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Summary

The enzyme 5' adenosine monophosphate-activated protein kinase (AMPK) is a critical
cellular energy sensor that detects and maintains cellular energy balance. AMPK
regulates cellular and whole-body energy homeostasis by stimulating catabolic ATP-
producing intracellular signaling pathways and suppressing anabolic ATP-consuming
intracellular signaling pathways. There are many molecules that can either activate or
inhibit AMPK. In response to starvation, AMPK induces autophagy and inhibits cell
growth by regulating specific intracellular signaling molecules. Recent research has
shown that AMPK can suppress tumor growth by stimulating cellular processes such as
apoptosis, autophagy, and cell growth and proliferation via various signaling molecules.
In the pathophysiology of aging and age-related diseases, AMPK plays a crucial role as
a regulator of numerous metabolic pathways. AMPK is involved in and plays protective
roles in many diseases, including tumors, diabetes, obesity, cardiovascular, and
neurodegenerative diseases. This kinase has previously been shown to be involved in
the regulation of many different cellular transport proteins that are important for cellular
physiology and pathophysiology. Thus, AMPK serves as a vital link between cellular
energy metabolism and transport activities. A better understanding of AMPK’s role in
intracellular signaling under normal and abnormal conditions could pave the way for
treatments for many human diseases and disorders in which AMPK plays a role.

This chapter will introduce the reader to numerous intracellular signaling pathways in
which AMPK is involved. After a brief introduction to the AMPK, the structure and
function of the AMPK as well as its activators and inhibitors will be discussed. Special
emphasis is placed on recent advances about the AMPK mechanism of action,
particularly its complex intracellular role in autophagy. The chapter continues with the
kinase role in health and several diseases and cellular transport regulation. Numerous
representative and detailed figures are included to help better and easier understand
certain topics. At the end of this chapter is a conclusion and perspective section that will
summarize the subject.

1. General Introduction

Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is an enzyme and a
critical regulator that recognizes the cell’s energy status (Dermaku-Sopjani and Sopjani,
2019). All mammalian cells have this energy-sensing enzyme in their nucleus and
cytoplasm. AMPK is activated when cellular energy levels are low, i.e., when the
AMP/ATP ratio increases (Dermaku-Sopjani et al., 2014; Sopjani et al., 2010a). Upon
activation, AMPK stimulates a number of catabolic processes that increase ATP
generation in cells while suppressing a number of anabolic pathways that consume
ATP. As a result, it regulates cellular energy homeostasis. This chapter discusses the
structure and function of AMPK as well as its therapeutic advantages.

2. AMP-activated Protein Kinase
AMPK is a serine/threonine kinase that is phylogenetically conserved. This widely

expressed kinase is a protein complex that monitors the energy status of the cell (Hardie
and Alessi, 2013) and plays several important functions in numerous metabolic
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processes (Herzig and Shaw, 2018). AMPK is a protein molecule that acts as a cellular
fuel sensor, activating when energy is depleted. AMPK regulates energy balance by
activating catabolic ATP-generating processes such as glucose absorption, glycolysis,
fatty acid oxidation, and mitochondrial biogenesis. In the same way, AMPK inhibits
anabolic processes that consume ATP and NADPH (Jeon et al., 2012), such as protein
synthesis (Hardie and Alessi, 2013; McBride et al., 2009), glycogen synthesis,
gluconeogenesis (Kim et al., 2008), and fatty acid synthesis (Hardie and Alessi, 2013;
McFadden and Corl, 2009).

This enzyme has been proposed as an important target for drugs and natural products
with effects on several diseases. Metformin is the most often used medicine to treat
diabetes mellitus type 2 (DMT2). In other ways, it also helps to protect people against
cancer. Metformin and several other natural plant products that pharmacologically
activate AMPK have the ability to treat metabolic abnormalities such as DMT2 (Fryer
et al., 2002; Langelueddecke et al., 2012), non-alcoholic fatty liver disease (Ix and
Sharma, 2010), which is significantly related to insulin resistance and metabolic
syndrome (obesity), and malignancies.

Cancer cells require increased glucose uptake and breakdown to produce ATP in order
to proliferate rapidly. Cancer cells have an abnormally high energy metabolism. As a
result, AMPK as an energy metabolism regulator may be an emerging hallmark and
potential target (Imamura et al., 2001; Jones et al., 2005) for application in both cancer
prevention and therapy techniques.

2.1. The Structure of the AMPK

In mammals, AMPK is a heterotrimeric (containing three different subunits) protein
kinase complex composed of a catalytic subunit (AMPK-a (alpha)) (al or o2)
containing the kinase domain (KD) and two regulatory B (beta) subunits (B1 or B2)
and y (gamma)) subunits (y1, y2, or y3) (Stapleton et al., 1996; Thornton et al., 1998).
Figure 1 shows the AMPK domain structure. In humans, al and a2 are encoded by the
genes PRKAA1 and PRKAA2 (Stapleton et al., 1996), Bl and B2 are encoded by
PRKABI and PRKAB2 (Thornton et al., 1998), whereas y1, y2, and y3 are encoded by
PRKAGI1, PRKAG2, and PRKAG3 (Cheung et al., 2000). In each heterotrimeric
AMPK complex, all combinations are feasible, possibly yielding twelve unique AMPK
complexes (Ross et al., 2016). It is not clear if these functionally different AMPK
heterotrimeric combinations have different ways of recognizing substrates and/or
different localizations inside cells.

