIGURE 5. AMPK�2RG mutation induces kidney disease and impaired renal function. A, H&E histology of kidneys of AMPK�2WT, AMPK�2NI, and AMPK�2RG

mice on chow diet at 26 weeks of age (�0.27 for gross kidney on the left, �5 in the middle, and �20 on the right). B, gross pictures and H&E histology of kidneys
of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice on HFD at 26 weeks of age (�0.27 for gross kidney on the left, �5 in the middle, and �20 on the right). C, kidney
glycogen content of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice fed with chow diet and HFD at 26 weeks of age (n � 8). D–G, concentrations of urine albumin
(D), NGAL (E), KIM1 (F), and creatinine (G) of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice on chow and HFD at 20 weeks of age (n � 7–10). A 24-h collection of urine
was used for measurement of albumin, creatinine, NGAL, and KIM1. H–J, ratios of urine albumin/creatinine (H), NGAL/creatinine (I), and KIM1/creatinine (J) of
AMPK�2WT, AMPK�2NI, and AMPK�2RG mice on chow and HFD at 20 weeks of age (n � 7–10). **, p � 0.01; ***, p � 0.001. Error bars, S.E.
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these genes in these pathways compared with AMPK�2NI mice
(Table 2), consistent with the inflammatory response by histol-
ogy (Fig. 5B).

Discussion

Human genetic studies linked AMPK�2 mutations to WPW
syndrome, and the cardiac phenotype has been recapitulated in
mice by overexpressing human AMPK�2NI and AMPK�2RG

mutations in the heart (16 –18). The protein levels of human
AMPK�2NI and AMPK�2RG in transgenic mice were �20-fold
higher than the endogenous mouse �2 subunit. Overexpression
of human AMPK�2WT to a similar level did not show this phe-
notype. In this work, we studied AMPK�2NI and AMPK�2RG

knock-in mice, and AMPK�2NI and AMPK�2RG mutations
expressed at physiological levels caused similar phenotypes of
the WPW syndrome. AMPK�2NI and AMPK�2RG mutations
increase the basal activity of AMPK and yield cardiac pheno-
type, including pre-excitation and cardiac hypertrophy. We
also demonstrated the novel result that both AMPK�2NI and
AMPK�2RG mice were resistant to HFD-induced body weight
gain, leading to an improved metabolic phenotype, including
glucose and insulin tolerance, plasma dyslipidemia, and liver
steatosis. Unexpectedly, additional studies revealed that a con-
stitutively active mutation, AMPK�2RG, led to impaired kidney
function as a result of apoptosis and inflammation in the kidney
when fed with an HFD.

As an energy sensor, AMPK is activated by cellular energy
stress, resulting in an increased concentration of AMP and the
ratio of AMP/ATP. AMPK activation by AMP is a result of
binding of AMP to the CBS domains of the regulatory �-sub-
unit, phosphorylation of residue Thr-172 on the catalytic loop
of the �-subunit, and inhibition of dephosphorylation of the
�-subunit Thr-172 by protein phosphatases (32). In response to
increases in cellular AMP levels, activated AMPK acts to

restore energy homeostasis by inhibiting ATP consumption
and stimulating ATP production pathways, leading to ATP syn-
thesis (8). Our data demonstrate that both the AMPK�2NI and
AMPK�2RG mutations increase baseline AMPK activity; thus,
pACC in mouse tissues of both AMPK�2NI and AMPK�2RG

mice was increased compared with AMPK�2WT mice. ACC
(ACC1 and ACC2) is the rate-limiting enzyme in de novo fatty
acid synthesis. ACC phosphorylation decreases its enzymatic
activity, leading to inhibition of fatty acid synthesis (33). Reduc-
tion in ACC activity also decreases cellular malonyl-CoA,
which in turn disinhibits CPT1, facilitates fatty acid transport
into mitochondria, and increases fatty acid oxidation (25). In
principle, inhibition of fatty acid synthesis should result in
decreased ATP utilization, whereas activation of fatty acid
oxidation should result in increased ATP production. Taken
together, these effects of AMPK activation can restore cellular
ATP levels under conditions of extreme energy stress (2). Con-
sistent with predictions, AMPK�2NI and AMPK�2RG mice
demonstrated less body weight gain, less fat mass, lower plasma
lipids, and improved liver steatosis when fed with an HFD.

