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Abstract AMP-regulated protein kinase (AMPK) is in-
volved in regulation of energy-generating pathways in re-
sponse to the metabolic needs in different organs including
the heart. The activity of AMPK is mainly controlled by
AMP concentration that in turn could be affected by nu-
cleotide metabolic pathways. This study aimed to develop
a procedure for measurement of AMPK activity together
with nucleotide metabolic enzymes and its application for
studies of mice treated with high-fat diet. The method
developed was based on analysis of conversion of AMARA
peptide to pAMARA by partially purified heart ho-
mogenate by liquid chromatography/mass spectrometry
(LC/MS). Activities of the enzymes of nucleotide meta-
bolism were evaluated by analysis of conversion of sub-
strates into products by HPLC. The method was applied for
analysis of hearts of mice fed 12 weeks with low- (LFD) or
high-fat diet (HFD). The optimized method for AMPK
activity analysis (measured in presence of AMP) revealed
change of activity from 0.089 £ 0.035 pmol/min/mg pro-
tein in LFD to 0.024 & 0.002 in HFD. This coincided with
increase of adenosine deaminase (ADA) activity from
0.11 £0.02 to 0.19 £ 0.06 nmol/mg tissue/min and
decrease of AMP-deaminase (AMPD) activity from
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1.26 £ 0.35 to 0.56 £ 0.15 nmol/mg tissue/min for LFD
and HFD, respectively. We have proven quality of our LC/
MS method for analysis of AMPK activity. We observed
decrease in AMPK activity in the heart of mice treated with
high-fat diet. However, physiological consequences of this
change could be modulated by decrease in AMPD activity.

Keywords AMP-regulated protein kinase - AMP-
deaminase - Adenosine deaminase - High-fat diet

Introduction

AMP-regulated protein kinase (AMPK) is involved in the
regulation of energy consumption and fuel generation paths
in response to the need of organs such as the liver, central
nervous system, adipose tissue, skeletal muscle, and car-
diac muscle [1]. AMPK could be activated by AMP by
several mechanisms. One of them is allosteric activation of
the phosphorylated enzyme; the second is promotion of
phosphorylation of Thr-172 by the upstream kinase and the
third is the inhibition of dephosphorylation of Thr-172 by
protein phosphatases [2]. AMPK acts multidirectionally
and some reports indicate a novel biological actions of
AMPK which is closely associated with cardiovascular
disease. The enzyme is involved in the processes that
contribute to morbidity and mortality associated with my-
ocardial ischemia [3]. Pharmacological activation of
AMPK in the hypothalamus increases food intake and so
AMPK is identified as a target for anti-obesity and anti-
diabetic drugs [4, 5]. Some commonly used drugs such as
metformin activate AMPK in cardiomyocytes [6]. Another
activator of AMPK is a precursor of nucleotide synthesis
AICAR (5-aminoimidazole-4-carboxyamide riboside).
Indirect activation of AMPK could be achieved by
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inhibition of AMP degradation e.g., inhibition of AMP-
deaminase (AMPD) [7].

In cardiac muscle, the physiological role of the reaction
catalyzed by AMP-deaminase and also by adenosine dea-
minase (ADA) is the regulation of adenine and guanine
nucleotides pools in the cell [8]. Degradation of AMP by
AMP-deaminase changes balance of the reaction catalyzed
by myokinase toward production of ATP from ADP nu-
cleotides which helps restore energy equilibrium (Fig. 1).
While the reaction catalyzed by AMP-deaminase in human
cardiomyocytes during ischemia is less intense than AMP
conversion to adenosine, the contribution of AMP-deami-
nase remains significant [9].