The a-subunit comprises the serine-threonine kinase domain as well as a crucial residue,
Thr'”, whose phosphorylation by upstream kinases activates AMPK. The N-terminus
of the  subunit contains a glycogen-binding domain (GBD), which permits the enzyme
to bind to glycogen. GBD is in charge of directing the kinase to the cell membrane
(Warden et al., 2001). The AMPK v subunits enable the kinase to adapt to changes in
the cellular ATP: AMP ratio. It contains four tandem repeat sequences known as
cystathionine-synthase (CBS) motifs (Bateman, 1997). CBS domains in y subunits may
bind adenine nucleotides. The binding of AMP and, to a lesser degree, ADP to the
AMPK-subunit promotes its activity. CBS acts in pairs. Within an enzyme, pairs of
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CBS sequences fold into “Bateman domains” that bind adenosine-containing ligands
(Xiao et al., 2007). CBS3 is the primary sensor of adenosine-containing ligands (Xin et
al., 2013). Glycogen storage disorders, a hereditary condition in animals, are related to
mutations in genes encoding y subunits (Park et al., 2003; Arad et al., 2002).
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Figure 1. Schematic representation of the AMP-activated protein kinase domain
structure (Dermaku-Sopjani and Sopjani, 2019). AMPK is a heterotrimeric complex
made up of two regulatory subunits, AMPK-3 and AMPK-y, as well as the catalytic

subunit AMPK-a. The catalytic subunit has a conserved threonine residue called Thr-
172 in the NH2-terminal region that may be phosphorylated by the protein kinases
AMPK kinases (AMPKK). This subunit also features a domain for interacting with the
co-functional regulatory subunits § and y and, as well as a domain for autoinhibition.
The AMPK f subunit contains a GBD and an interaction domain for subunits o and y
are located at the N- and C-termini, respectively. The y subunit has the Bateman
domains (CBS1/2 and CBS3/4), which are responsible for competitive binding of the
adenosine-containing ligands AMP, ADP, and ATP, and are made up of four tandem
repeats of the CBS motif (Xin et al., 2013).

AMPK, the master and primary energy regulator of eukaryotic energy homeostasis, is
disrupted in diseases such as diabetes, cancer, obesity, and cardiovascular diseases
(Hardie, 2017; Carling, 2017). AMPK has a key role in metabolism. It is a kind of
energy switch that links energy metabolism to a number of physiological functions
(Dermaku-Sopjani and Sopjani, 2019). Controlling AMPK could be a key part of how
diet and exercise improve your health in many ways.

3. Mechanisms of AMPK Activation
All eukaryotes seem to contain AMPK homologs; however, the number of subunits may
differ across species. Seven genes encoding AMPK may exist in distinct heterotrimeric

subunit compositions in the mammalian genome, allowing unique AMPK complexes to
react to diverse kinds of stress stimuli in different cell types (Jensen et al., 2015).
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Energy stress activates AMPK in response to increased ATP consumption (e.g.,
exercise, anabolism, cell proliferation) or reduced ATP generation (e.g., low glucose
levels, hypoxia, oxidative stress), which is detected as low ATP to AMP and ADP ratios
(Dermaku-Sopjani and Sopjani, 2019). Activated AMPK phosphorylates its
downstream targets to affect the activities of rate-limiting metabolic enzymes,
proliferation and growth pathways, transcription and translation factors, and epigenetic
regulators. This turns up the levels of oxidative phosphorylation, metabolism, glucose
and fatty acid absorption, and autophagy while turning down the levels of protein
synthesis, fatty acids, cholesterol, ribosomal RNA production, and cell growth and
division.

Furthermore, pharmaceutical drugs such as Abbot A769662 and Merck 991 bind to a
distant region known as the allosteric drug and metabolite (ADaM) site, which is
located at the interface between the KD and the carbohydrate-binding module (CBM) of
the subunit B (Kurumbail and Calabrese, 2016). By phosphorylating a residue (Thr'™ in
human ol and Thr'”? in human o2) in its kinase activation loop (AL), AMPK is
activated 100-fold. Direct allosteric kinase activation has been shown to boost activity
by up to 10-fold (Kurumbail and Calabrese, 2016) although it is not clear yet in a
cellular context. However, in reconstituted systems, AMP, ADP, and ADaM agonists
upregulate AL phosphorylation by stabilizing and maintaining a conformation that
restricts phosphatase access to the AL (Scott et al., 2014). Also, binding of AMP, but
not ADP or ADaM ligands, further increases AL phosphorylation through maintaining a
connection with the tumor suppressor liver kinase B1 (LKB1) (Puustinen et al., 2020),
which functions as the primary upstream kinase of AMPK, as well as possibly with
additional upstream kinases (Kurumbail and Calabrese, 2016). On the contrary, ATP
competes with AMP and ADP at one or more allosteric sites when there is an excess of
energy, which prevents AMPK from working. For many years, it has been recognized
that adenine nucleotide modulation of AL accessibility represents a major mechanism of
AMPK regulation (Carling, 2017; Dermaku-Sopjani and Sopjani, 2019). However, the
underlying mechanisms by which adenine nucleotides and ADaM agonists cause
conformational changes that influence AL accessibility and how agonists may prevent
access to protein phosphatases while not preventing access to AL kinases were
unknown. However, a recent study (Yan et al., 2021) reported a multistep mechanism
describing how adenine nucleotides and pharmacological agonists affect AMPK activity
by modifying AL phosphorylation and accessibility. In general, when there is a lack of
energy, AMP stabilizes the active form of AMPK. This protects the kinase AL from
protein phosphatases, keeping the AL phosphorylated and the kinase active. Figure 2
shows AMPK regulation and how it is involved in preserving energy balance.