Cellular glycogen levels are controlled by the balance
between glycogen synthesis and glycogenolysis. AMPK induces
glucose uptake via increasing Glut4 translocation, but it allos-
terically inhibits glycogen synthase (34, 35). Gain-of-function
mutations in the AMPK�3 subunit, R225W in humans and
R225Q in pigs, increase skeletal muscle glycogen content (36,
37). Overexpressing high levels of AMPK�2NI and AMPK�2RG

led to 30- and 40-fold higher cardiac glycogen content versus
non-transgenic littermates. These changes in glycogen are
caused by an aberrant increase of AMPK activity (17). This was
accompanied by pre-excitation arrhythmia and cardiac hyper-
trophy. By contrast, cardiac glycogen content was not changed
in AMPK�2NI mice irrespective of diet, whereas it was

FIGURE 6. AMPK�2RG mutation induces apoptosis in the kidney. A and B, phosphorylated ACC in liver and skeletal muscle of AMPK�2WT, AMPK�2NI, and
AMPK�2RG mice on chow and HFD at 26 weeks of age (n � 8). C, TUNEL immunostaining of kidney of AMPK�2WT and AMPK�2RG mice on HFD at 26 weeks of age.
D–G, phospho-Akt (Thr-308)/total Akt ratio, phospho-Akt (Ser-473)/total Akt, phospho-FOXO3a (Thr-32), phospho-mTOR (Ser-2448)/total mTOR in the kidneys
of AMPK�2WT, AMPK�2NI, and AMPK�2RG mice on chow diet or HFD at 26 weeks of age (n � 8). RU, relative units. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars,
S.E.
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increased by 5.6- and 46.9-fold in AMPK�2RG mice fed with
chow diet and HFD, respectively. However, both AMPK�2NI

and AMPK�2RG mice developed WPW syndrome, suggesting
the existence of a glycogen-independent mechanism for WPW
syndrome, at least in AMPK�2NI mice. This is consistent with
the observation that not all WPW patients carrying AMPK�2
mutations manifest increased glycogen storage in the heart
(38). The pro-arrhythmogenic phenotype in patients with
AMPK�2 mutations might be related to alterations of voltage-
gated sodium channels that cause defects in conduction path-
ways in cardiomyocytes (39).

By rescuing the glycogen storage phenotype in AMPK�2NI

transgenic mice, Kim et al. (21) demonstrated that ablation of
glycogen storage eliminated ventricular pre-excitation. Exces-
sive cardiac growth and cardiomyopathy, however, persisted in
AMPK�2NI transgenic mice, indicating a glycogen storage-inde-
pendent and AMPK intrinsic activation mechanism on cell
growth of cardiac myocytes. This effect was proposed to be

mediated by enhanced insulin sensitivity and activation of
the Akt-mTOR-FOXO3A pathway in cardiac myocytes (21).
Interestingly, another mutation of AMPK�2, R302Q, causes
a reduction in AMPK activity yet exhibits a glycogen storage
hypertrophy and a shortened PQ interval as opposed to what
has been observed in humans carrying the N485I mutation
(38). Indeed, cardiac hypertrophy does not seem to exist in
all AMPK�2 mutations; the R531G mutation causes child-
hood onset WPW syndrome without cardiac hypertrophy
(20). Altogether, studies from both humans and mice dem-
onstrate that glycogen storage, ventricular pre-excitation,
and cardiac hypertrophy are dissociable events in AMPK�2
mutations.