Materials and methods
Animals

The study was approved by Medical University of Gdansk
Ethics Committee for the Animal Experiments—(29/2012).
Three-month-old female mice C57BL6 were fed low-fat diet
(DIO Series Diet- D12450B; 20 kcal % protein, 70 kcal %
carbohydrate, 10 kcal % fat) or high-fat diet (DIO Series
Diet- D12492; 20 kcal % protein, 20 kcal % carbohydrate,
60 kcal % fat) for 12 weeks. The aim of this diet was create
model of mice obesity and hyperglycemia. During ex-
periment, mice were weighed and at the end blood glucose
was measured. Animals were anesthetized with a mixture of
2.5 ug xylazine/43 ng ketamine per g weight of mice, intu-
bated, and ventilated with a rodent respirator. After opening
the chest, the hearts of the mice were frozen with aluminum
blocks, precooled in liquid nitrogen, and stored at —80 °C.

Enrichment of heart homogenate for AMP-regulated
protein kinase

Homogenization buffer (HB) consisted of 250 mM manni-
tol, 50 mM sodium fluoride, 5 mM sodium pyrophosphate,
1 mM benzamidine, 1 mM dithiothreitol, 1 mM EGTA,

1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 4 pg/
ml soybean trypsin inhibitor, and 50 mM Tris—HCI, pH 7.5.
Resuspension buffer (RB) consisted of 50 mM sodium
fluoride, 5 mM sodium pyrophosphate, I mM benzamidine,
1 mM dithiothreitol, 1 mM EGTA, 1 mM EDTA 1 mM
phenylmethylsulfonyl fluoride, 4 pg/ml soybean trypsin in-
hibitor, 0.02 % sodium azide, 10 % glycerol, and 100 mM
Tris—HCI, pH 7.5.

About 20 mg frozen heart was used for AMPK extrac-
tion. The tissues were suspended in 5 volume of HB and
homogenized at 4 °C. Partial purification of AMPK was
carried out according to the modified method of Baron [10]
shortly described by our team [11]. After centrifugation of
homogenate at 14,000 rpm for 20 min (4 °C), the super-
natant was mixed with polyethylene glycol 8000 (PEG) to
2.5 % PEG solution. The solution was mixed for 10 min
(4 °C), and after centrifugation at 10,000 rpm for 10 min
the resultant supernatant was made up to 6 % PEG. Sam-
ples were again mixed for 10 min and centrifuged at
10,000 rpm for 10 min. The 6 % precipitate was collected
by centrifugation at 10,000 rpm for 10 min and resus-
pended in RB, in the same volume as HB.

Measurement of AMPK activity

Incubation buffer consisted of HEPES mixture pH 7.0
(160 mM NaCl, 80 mM HEPES-NaOH, 1.6 mM EDTA,
16 % glycerol), 2.5 mM AMARA peptide, 100 mM DTT,
and 2.5 mM AMP. Buffers without AMP and without
substrate were used as controls. The substrate for this re-
action was AMARA peptide (AMARAASAAALARRR).
Heart AMPK activity was assessed by measuring the re-
sulting phosphorylated form of AMARA. The final sub-
strate concentration for AMPK was 200 pM AMARA; and
for other components, the final substrate concentrations
were as follows: 40 mM HEPES-NaOH, 80 mM NaCl,
8 % glycerol, 0.8 mM EDTA, 0.8 mM DTT, and 200 uM
AMP in tube. Each sample contained ATP mixture (5 mM
ATP, 100 mM MgCl,, H,0). The reaction was initiated by
addition of 2 pl of enzyme. The total volume of reaction
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mixture was 25 pl of which 2.5 pl was ATP mixture with a
final concentration 200 pM ATP, 5 mM MgCl,. The re-
action was carried out for 5 min at 30 °C and was stopped
by adding 0.6 % trifluoroacetic acid (TFA) at a final con-
centration of 0.1 %. Analysis was performed with Surveyor
liquid chromatograph connected to the TSQ Vantage triple
quadrupole (Thermo Finnigan) equipped with heated
electrospray ionization (HESI). The chromatographic
separation was carried out on a Phenomenex 3 pm CI18
(50 x 0.3 mm) column, maintained at 35 °C with a mobile
phase consisting of 0.1 % formic acid (A) and 0.1 % for-
mic acid in acetonitrile (B) at a flow rate 20 ul/min ob-
tained by a flow splitter. A gradient elution program was
conducted for chromatographic separation with mobile
phase A and B as follows: 0-1.1 min (20-90 % B),
1.1-1.2 min (90-20 % B), 1.2-4.5 min (20-20 % B).