The N-terminus serine/threonine kinase domain of o subunits is only active when
phosphorylated at the activation loop by any of many upstream kinases (Hawley et al.,
1996). Certain regulators control the activity of AMPK. The key upstream kinase that
phosphorylates the serine/threonine kinase domain with subsequent activation of AMPK
is the tumor suppressor protein molecule LKB1 (Woods et al., 2003b; Woods et al.,
2003a). In turn, this reduces cell growth and proliferation (Woods et al., 2003a). LKB1
is a major upstream kinase of AMPK.
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The B subunit has a GBD that mediates binding with glycogen particles, and thus the
kinase senses cellular energy status by sensing the structural state of glycogen
(Dermaku-Sopjani and Sopjani, 2019; Dermaku-Sopjani et al., 2014). The regulatory y
subunit has two antagonistic nucleotide binding sites for AMP and ATP. When AMP
binds to the y-subunit, AMPK activity could be increased by three distinct mechanisms.
1) Making AMPK a better substrate for the upstream kinases or stimulating the activity
of the upstream kinases. 2) Preventing the phosphatases from dephosphorylating the
kinase domain in the a-subunit due to an AMP-induced conformational shift in the
kinase. 3) Increasing the allosteric activation of the activated kinase. Furthermore, AMP
binding to the y-subunit results in a direct allosteric activation of the kinase (Sanders et
al., 2007). It should be noted that not only AMP but also ATP may bind to the -subunit
CBS domains (Hardie et al., 2011) allowing the kinase to respond to changes in the
ATP-to-AMP ratio and thus serve as an energy status sensor that maintains cellular
energy balance.
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Figure 2. AMPK’s composition, regulation, and involvement in maintaining energy
balance. AMPK is activated in response to an increase in the AMP/ATP ratio by
phosphorylation of threonine (Thr'"*/Thre'” (in human o2 or al, respectively) within
the catalytic-subunit catalyzed by any of the AMPKK, such as LKB1 (for activity,
binding of MO25 and STE-20 related adaptor protein (STRAD) forming a
heterotrimeric complex is required) or by CaMKK in a Ca**-dependent manner. TGF-
activated kinase 1 (TAK1) is also responsible for AMPK activation, which includes
cytokine signaling. AMPK activation affects a wide range of downstream targets, often
by inhibiting anabolic signaling pathways while activating catabolic signaling pathways,
restoring energy balance. Dephosphorylation of Thr'”?/Thre'”* by protein phosphatase
2C (PP2C), PP2A, or protein phosphatase 1 (PP1) inactivates AMPK. More details may
be found in the text.
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AMPK is activated through phosphorylation by a series of upstream kinases that
function in a bi-cyclic protein kinase cascade. The kinase domain of the AMPK is
continually phosphorylated by LKB1 within the kinase subunit’s activation loop, but it
is also quickly dephosphorylated in the absence of AMP. LKB1 mediated AMPK
activation results in the inhibition of cell growth and proliferation, actions that seem to
be mediated by AMPK (Woods et al., 2003a). The calmodulin-dependent kinase kinase
B (CaMKKJ) is another AMPK-regulating upstream kinase that phosphorylates AMPK
at the threonine 172 residue when the level of cytosolic Ca”" rises (Hurley et al., 2005).
The transforming growth factor-associated kinase 1 (TAKI1) (Hardie, 2011) and
glucosamine (Kim et al., 2010) are other factors that activate AMPK. Not only have the
AMP/ATP ratio and cytosolic Ca" activity been linked to AMPK stimulation, but also
low oxygen (O,) levels and exposure of skeletal muscle cells to nitric oxide (NO).

TO ACCESS ALL THE 45 PAGES OF THIS CHAPTER,
Visit: http://www.eolss.net/Eolss-sample AllChapter.aspx

Bibliography

Ahwazi, D., Neopane, K., Markby, G. R., Kopietz, F., Ovens, A. J., Dall, M., Hassing, A. S., Grasle, P.,
Alshuweishi, Y., Treebak, J. T., Salt, I. P., Goransson, O., Zeqiraj, E., Scott, J. W., and Sakamoto, K.
(2021). Investigation of the specificity and mechanism of action of the ULK1/AMPK inhibitor SBI-
0206965. Biochem. J., 478(15), 2977-2997. [This paper presents the regulation of ULKI1/AMPK
signaling by the inhibitor SBI-0206965].

Alesutan, 1., Foller, M., Sopjani, M., Dermaku-Sopjani, M., Zelenak, C., Frohlich, H., Velic, A., Fraser,
S., Kemp, B. E., Seebohm, G., Volkl, H., and Lang, F. (2011a). Inhibition of the heterotetrameric K+
channel KCNQ1/KCNEI1 by the AMP-activated protein kinase. Mol. Membr. Biol., 28(2), 79-89. [A
scientific paper that reports the AMPK effects and mechanisms of action on potassium channel
KCNQI1/KCNEL].

Alesutan, 1., Munoz, C., Sopjani, M., Dermaku-Sopjani, M., Michael, D., Fraser, S., Kemp, B. E.,
Seebohm, G., Foller, M., and Lang, F. (2011b). Inhibition of Kir2. 1 (KCNJ2) by the AMP-activated
protein kinase. Biochem. Biophys. Res. Commun., 408(4), 505-510.

Alesutan, 1., Voelkl, J., Stockigt, F., Mia, S., Feger, M., Primessnig, U., Sopjani, M., Munoz, C., Borst,
0., Gawaz, M., Pieske, B., Metzler, B., Heinzel, F., Schrickel, J. W., and Lang, F. (2015). AMP-activated
protein kinase alphal regulates cardiac gap junction protein connexin 43 and electrical remodeling
following pressure overload. Cell Physiol Biochem., 35(1), 406-418.

Almilaji, A., Munoz, C., Elvira, B., Fajol, A., Pakladok, T., Honisch, S., Shumilina, E., Lang, F., and
Foller, M. (2013). AMP-activated protein kinase regulates hERG potassium channel. Pflugers Arch.,
465(11), 1573-1582.

Alshawi, A. and Agius, L. (2019). Low metformin causes a more oxidized mitochondrial NADH/NAD
redox state in hepatocytes and inhibits gluconeogenesis by a redox-independent mechanism. J. Biol.
Chem., 294(8), 2839-2853.

Alzamora, R., Al Bataineh, M. M., Liu, W., Gong, F., Li, H., Thali, R. F., Joho-Auchli, Y., Brunisholz, R.
A., Satlin, L. M., Neumann, D., Hallows, K. R., and Pastor-Soler, N. M. (2013). AMP-activated protein
kinase regulates the vacuolar H+-ATPase via direct phosphorylation of the A subunit (ATP6V1A) in the
kidney. Am. J. Physiol Renal Physiol, 305(7), F943-F956.

©Encyclopedia of Life Support Systems (EOLSS)


https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-79a-104

MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Andersen, M. N., Krzystanek, K., Jespersen, T., Olesen, S. P., and Rasmussen, H. B. (2012). AMP-
activated protein kinase downregulates Kv7. 1 cell surface expression. Traffic., 13(1), 143-156.

Arad, M., Benson, D. W., Perez-Atayde, A. R., McKenna, W. J., Sparks, E. A., Kanter, R. J., McGarry,
K., Seidman, J. G., and Seidman, C. E. (2002). Constitutively active AMP kinase mutations cause
glycogen storage disease mimicking hypertrophic cardiomyopathy. J. Clin. Invest, 109(3), 357-362.