The cellular mechanisms of AMPK�2-induced arrhythmia
have also been linked to voltage-gated sodium channels. By
overexpressing constitutively active AMPK�1 (T172D), Light
et al. (39) demonstrated that sodium channels are a target of
activated AMPK and that phosphorylation slowed the open-
state inactivation of sodium channel and shifted the voltage-
activation curve in a hyperpolarizing direction (20). Whether
the voltage-gated sodium channel is affected in AMPK�2NI and
AMPK�2RG mice is unknown. Reduction of the physiological
delay between atrial and ventricular electrical activation in
AMPK�2NI and AMPK�2RG mice is similar to that in humans
with Lown-Ganong-Levine syndrome, a class of the WPW syn-
drome (40). These knock-in mice will be valuable tools for
studying the mechanism by which physiological levels of
AMPK�2NI and AMPK�2RG affect electrophysiology of cardiac
myocytes.

The observation of severe kidney injury in the AMPK�2RG

but not in AMPK�2NI mice fed with an HFD was unexpected.
AMPK subunits are abundantly expressed in the kidney (41, 42)
and play critical roles in physiological processes, such as
sodium transport and podocyte function, and pathological pro-
cesses like diabetic renal hypertrophy, inflammation, and poly-
cystic kidney disease (10). We are unaware of any reports of
kidney injury or disease in humans or mice with the AMPK�2RG

mutation, and it is not known whether our findings are specific
to C57BL/6N mice. Genome-wide association studies have
identified an intronic variant, rs7805747, in Prkag2 for chronic
kidney disease (43). Kidney injury in AMPK�2RG mice is
unlikely to be caused by WPW syndrome or cardiomyopathy
because AMPK�2NI mice did not have this phenotype. Notably,
kidney glycogen content of AMPK�2RG mice was dramatically
increased in both diets compared with AMPK�2WT and
AMPK�2NI mice, which may be one of the reasons for the kid-
ney pathology observed in AMPK�2RG mice.

It had been reported that AMPK activation suppresses Akt
and induces FOXO3a in cervical cancer cells (27). This signal-
ing pathway appears to be conserved in the kidney of
AMPK�2RG mice fed with an HFD. Consistent with a suppres-
sion of the Akt pathway by AMPK, apoptosis and inflammation
were increased, as indicated by dramatic induction of apoptotic
and inflammatory genes in the kidney of AMPK�2NI and
AMPK�2RG mice. This pathway may have interactions with
dyslipidemia or metabolic stress because kidney injury and
functional impairment were only observed in AMPK�2RG mice
fed with an HFD. This effect does not seem to be solely caused

TABLE 2
Relative mRNA levels of genes involved in apoptosis and inflamma-
tion in the kidney of AMPK�2NI and AMPK�2RG mice fed with HFD
(n � 4)
*, p � 0.05; **, p � 0.01; ***, p � 0.001.

AMPK�2NI AMPK�2RG

Caspases
Casp1 1.01 2.73**
Casp2 1.05 1.50**
Casp3 1.08 1.18
Casp4 1.06 2.75**
Casp6 1.01 1.25*
Casp7 1.20** 1.29*
Casp8 1.00 0.50
Casp12 0.99 2.34***
Casp14 1.19* 1.36**
Casp9 1.11 0.95
Cflar 1.10 0.91
Cradd 1.17 0.99
Pycard 1.09 1.91***

Positive regulators of apoptosis
Tnfsf12 1.03 1.33*
Trp53 1.07 1.24**
Trp53bp2 1.18 1.34**
Traf1 1.73* 2.52**
Traf2 1.23* 1.45**

Death domain receptors
Nfkb1 1.11 1.59**
Tnfrsf11b 0.93 1.85**

Cytokine and chemokine receptors
Il1r1 1.19 1.66**
Il1rap 1.27* 1.14*
Il6ra 1.05 1.55*
Ccr2 0.84 1.96**
Ccr3 0.73 2.17***
Cxcr4 1.17 1.60**