Protein was measured by direct detect IR spectrometer
method (Merck-Millipore)

Analysis of nucleotide enzyme activities

The activities of adenosine deaminase (ADA), AMP-dea-
minase (AMPD), purine nucleoside phosphorylase (PNP),
and ecto-5'-nucleotidase (e5NT) were measured by
monitoring the formation of the reaction products with
HPLC as described before [12]. Hearts were homogenized
at 4 °C in 9 volume of buffer (150 mM KCI, 20 mM TRIS,
1 mM EDTA, 1 mM dithiothreitol, pH 7.0). A portion of
crude homogenate was taken for determination of e5NT.
Remaining homogenate was centrifuged at 3400 rpm at
4 °C for 20 min which was then added in volume 20 pl to
the appropriate buffer and was incubated with 20 pl of
substrate at the 37 °C. The substrate concentrations were
25 mM AMP for AMPD, 1 mM adenosine for ADA,
1 mM inosine for PNP, and 0.2 mM AMP for eS5NT. The
reaction was terminated by adding 1.3 M HCIO, and
subsequently neutralized with 3 M K;3PO,. Centrifuged
perchloric acid extracts were analyzed by HPLC [13].

Statistical analysis

Data presented are expressed as mean + standard deviation
(SD). Enzyme activities were compared by Student’s ¢ test.
p < 0.05 was considered as a significant difference.
Results

Animals

Blood glucose in mice fed with high-fat diet was sig-

nificantly higher than in mice fed with low-fat diet in the
twelfth week of feeding (Fig. 2). Statistically significant

differences in the weight of animals appeared in the fourth
week of diet treatment. Mice fed with high-fat diet in-
creased weight by about 50 % as compared to the initial
weight of the mice, whereas the weight of mice fed with
low-fat diet remained unchanged (Fig. 3).

Analysis of AMPK activity

At the zero time, we did not observe any product of reaction in
the extracted ion chromatograms (Fig. 4a), while clear peak of
product was observed after 5 min of the reaction (Fig. 4b).
Formation of phosphorylated AMARA (pAMARA) was linear
with regard to time up to 10 min (Fig. 5). Therefore, optimum
5-min duration was selected for further study. AMPK activity
analyzed three times in the same heart revealed high repro-
ducibility of the assay with coefficient of variation equivalent
t0 6.3 %. In the presence of AMP, activity of AMPK increased
about fourfold as compared to absence of AMP in mice on low-
fat diet. In the absence of AMP, activity of AMPK in mice fed
with low-fat diet increased about 50 % as compared to mice
fed with high-fat diet (Fig. 6).

Enzymes involved in the metabolism of adenine
nucleotides

AMPD activity was 50 % lower in the hearts of mice fed with
high-fat diet. Activity of ADA was two times higher in high-
fat diet group. Activities of PNP and eSNT remained un-
changed in the hearts of mice in both groups (Fig. 7).
Discussion

This work demonstrated that LC/MS method which we

established could be effectively used for the determination
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Fig. 2 Blood glucose concentration after 12 weeks of feeding mice
with low- or high-fat diet. Values are mean £ SD, n = 5, *p < 0.05
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Fig. 3 Body weight during experiment in mice fed with high- or low-
fat diet. Values are mean + SD, n =5. *p <0.05, statistical
significance of differences compared to mice fed with low fat at the
same time of experiment

of AMP-regulated kinase (AMPK) in small specimens such
as mouse heart and is an effective alternative for radioac-
tive isotopes or antibodies-based procedures. Our studies
demonstrated that the activity of AMPK in cardiac muscle
could be several times higher in mice fed with low-fat diet
compared to high-fat diet. This is consistent with the trend
demonstrated in male mice at 6 week of high-fat diet
treatment [11]. The changes in AMPK activity observed at
12 week of mice fed with high-fat diet correlates with
elevation of blood glucose level. Increase in body weight
started from the fourth week of the experiment to 12 week
of experiment.