Assefa, B. T., Tafere, G. G., Wondafrash, D. Z., and Gidey, M. T. (2020). The Bewildering Effect of
AMPK Activators in Alzheimer’s Disease: Review of the Current Evidence. Biomed. Res. Int., 2020,
9895121.

Bateman, A. (1997). The structure of a domain common to archaebacteria and the homocystinuria disease
protein. Trends Biochem. Sci., 22(1), 12-13.

Benziane, B., Bjornholm, M., Pirkmajer, S., Austin, R. L., Kotova, O., Viollet, B., Zierath, J. R., and
Chibalin, A. V. (2012). Activation of AMP-activated protein kinase stimulates Na+, K+-ATPase activity
in skeletal muscle cells. J. Biol. Chem., 287(28), 23451-23463.

Berman, A. Y., Motechin, R. A., Wiesenfeld, M. Y., and Holz, M. K. (2017). The therapeutic potential of
resveratrol: a review of clinical trials. NP.J. Precis. Oncol., 1.

Bhalla, V., Oyster, N. M., Fitch, A. C., Wijngaarden, M. A., Neumann, D., Schlattner, U., Pearce, D., and
Hallows, K. R. (2006). AMP-activated kinase inhibits the epithelial Na+ channel through functional
regulation of the ubiquitin ligase Nedd4-2. J. Biol. Chem., 281(36), 26159-26169.

Bongiorno, D., Schuetz, F., Poronnik, P., and Adams, D. J. (2011). Regulation of voltage-gated ion
channels in excitable cells by the ubiquitin ligases Nedd4 and Nedd4-2. Channels (Austin. ), 5(1), 79-88.

Bultot, L., Jensen, T. E., Lai, Y. C., Madsen, A. L., Collodet, C., Kviklyte, S., Deak, M., Yavari, A.,
Foretz, M., Ghaffari, S., Bellahcene, M., Ashrafian, H., Rider, M. H., Richter, E. A., and Sakamoto, K.
(2016). Benzimidazole derivative small-molecule 991 enhances AMPK activity and glucose uptake
induced by AICAR or contraction in skeletal muscle. Am. J. Physiol Endocrinol. Metab, 311(4), E706-
E719.

Cai, T. T, Ye, X. L., Li, R. R., Chen, H., Wang, Y. Y., Yong, H. J., Pan, M. L., Lu, W., Tang, Y., Miao,
H., Snijders, A. M., Mao, J. H., Liu, X. Y., Lu, Y. B., and Ding, D. F. (2020). Resveratrol Modulates the
Gut Microbiota and Inflammation to Protect Against Diabetic Nephropathy in Mice. Front Pharmacol.,
11, 1249.

Canto, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C., Elliott, P. J,,
Puigserver, P., and Auwerx, J. (2009). AMPK regulates energy expenditure by modulating NAD+
metabolism and SIRT1 activity. Nature, 458(7241), 1056-1060.

Carling, D. (2017). AMPK signalling in health and disease. Curr. Opin. Cell Biol., 45, 31-37. [This
review presents the roles of AMPK in health and disease conditions].

Chang, T. J., Chen, W. P., Yang, C., Lu, P. H, Liang, Y. C., Su, M. J., Lee, S. C., and Chuang, L. M.
(2009). Serine-385 phosphorylation of inwardly rectifying K+ channel subunit (Kir6. 2) by AMP-
dependent protein kinase plays a key role in rosiglitazone-induced closure of the K(ATP) channel and
insulin secretion in rats. Diabetologia, 52(6), 1112-1121.

Cheng, B., Lu, J., Li, T., Meng, Z., Liu, M., Sun, M., and Guan, S. (2018). 1, 3-Dichloro-2-Propanol
inhibits autophagy via P53/AMPK/mTOR pathway in HepG2 cells. Food Chem. Toxicol., 122, 143-150.

Cheng, Z. (2019). The FoxO-Autophagy Axis in Health and Disease. Trends Endocrinol. Metab, 30(9),
658-671. [This paper presents the details of the roles of the foxo-autophagy axis in health and disease].

Cheung, P. C,, Salt, I. P., Davies, S. P., Hardie, D. G., and Carling, D. (2000). Characterization of AMP-
activated protein kinase gamma-subunit isoforms and their role in AMP binding. Biochem. J., 346 Pt 3,
659-669.

Cordani, M., Sanchez-Alvarez, M., Strippoli, R., Bazhin, A. V., and Donadelli, M. (2019). Sestrins at the
Interface of ROS Control and Autophagy Regulation in Health and Disease. Oxid. Med. Cell Longev.,
2019, 1283075.

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Dallas, M. L., Scragg, J. L., Wyatt, C. N., Ross, F., Hardie, D. G., Evans, A. M., and Peers, C. (2009).
Modulation of O(2) sensitive K (+) channels by AMP-activated protein kinase. Adv. Exp. Med. Biol., 648,
57-63.

Dermaku-Sopjani, M., Abazi, S., Faggio, C., Kolgeci, J., and Sopjani, M. (2014). AMPK-sensitive
cellular transport. J. Biochem., 155(3), 147-158. [This review explains the underlying mechanisms of
AMPK regulation in cellular transport].

Dermaku-Sopjani, M., Almilaji, A., Pakladok, T., Munoz, C., Hosseinzadeh, Z., Blecua, M., Sopjani, M.,
and Lang, F. (2013a). Down-regulation of the Na+-coupled phosphate transporter NaPi-Ila by AMP-
activated protein kinase. Kidney Blood Press Res., 37(6), 547-556.

Dermaku-Sopjani, M., Almilaji, A., Pakladok, T., Munoz, C., Hosseinzadeh, Z., Blecua, M., Sopjani, M.,
and Lang, F. (2013b). Down-regulation of the Na-coupled phosphate transporter NaPi-Ila by AMP-
activated protein kinase. Kidney Blood Press Res., 37(6), 547-556.

Dermaku-Sopjani, M., Kolgeci, S., Abazi, S., and Sopjani, M. (2013c). Significance of the anti-aging
protein Klotho. Mol. Membr. Biol., 30(8), 369-385.