Inflammatory and immune response
C3 0.37* 2.96**
C3ar1 0.76 2.23
C4b 1.03 3.86**
Ccl19 0.82* 1.22
Ccl5 1.06 2.17*
Ccl8 0.67 3.82*
Ccr2 0.84 1.96**
Ccr3 0.73 2.17***
Cd14 1.24 2.67***
Cxcr4 1.17 1.60**
Itgb2 0.85 1.73**
Il1b 1.09 1.50**
Myd88 1.28* 1.16*
Nfkb1 1.05 1.30**
Tlr2 1.11 2.20***
Tlr4 1.08 1.51*
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by increased AMPK activity but specific to AMPK�2RG muta-
tion. It had been reported that AMPK and autophagy were acti-
vated in renal cells under stress conditions, which can cause
programmed cell death (44). On the other hand, supraphysi-
ologically activating AMPK by AICAR and metformin was
reported to exert a beneficial effect in kidney ischemia-reper-
fusion (45). Although the underlying mechanism for why
AMPK�2RG, but not AMPK�2NI, mice showed kidney injury is
not fully understood, we speculate that the kidney injury might
be associated with the higher baseline activity of AMPK�2RG

and the “loss of AMP response” of AMPK�2RG, in which cellu-
lar AMP cannot bind to one of the binding domains in AMPK
�-subunit (3).

In summary, studies of knock-in mice carrying AMPK�2NI

and AMPK�2RG mutations at physiological expression levels
confirmed the causality of these mutations for WPW syn-
drome. Further understanding of the mechanisms by which
AMPK�2NI and AMPK�2RG mutations cause the WPW pheno-
type can be pursued by using these arguably more relevant
mouse models. Due to the elevated baseline AMPK activity,
AMPK�2NI and AMPK�2RG mice are resistant to the metabolic
phenotype characteristically induced by an HFD and exhibit an
improved metabolic phenotype, including increased insulin
sensitivity, improved dyslipidemia, and liver steatosis. How-
ever, the constitutively active mutation of AMPK�2RG, but not
that of AMPK�2NI, induced kidney injury and functional
impairment in mice fed with an HFD, which was accompanied
by renal glycogen accumulation, apoptosis, and inflammation
(Fig. 7). These AMPK-engineered mouse models provide new
tools for investigating the mechanisms leading to WPW syn-

drome, the roles of AMPK in kidney function and disease, and
the effects of physiological AMPK activation on mammalian
metabolism and physiology.

Experimental Procedures

Experimental Animals—All mice used in this study were gen-
erated and maintained on C57BL/6N background at Taconic
(Germantown, NY) until 8 weeks of age. AMPK�2NI and
AMPK�2RG knock-in mice were generated by using the Flp
recombination method, in which AAT (corresponding amino
acid Asn-485) was replaced by ATT (corresponding amino acid
Ile-485) in exon 14, and CGG (corresponding amino acid Arg-
528) was replaced by GGC (corresponding amino acid Gly-528)
in exon 15, respectively. Novel AMPK�2 new splice variants
were not detected by RT-PCR in AMPK�2NI and AMPK�2RG

hearts. Age-matched AMPK�2WT, AMPK�2NI, and AMPK�2RG

mice were genotyped before use. Animals were maintained in a
12-h/12-h light/dark cycle with free access to food and water in
an environment with the temperature maintained at 22 °C.
Four mice were housed per cage and maintained on regular
rodent chow diets or an HFD (20% kcal% carbohydrate and 60%
kcal% fat) (Research Diet, catalog no. RD12492, New Bruns-
wick, NJ). Two regular chow diets were used in different
studies; one was 5% dietary fat (3.03 kcal/g) (PicoLab�
Rodent Diet 20, catalog no. 5053, LabDiet, St. Louis, MO),
and the other was 6.4% dietary fat (3.32 kcal/g) (Complete
breeding diet for rats, mice, and hamsters, catalog no. D03,
Scientific Animal Food and Engineering, SAFE Corporate,
Augy, France). All protocols reported in this paper were
reviewed and approved by the MRL Institutional Animal
Care and Use Committee (Kenilworth, NJ). Animals re-
ceived appropriate veterinary care throughout the studies.
The Guide for the Care and Use of Laboratory Animals was
followed in the conduct of the animal studies. Finally, the
ARRIVE guidelines published by NC3Rs for reporting the in
vivo experiments in animal research were followed.