Current methods for analysis of AMPK are burdened by
disadvantages such as need of isotopes or antibodies in
Western blot and Elisa method. This includes need for
special precautions and inconvenience with use of ra-
dioactive substances. Use of antibodies introduces the risk
of cross reactivity that may alter specificity of the assay.
Considering these limitations, we aimed to developed a
procedure that will directly follow progress of the reaction.
This is possible with use of liquid chromatography linked
to mass spectrometry that allows to specifically trace for-
mation of the product of peptide phosphorylation reaction.
Besides, high sensitivity of LC/MS may provide additional
advantage of reduced need for sample material that is
sometimes critical when working with small animals such
as mouse.

Maintaining adequate ATP/ADP ratio is essential for
cell survival. Therefore, processes that help to maintain
energy balance such as AMPK cascade are of prime im-
portance. However, the enzymes involved in the metabo-
lism of nucleotides could modulate function of AMPK.
One example is degradation of AMP by AMPD. We
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Fig. 4 Representation of the extracted ion chromatograms of
AMARA and phosphorylated AMARA both as double charged ions;
a at the beginning of the reaction and b at the fifth minute of the
reaction

investigated, therefore, the activities of the other enzymes
involved in the metabolism of adenine nucleotides such as
AMPD, ADA, e5NT, and PNP. There were no changes in
the PNP and eSNT activities in different diet groups,
whereas we observed lower activity of ADA and higher of
AMPD activity in mice on low-fat diet compared to high-
fat diet. This indicate that despite of low pmoles cardiac
activity of AMPK its function may not be so important
maybe concurrent decrease of the activity of cardiac
AMPD is more significant for mice on high-fat diet.
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Fig. 5 Amount of pAMARA versus time during incubation of
fraction mouse heart AMPK. Values are mean & SD, n = 3.
Regression for concentrations of PAMARA is
y = 0.01665x + 0.01913

0.14 1 —

0.12 |

0.10 A

0.08 A

0.06 -

0.04 -

0.02 -

0.00 T T

- AMP + AMP - AMP

AMPK [pmol/min/mg protein]

+ AMP

low fat high fat

Fig. 6 AMPK activity of the mouse heart in the presence or absence
of AMP after 12 weeks of feeding with low- or high-fat diet. Reaction
was carried out for 5 min with 0.2 mM substrate (AMARA). AMP
was present at 0.2 mM concentration. Values are mean £ SD, n = 3,
*p < 0.05

Moreover, our results demonstrated higher activity of ADA
in the heart of mice on low-fat diet that may lead to lower
concentration of adenosine in hearts of these mice.

In this study, in addition to the new method for determi-
nation of AMPK, which may be a good basis for the devel-
opment of other protein kinase, we provided information on
how high-fat diet leading to high glucose concentration and
increased body weight affects activity of AMPK and en-
zymes of nucleotide metabolism. Besides its global effects,
we demonstrated that high-fat diet decreases the activity of
AMPK in the heart of mice. This could adversely affect
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Fig. 7 Effect of low- and high-fat diet on the enzymes activities
involved in adenine nucleotide metabolism in the mice hearts; ADA
adenosine deaminase, AMPD AMP-deaminase, PNP purine nucle-
oside phosphorylase, e5SNT ecto-5'-nucleotidase. Values are
mean £+ SD, n = 5, *p < 0.05

cardiac metabolism and in particular its resistance to is-
chemia. However, lower activity of AMPK could be com-
pensated by concurrent decrease in AMPD activity.