Dermaku-Sopjani, M. and Sopjani, M. (2019). Intracellular signaling of the AMP-activated protein
kinase. Adv. Protein Chem. Struct. Biol., 116, 171-207. [A comprehensive discussion of the AMPK roles
in intracellular signaling].

Dunlop, E. A., Hunt, D. K., Acosta-Jaquez, H. A., Fingar, D. C., and Tee, A. R. (2011). ULK1 inhibits
mTORCI1 signaling, promotes multisite Raptor phosphorylation and hinders substrate binding.
Autophagy., 7(7), 7137-747.

Egan, D. F., Shackelford, D. B., Mihaylova, M. M., Gelino, S., Kohnz, R. A., Mair, W., Vasquez, D. S.,
Joshi, A., Gwinn, D. M., Taylor, R., Asara, J. M., Fitzpatrick, J., Dillin, A., Viollet, B., Kundu, M.,
Hansen, M., and Shaw, R. J. (2011). Phosphorylation of ULK1 (hATG1) by AMP-activated protein
kinase connects energy sensing to mitophagy. Science, 331(6016), 456-461. [This is a study reporting on
the AMPK-dependent regulation of ULK1 that connects energy sensing to mitophagy]

Engeland, K. (2018). Cell cycle arrest through indirect transcriptional repression by p53: I have a
DREAM. Cell Death. Differ., 25(1), 114-132.

Entezari, M., Hashemi, D., Taheriazam, A., Zabolian, A., Mohammadi, S., Fakhri, F., Hashemi, M.,
Hushmandi, K., Ashrafizadeh, M., Zarrabi, A., Ertas, Y. N., Mirzaei, S., and Samarghandian, S. (2022).
AMPK signaling in diabetes mellitus, insulin resistance and diabetic complications: A pre-clinical and
clinical investigation. Biomed. Pharmacother., 146, 112563.

Evans, A. M., Mustard, K. J., Wyatt, C. N., Peers, C., Dipp, M., Kumar, P., Kinnear, N. P., and Hardie, D.
G. (2005). Does AMP-activated protein kinase couple inhibition of mitochondrial oxidative
phosphorylation by hypoxia to calcium signaling in O2-sensing cells? J. Biol. Chem., 280(50), 41504-
41511.

Eylenstein, A., Gehring, E. M., Heise, N., Shumilina, E., Schmidt, S., Szteyn, K., Munzer, P., Nurbaeva,
M. K., Eichenmuller, M., Tyan, L., Regel, 1., Foller, M., Kuhl, D., Soboloff, J., Penner, R., and Lang, F.
(2011). Stimulation of Ca2+-channel Orail/STIM1 by serum- and glucocorticoid-inducible kinase 1
(SGK1). FASEB J., 25(6),2012-2021.

Eylenstein, A., Schmidt, S., Gu, S., Yang, W., Schmid, E., Schmidt, E. M., Alesutan, 1., Szteyn, K.,
Regel, 1., Shumilina, E., and Lang, F. (2012). Transcription factor NF-kappaB regulates expression of
pore-forming Ca2+ channel unit, Orail, and its activator, STIM1, to control Ca2+ entry and affect
cellular functions. J. Biol. Chem., 287(4), 2719-2730.

Fan, Y., Yang, Q., Yang, Y., Gao, Z.,, Ma, Y., Zhang, L., Liang, W., and Ding, G. (2019). Sirt6
Suppresses High Glucose-Induced Mitochondrial Dysfunction and Apoptosis in Podocytes through
AMPK Activation. Int. J. Biol. Sci., 15(3), 701-713.

Fang, C., Pan, J., Qu, N., Lei, Y., Han, J., Zhang, J., and Han, D. (2022). The AMPK pathway in fatty
liver disease. Front Physiol, 13, 970292. [This presents approaches to the AMPK involvement in fatty
liver disease].

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Faubert, B., Boily, G., Izreig, S., Griss, T., Samborska, B., Dong, Z., Dupuy, F., Chambers, C., Fuerth, B.
J., Viollet, B., Mamer, O. A., Avizonis, D., DeBerardinis, R. J., Siegel, P. M., and Jones, R. G. (2013).
AMPK is a negative regulator of the Warburg effect and suppresses tumor growth in vivo. Cell Metab,
17(1), 113-124.

Foller, M., Jaumann, M., Dettling, J., Saxena, A., Pakladok, T., Munoz, C., Ruth, P., Sopjani, M.,
Seebohm, G., Ruttiger, L., Knipper, M., and Lang, F. (2012). AMP-activated protein kinase in BK-
channel regulation and protection against hearing loss following acoustic overstimulation. FASEB J.,
26(10), 4243-4253.

Foller, M., Sopjani, M., Koka, S., Gu, S., Mahmud, H., Wang, K., Floride, E., Schleicher, E., Schulz, E.,
Munzel, T., and Lang, F. (2009a). Regulation of erythrocyte survival by AMP-activated protein kinase.
FASEB J., 23(4), 1072-1080.

Foller, M., Sopjani, M., Mahmud, H., and Lang, F. (2008). Vanadate-induced suicidal erythrocyte death.
Kidney Blood Press Res., 31(2), 87-93.

Foller, M., Sopjani, M., Schlemmer, H. P., Claussen, C. D., and Lang, F. (2009b). Triggering of suicidal
erythrocyte death by radiocontrast agents. Eur. J. Clin. Invest, 39(7), 576-583.

Fryer, L. G., Foufelle, F., Barnes, K., Baldwin, S. A., Woods, A., and Carling, D. (2002).
Characterization of the role of the AMP-activated protein kinase in the stimulation of glucose transport in
skeletal muscle cells. Biochem. J., 363(Pt 1), 167-174.

Ganapathy, V., Thangaraju, M., and Prasad, P. D. (2009). Nutrient transporters in cancer: relevance to
Warburg hypothesis and beyond. Pharmacol. Ther., 121(1), 29-40.

Gao, C., Fang, L., Zhang, H., Zhang, W. S., Li, X. O., and Du, S. Y. (2020). Metformin Induces
Autophagy via the AMPK-mTOR Signaling Pathway in Human Hepatocellular Carcinoma Cells. Cancer
Manag. Res., 12, 5803-5811.