Metabolic Assays—Two cohorts of age-matched male
AMPK�2WT, AMPK�2NI, AMPK�2RG mice were used. One
cohort was fed with a regular rodent chow diet from 5 weeks of
age until takedown at 26 weeks of age. The second cohort was
fed with the regular rodent chow diet until 9 weeks of age and
then switched to HFD. Body weight was recorded weekly from
5 to 20 weeks of age. Body composition was evaluated in con-
scious mice by quantitative NMR using the Minispec� analyzer
(Bruker) at 7 and 19 weeks of age. A glucose tolerance test was
performed in mice at 20 weeks of age. Mice were fasted for 4 h
starting at 8:00 a.m. followed by a bolus glucose (2 g/kg) admin-
istration by oral gavage. Blood glucose was measured at differ-
ent time points by using a glucometer (Accu-Chek, Roche Diag-
nostics). An insulin tolerance test was performed in mice at 21
weeks of age. Mice were fasted for 2 h in the morning followed
by intraperitoneal administration of insulin (0.5 units/kg).
Blood glucose was measured at different time points by a glu-
cometer (Accu-Chek). Plasma levels of TG and cholesterol
were measured using the Thermo ScientificTM triglycerides
and cholesterol reagent (Fisher, catalog nos. TR22421/2780-
250 and TR13421). Plasma levels of free fatty acid and �-hy-
droxybutyrate were measured using the free fatty acids half-

FIGURE 7. Comparison of phenotypes between AMPK�2NI and
AMPK�2RG mice and the mechanism underlying the kidney injury in
AMPK�2RG mice. Both AMPK�2NI and AMPK�2RG mutations increase AMPK
activity and cause WPW syndrome in mice, which are independent of glyco-
gen accumulation in the heart. Comparing with AMPK�2NI, AMPK�2RG caused
glycogen accumulation in the kidney, inhibited pAkt, and increased
pFOXO3a, which led to apoptosis, inflammation, cyst formation, and ulti-
mately kidney injury and impaired renal function.
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micro test kit (Roche Diagnostics, catalog no. 11383175001)
and �-hydroxybutyrate LiquiColor� kit (StanBio, catalog no.
2440-058), respectively.

Electrocardiography and Echocardiography—The in vivo
electrophysiology study was performed in chow diet-fed mice
at 8 weeks of age and HFD-fed mice at 24 weeks of age. Before
the study, mice were anesthetized by using 1–2% isoflurane.
Surface electrodes were placed in the right arm and left hind
paw (DII configuration), and an ECG was recorded by an elec-
trocardiography ISO DAM8 amplifier (World Precision Instru-
ments) and analogic-numeric conversion box (ITF16A/D con-
verter, EMKA Technologies).

ELISA by MSD and Cisbio HTRF� Assay Kits—Tissues
weighed at around 100 mg were homogenized in 1 ml of Tris
lysis buffer containing protease and phosphatase inhibitor mix-
tures (Meso Scale Discovery). Total amounts of protein used for
each assay point were 10 �g for liver and kidney (0.4 mg/ml)
and 20 �g for skeletal muscle (0.8 mg/ml). The assay was per-
formed according to the manufacturer’s recommendations.
Determination of pACC was based on the interaction between
streptavidin and biotin because ACC is a highly biotinylated
protein. MSD GOLD 96-well streptavidin SECTOR plates
(MSD, catalog no. L15SA-5) were blocked by blocker buffer
(1� Tris wash buffer � BSA (30 mg/ml)) for 1 h, the blocker
was removed, and wells were washed three times by wash
buffer. Twenty-five �l of samples were added to the plate and
incubated at room temperature with shaking for 1 h. After
washing three times with 1� Tris wash buffer, primary anti-
body of rabbit anti-pACC (EMD Millipore, catalog no. 07-303)
was diluted in antibody dilution buffer (1 ml of blocker buffer
and 2 ml of 1� Tris wash buffer) at 1:250 and 1:500, respec-
tively, and incubated at room temperature with shaking for 1 h.
After washing three times with 1� Tris wash buffer, goat
anti-rabbit sulfo-tag secondary antibody (MSD, catalog no.
R32AB5), diluted at 1:250 in antibody dilution buffer, was
added to 25 �l of secondary antibody and incubated at room
temperature with shaking for 1 h. Assays of phosphorylated
FOXO3a (Thr-32) (MSD, catalog no. K150KHD) and phosphor-
ylated mTOR (Ser-2448)/total mTOR (MSD, catalog no.
K15170D) were performed according to the manufacturer’s
instructions of MSD. pAkt (Thr-308) (catalog no. 64AKTPEG),
pAkt (Ser-473) (catalog no. 64AKSPEG), and total Akt (catalog
no. 64NKTPEG) were determined by using Cisbio HTRF�
assay kits (Cisbio, CA). The relative levels of proteins and ratios
of WT mice were arbitrarily set as 1.