Acknowledgments This work was supported by European Regional
Development Fund (Grant JCET-UJ, No POIG.01.01.02-00-069/09),
Medical University of Gdansk (Grant ST-534), Foundation for Polish
Science (TEAM 2011-8/7).

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Hardie DG, Hawley SA, Scott JW (2006) AMP-activated protein
kinase-development of the energy sensor concept. J Physiol
574:7-15

2. Hardie DG, Salt IP, Hawley SA, Davies SP (1999) AMP-acti-
vated protein kinase: an ultrasensitive system for monitoring
cellular energy charge. Biochem J 338:717-722

3. Folmes CD, Wagg CS, Shen M, Clanachan AS, Tian R, Lopa-
schuk GD (2009) Suppression of 5'-AMP-activated protein ki-
nase activity does not impair recovery of contractile function
during reperfusion of ischemic hearts. Am J Physiol Heart Circ
Physiol 297:H313-H321

4. Andersson U, Filipsson K, Abbott CR, Woods A, Smith K,
Bloom SR, Carling D, Small CJ (2004) AMP-activated protein
kinase plays a role in the control of food intake. J Biol Chem
279:12005-12008

5. Saltiel AR, Kahn CR (2001) Insulin signaling and the regulation
of glucose and lipid metabolism. Nature 414:799-806

6. An D, Kewalramani G, Chan JK, Qi D, Ghosh S, Pulinilkunnil T,
Abrahani A, Innis SM, Rodrigues B (2006) Metformin influences
cardiomyocyte cell death by pathways that are dependent and
independent of caspase-3. Diabetologia 49:2174-2184

7. Russell RR, Bergeron R, Shulman GI, Young LH (1999)
Translocation of myocardial GLUT-4 and increased glucose

@ Springer



10

Mol Cell Biochem (2015) 404:5-10

10.

11.

uptake through activation of AMPK by AICAR. Am J Physiol
277:H643-H649

. Zydowo M (1976) Adenine compound in the heart. Int ] Biochem

7:353-357

. Smolenski RT, Suitters A, Yacoub MH (1992) Adenine nu-

cleotide catabolism and adenosine formation in isolated human
cardiomyocytes. J Mol Cell Cardiol 24:91-96

Baron SJ, Li J, Russell RR, Neumann D, Miller EJ, Tuerk R,
Wallimann T, Hurley RL, Witters LA, Young LH (2005) Dual
mechanisms regulating AMPK kinase action in the ischemic
heart. Circ Res 96:337-345

Rybakowska I, Slominska EM, Romaszko P, Lipinski M,
Zukowska P, Smolenski RT (2014) Activity of AMP-regulated

@ Springer

12.

13.

protein kinase and AMP-deaminase in the heart of mice fed high
fat diet. Nucleosides Nucleotides Nucleic Acids 33:347-352
Kochan Z, Smolenski RT, Yacoub MH, Seymour AL (1994)
Nucleotide and adenosine metabolism in different cell types of
human and rat heart. J Mol Cell Cardiol 26:1497-1503
Smolenski RT, Lachno DR, Ledingham SJ, Yacoub MH (1990)
Determination of sixteen nucleotides, nucleosides and bases us-
ing high-performance liquid chromatography and its application
to the study of purine metabolism in hearts for transplantation.
J Chromatogr 527:414-420



	AMP-regulated protein kinase activity in the hearts of mice treated with low- or high-fat diet measured using novel LC--MS method
	Abstract
	Introduction
	Materials and methods
	Animals
	Enrichment of heart homogenate for AMP-regulated protein kinase
	Measurement of AMPK activity
	Analysis of nucleotide enzyme activities
	Statistical analysis

	Results
	Animals
	Analysis of AMPK activity
	Enzymes involved in the metabolism of adenine nucleotides

	Discussion
	Acknowledgments
	References