Ge, Y., Zhou, M., Chen, C., Wu, X., and Wang, X. (2022). Role of AMPK mediated pathways in
autophagy and aging. Biochimie, 195, 100-113. [A comprehensive discussion of the underlying
mechanisms of AMPK functions in autophagy and aging].

Gomez-Galeno, J. E., Dang, Q., Nguyen, T. H., Boyer, S. H., Grote, M. P., Sun, Z., Chen, M., Craigo, W.
A., van Poelje, P. D., MacKenna, D. A., Cable, E. E., Rolzin, P. A, Finn, P. D., Chi, B., Linemeyer, D.
L., Hecker, S. J., and Erion, M. D. (2010). A Potent and Selective AMPK Activator That Inhibits de Novo
Lipogenesis. ACS Med. Chem. Lett., 1(9), 478-482.

Guo, H., Chen, Y., Liao, L., and Wu, W. (2013). Resveratrol protects HUVECs from oxidized-LDL
induced oxidative damage by autophagy upregulation via the AMPK/SIRT1 pathway. Cardiovasc. Drugs
Ther., 27(3), 189-198.

Gusarova, G. A., Trejo, H. E., Dada, L. A., Briva, A., Welch, L. C., Hamanaka, R. B., Mutlu, G. M.,
Chandel, N. S., Prakriya, M., and Sznajder, J. I. (2011). Hypoxia leads to Na, K-ATPase downregulation
via Ca(2+) release-activated Ca(2+) channels and AMPK activation. Mol. Cell Biol., 31(17), 3546-3556.

Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A., Vasquez, D. S., Turk, B. E.,
and Shaw, R. J. (2008). AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol. Cell,
30(2), 214-226.

Handa, N., Takagi, T., Saijo, S., Kishishita, S., Takaya, D., Toyama, M., Terada, T., Shirouzu, M.,
Suzuki, A., Lee, S., Yamauchi, T., Okada-Iwabu, M., Iwabu, M., Kadowaki, T., Minokoshi, Y., and
Yokoyama, S. (2011). Structural basis for compound C inhibition of the human AMP-activated protein
kinase alpha2 subunit kinase domain. Acta Crystallogr. D. Biol. Crystallogr., 67(Pt 5), 480-487.

Hardie, D. G. (2011). AMP-activated protein kinase: an energy sensor that regulates all aspects of cell
function. Genes Dev., 25(18), 1895-1908.

Hardie, D. G. (2017). Targeting an energy sensor to treat diabetes. Science, 357(6350), 455-456 [This
paper presents the potential roles of AMPK in treating diabetes].

Hardie, D. G. and Alessi, D. R. (2013). LKB1 and AMPK and the cancer-metabolism link - ten years
after. BMC. Biol., 11, 36.

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Hardie, D. G., Carling, D., and Gamblin, S. J. (2011). AMP-activated protein kinase: also regulated by
ADP? Trends Biochem. Sci., 36(9), 470-477.

Hawley, S. A., Davison, M., Woods, A., Davies, S. P., Beri, R. K., Carling, D., and Hardie, D. G. (1996).
Characterization of the AMP-activated protein kinase kinase from rat liver and identification of threonine
172 as the major site at which it phosphorylates AMP-activated protein kinase. J. Biol. Chem., 271(44),
27879-27887.

Hawley, S. A., Fullerton, M. D., Ross, F. A., Schertzer, J. D., Chevtzoft, C., Walker, K. J., Peggie, M.
W., Zibrova, D., Green, K. A., Mustard, K. J., Kemp, B. E., Sakamoto, K., Steinberg, G. R., and Hardie,
D. G. (2012). The ancient drug salicylate directly activates AMP-activated protein kinase. Science,
336(6083), 918-922.

Heidary, M. R., Samimi, Z., Asgary, S., Mohammadi, P., Hozeifi, S., Hoseinzadeh-Chahkandak, F., Xu,
S., and Farzaei, M. H. (2021). Natural AMPK Activators in Cardiovascular Disease Prevention. Front
Pharmacol., 12, 738420.

Herzig, S. and Shaw, R. J. (2018). AMPK: guardian of metabolism and mitochondrial homeostasis. Nat.
Rev. Mol. Cell Biol., 19(2), 121-135. [This comprehensive discussion presents the various intracellular
roles of AMPK as an energy sensor].

Hirschler-Laszkiewicz, 1., Tong, Q., Waybill, K., Conrad, K., Keefer, K., Zhang, W., Chen, S. J., Cheung,
J. Y., and Miller, B. A. (2011). The transient receptor potential (TRP) channel TRPC3 TRP domain and
AMP-activated protein kinase binding site are required for TRPC3 activation by erythropoietin. J. Biol.
Chem., 286(35), 30636-30646.

Hong-Brown, L. Q., Brown, C. R., Kazi, A. A., Huber, D. S., Pruznak, A. M., and Lang, C. H. (2010).
Alcohol and PRAS40 knockdown decrease mTOR activity and protein synthesis via AMPK signaling and
changes in mTORCI interaction. J. Cell Biochem., 109(6), 1172-1184.

Hurley, R. L., Anderson, K. A., Franzone, J. M., Kemp, B. E., Means, A. R., and Witters, L. A. (2005).
The Ca2+/calmodulin-dependent protein kinase kinases are AMP-activated protein kinase kinases. J.
Biol. Chem., 280(32), 29060-29066.

Iachettini, S., Trisciuoglio, D., Rotili, D., Lucidi, A., Salvati, E., Zizza, P., Di Leo, L., Del Bufalo, D.,
Ciriolo, M. R., Leonetti, C., Steegborn, C., Mai, A., Rizzo, A., and Biroccio, A. (2018). Pharmacological
activation of SIRT6 triggers lethal autophagy in human cancer cells. Cell Death. Dis., 9(10), 996.

Ikematsu, N., Dallas, M. L., Ross, F. A., Lewis, R. W., Rafferty, J. N., David, J. A., Suman, R., Peers, C.,
Hardie, D. G., and Evans, A. M. (2011). Phosphorylation of the voltage-gated potassium channel Kv2. 1
by AMP-activated protein kinase regulates membrane excitability. Proc. Natl. Acad. Sci. U. S. 4, 108(44),
18132-18137.