Expression Analysis by Real-time RT-PCR—Mouse tissues
were collected, placed in RNAlater solution (Qiagen, Hilden,
Germany), and stored at 4 °C until processing. Tissues were
homogenized and total RNA was isolated by using the RNA
Easy kit and QIACube instrument (Qiagen). Two �g of total
RNA from each sample were reverse transcribed with a cDNA
kit (Life Technologies, Inc.), and mRNA levels for the genes of
interest were measured by RT-PCR with SYBR Green Master-
mix reagents and RT2 ProfilerTM PCR array for apoptosis and
inflammation mouse (Qiagen, catalog nos. PAMM-012Z and
PAMM-077Z) on a ViiATM 7 real-time PCR system (Thermo
Fisher Scientific) (46). The relative amounts of specific target
amplicons for each gene were estimated by a cycle threshold

(CT) value and normalized to the copy number of housekeeping
genes (�-actin and GAPDH), with all genes in WT mice arbi-
trarily set at 1 (46). The p values were determined by two-tailed
equal variance Student’s t test, comparing the 2��CT values of
WT versus transgenic mice.

Tissue Glycogen Assay—Approximately 50 –100 mg of tissue
was weighed and incubated with 300 �l of 30% KOH at 70 °C for
2 h. Sixty �l of 1 M Na2SO4 and 1 ml of ethanol were added, and
then the samples were vortexed well followed by centrifugation
at 12,000 rpm at room temperature for 20 min. Pellets were
washed twice by resuspending in 300 �l of water followed by
the addition of 700 �l of ethanol and centrifuged at 12,000 rpm
for 20 min. The pellet was then washed with 300 �l of 100%
methanol, air-dried at room temperature for 1 h, and then dis-
solved in 1 ml of water. Glycogen was determined by using the
BioVision glycogen assay kit (catalog no. K646-100). Briefly,
glycogen samples were diluted 30� in water, and then 35 �l of
hydrolysis buffer were added to 10 �l of glycogen sample. Gly-
cogen was hydrolyzed by adding 5 �l of hydrolysis enzyme mix
followed by shaking at room temperature for 30 min. Develop-
ment buffer mix (50 �l) was added to the solution, followed by
shaking at room temperature for 30 min. Fluorescence was read
at 535-nm excitation/587-nm emission on a SpectraMax M2e

reader (Molecular Devices). Tissue glycogen content was quan-
titated based on the glycogen standard curve and calculated as
�g/mg of tissue weight.

Histology of Liver and Kidney—H&E, PAS, and Masson’s
trichrome stainings were performed on paraffin-embedded
sections of liver and kidney tissues using standard protocols
(47). Briefly, liver and kidney samples were fixed in 4% formalin
for 24 h before being paraffin-embedded and sectioned into
5-�m-thick sections. For standard histology, H&E staining was
used to contrast nuclei from cytoplasm. Oil red O staining was
performed in cryosectioned slides by using snap frozen kidneys
(American MasterTech Inc.). TUNEL staining was performed
on paraffin-embedded sections of kidney using the ApopTag�
Plus peroxidase in situ apoptosis detection kit (Millipore SAS,
catalog no. S7101). Slides were digitized using a Nanozoomer
2.0 HT digital slide scanner (Hamamatsu).

Statistical Analyses—All data are shown as the means 	 S.E.
Statistical significance was calculated by one-way analysis of
variance and multiple comparisons. Asterisks denote statistical
significance of the AMPK�2NI and AMPK�2RG groups com-
pared with the AMPK�2WT group: *, p � 0.05; **, p � 0.01; ***,
p � 0.001.
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