Imamura, K., Ogura, T., Kishimoto, A., Kaminishi, M., and Esumi, H. (2001). Cell cycle regulation via
p53 phosphorylation by a 5’-AMP activated protein kinase activator, S-aminoimidazole- 4-carboxamide-
1-beta-D-ribofuranoside, in a human hepatocellular carcinoma cell line. Biochem. Biophys. Res.
Commun., 287(2), 562-567.

Inoki, K., Zhu, T., and Guan, K. L. (2003). TSC2 mediates cellular energy response to control cell growth
and survival. Cell, 115(5), 577-590.

Israel, A. (2010). The IKK complex, a central regulator of NF-kappaB activation. Cold Spring Harb.
Perspect. Biol., 2(3), a000158.

Ix, J. H. and Sharma, K. (2010). Mechanisms linking obesity, chronic kidney disease, and fatty liver
disease: the roles of fetuin-A, adiponectin, and AMPK. J. Am. Soc. Nephrol., 21(3), 406-412.

Jensen, T. E., Ross, F. A., Kleinert, M., Sylow, L., Knudsen, J. R., Gowans, G. J., Hardie, D. G., and
Richter, E. A. (2015). PT-1 selectively activates AMPK-gammal complexes in mouse skeletal muscle,
but activates all three gamma subunit complexes in cultured human cells by inhibiting the respiratory
chain. Biochem. J., 467(3), 461-472.

Jeon, S. M., Chandel, N. S., and Hay, N. (2012). AMPK regulates NADPH homeostasis to promote
tumour cell survival during energy stress. Nature, 485(7400), 661-665.

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Jinadasa, T., Szabo, E. Z., Numata, M., and Orlowski, J. (2014). Activation of AMP-activated Protein
Kinase Regulates Hippocampal Neuronal pH by Recruiting Na+/H+ Exchanger NHES to the Cell
Surface. J. Biol. Chem. .

Jones, R. G., Plas, D. R., Kubek, S., Buzzai, M., Mu, J., Xu, Y., Birnbaum, M. J., and Thompson, C. B.
(2005). AMP-activated protein kinase induces a p53-dependent metabolic checkpoint. Mol. Cell, 18(3),
283-293.

Jung, C. H., Seo, M., Otto, N. M., and Kim, D. H. (2011). ULK1 inhibits the kinase activity of mTORCI
and cell proliferation. Autophagy., 7(10), 1212-1221.

Kempe, D. S., Dermaku-Sopjani, M., Frohlich, H., Sopjani, M., Umbach, A., Puchchakayala, G.,
Capasso, A., Weiss, F., Stubs, M., Foller, M., and Lang, F. (2010). Rapamycin-induced phosphaturia.
Nephrol. Dial. Transplant., 25(9), 2938-2944.

Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR regulate autophagy through
direct phosphorylation of Ulkl. Nat. Cell Biol., 13(2), 132-141. [A paper reporting the mechanism of
action of AMPK and mTOR in the autophagy process].

Kim, J. Y., Mondaca-Ruff, D., Singh, S., and Wang, Y. (2022). SIRT1 and Autophagy: Implications in
Endocrine Disorders. Front Endocrinol. (Lausanne), 13, 930919.

Kim, S. J,, Tang, T., Abbott, M., Viscarra, J. A., Wang, Y., and Sul, H. S. (2016). AMPK Phosphorylates
Desnutrin/ATGL and Hormone-Sensitive Lipase To Regulate Lipolysis and Fatty Acid Oxidation within
Adipose Tissue. Mol. Cell Biol., 36(14), 1961-1976.

Kim, Y. C. and Guan, K. L. (2015). mTOR: a pharmacologic target for autophagy regulation. J. Clin.
Invest, 125(1), 25-32. [A comprehensive discussion of the role of mTOR in autophagy regulation].

Kim, Y. D., Park, K. G., Lee, Y. S., Park, Y. Y., Kim, D. K., Nedumaran, B., Jang, W. G., Cho, W. J., Ha,
J., Lee, I. K., Lee, C. H., and Choi, H. S. (2008). Metformin inhibits hepatic gluconeogenesis through
AMP-activated protein kinase-dependent regulation of the orphan nuclear receptor SHP. Diabetes, 57(2),
306-314.

Kim, Y. K., Park, J. H., Park, S. H., Lim, B., Baek, W. K., Suh, S. I., Lim, J. G., Ryu, G. R., and Song, D.
K. (2010). Protective role of glucagon-like peptide-1 against glucosamine-induced cytotoxicity in
pancreatic beta cells. Cell Physiol Biochem., 25(2-3), 211-220.

King, J. D., Jr., Fitch, A. C., Lee, J. K., McCane, J. E., Mak, D. O., Foskett, J. K., and Hallows, K. R.
(2009). AMP-activated protein kinase phosphorylation of the R domain inhibits PKA stimulation of
CFTR. Am. J. Physiol Cell Physiol, 297(1), C94-101.

Kitaoka, Y., Takahashi, Y., Machida, M., Takeda, K., Takemasa, T., and Hatta, H. (2014). Effect of
AMPK activation on monocarboxylate transporter (MCT)1 and MCT4 in denervated muscle. J. Physiol
Sci., 64(1), 59-64.

Klein, H., Garneau, L., Trinh, N. T., Prive, A., Dionne, F., Goupil, E., Thuringer, D., Parent, L.,

Brochiero, E., and Sauve, R. (2009). Inhibition of the KCa3. 1 channels by AMP-activated protein kinase
in human airway epithelial cells. Am. J. Physiol Cell Physiol, 296(2), C285-C295.

Koo, S. H., Flechner, L., Qi, L., Zhang, X., Screaton, R. A., Jeffries, S., Hedrick, S., Xu, W., Boussouar,
F., Brindle, P., Takemori, H., and Montminy, M. (2005). The CREB coactivator TORC2 is a key
regulator of fasting glucose metabolism. Nature, 437(7062), 1109-1111.

Kornelius, E., Li, H. H., Peng, C. H., Hsiao, H. W., Yang, Y. S., Huang, C. N., and Lin, C. L. (2017).
Mevastatin promotes neuronal survival against Abeta-induced neurotoxicity through AMPK activation.
Metab Brain Dis., 32(6), 1999-2007.

Kreneisz, O., Benoit, J. P., Bayliss, D. A., and Mulkey, D. K. (2009). AMP-activated protein kinase
inhibits TREK channels. J. Physiol, 587(Pt 24), 5819-5830.

Kurumbail, R. G. and Calabrese, M. F. (2016). Structure and Regulation of AMPK. Exp. Suppl, 107, 3-
22. [A comprehensive discussion of the AMPK structure and activity regulation].

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Lan, F., Weikel, K. A., Cacicedo, J. M., and Ido, Y. (2017). Resveratrol-Induced AMP-Activated Protein
Kinase Activation Is Cell-Type Dependent: Lessons from Basic Research for Clinical Application.
Nutrients., 9(7).

Lang, F., Eylenstein, A., and Shumilina, E. (2012). Regulation of Orail/STIMI by the kinases SGK1 and
AMPK. Cell Calcium, 52(5), 347-354. [A highly interesting paper reporting the AMPK-sensing
regulators of intracellular Ca2+ mobilization].

Langelueddecke, C., Jakab, M., Ketterl, N., Lehner, L., Hufnagl, C., Schmidt, S., Geibel, J. P, Fuerst, J.,
and Ritter, M. (2012). Effect of the AMP-kinase modulators AICAR, metformin and compound C on
insulin secretion of INS-1E rat insulinoma cells under standard cell culture conditions. Cell Physiol
Biochem., 29(1-2), 75-86.

Lee, C. W, Shih, Y. H., Wu, S. Y., Yang, T., Lin, C., and Kuo, Y. M. (2013). Hypoglycemia induces tau
hyperphosphorylation. Curr. Alzheimer Res., 10(3), 298-308.

Lee, G., Zheng, Y., Cho, S., Jang, C., England, C., Dempsey, J. M., Yu, Y., Liu, X., He, L., Cavaliere, P.
M., Chavez, A., Zhang, E., Isik, M., Couvillon, A., Dephoure, N. E., Blackwell, T. K., Yu, J. J,
Rabinowitz, J. D., Cantley, L. C., and Blenis, J. (2017). Post-transcriptional Regulation of De Novo
Lipogenesis by mTORCI1-S6K1-SRPK2 Signaling. Cell, 171(7), 1545-1558.

Li, D, Liu, F., Wang, X., and Li, X. (2019). Apple Polyphenol Extract Alleviates High-Fat-Diet-Induced
Hepatic Steatosis in Male C57BL/6 Mice by Targeting LKB1/AMPK Pathway. J. Agric. Food Chem.,
67(44), 12208-12218.

Li, H., Thali, R. F., Smolak, C., Gong, F., Alzamora, R., Wallimann, T., Scholz, R., Pastor-Soler, N. M.,
Neumann, D., and Hallows, K. R. (2010). Regulation of the creatine transporter by AMP-activated
protein kinase in kidney epithelial cells. Am. J. Physiol Renal Physiol, 299(1), F167-F177.

Liang, J., Shao, S. H., Xu, Z. X., Hennessy, B., Ding, Z., Larrea, M., Kondo, S., Dumont, D. J.,
Gutterman, J. U., Walker, C. L., Slingerland, J. M., and Mills, G. B. (2007). The energy sensing LKB1-
AMPK pathway regulates p27(kipl) phosphorylation mediating the decision to enter autophagy or
apoptosis. Nat. Cell Biol., 9(2), 218-224.

Light, P. E., Wallace, C. H., and Dyck, J. R. (2003). Constitutively active adenosine monophosphate-
activated protein kinase regulates voltage-gated sodium channels in ventricular myocytes. Circulation,
107(15), 1962-1965.

Liu, X., Chhipa, R. R., Nakano, 1., and Dasgupta, B. (2014). The AMPK inhibitor compound C is a potent
AMPK-independent antiglioma agent. Mol. Cancer Ther., 13(3), 596-605.

Loffler, A. S., Alers, S., Dieterle, A. M., Keppeler, H., Franz-Wachtel, M., Kundu, M., Campbell, D. G.,
Wesselborg, S., Alessi, D. R., and Stork, B. (2011). Ulkl-mediated phosphorylation of AMPK constitutes
a negative regulatory feedback loop. Autophagy., 7(7), 696-706.

Loh, K., Tam, S., Murray-Segal, L., Huynh, K., Meikle, P. J., Scott, J. W., van Denderen, B., Chen, Z.,
Steel, R., LeBlond, N. D., Burkovsky, L. A., O’Dwyer, C., Nunes, J. R. C., Steinberg, G. R., Fullerton,
M. D., Galic, S., and Kemp, B. E. (2019). Inhibition of Adenosine Monophosphate-Activated Protein
Kinase-3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase Signaling Leads to Hypercholesterolemia
and Promotes Hepatic Steatosis and Insulin Resistance. Hepatol. Commun., 3(1), 84-98.

Ma, Y., Ma, B., Shang, Y., Yin, Q., Wang, D., Xu, S., Hong, Y., Hou, X., and Liu, X. (2018). Flavonoid-
Rich Ethanol Extract from the Leaves of Diospyros kaki Attenuates D-Galactose-Induced Oxidative
Stress and Neuroinflammation-Mediated Brain Aging in Mice. Oxid. Med. Cell Longev., 2018, 8938207.

Mack, H. 1., Zheng, B., Asara, J. M., and Thomas, S. M. (2012). AMPK-dependent phosphorylation of
ULKI regulates ATG9 localization. Autophagy., 8(8), 1197-1214.

MacPherson, R. E., Baumeister, P., Peppler, W. T., Wright, D. C., and Little, J. P. (2015). Reduced
cortical BACE1 content with one bout of exercise is accompanied by declines in AMPK, Akt, and MAPK
signaling in obese, glucose-intolerant mice. J. Appl. Physiol (1985. ), 119(10), 1097-1104.

Martin-Montalvo, A., Mercken, E. M., Mitchell, S. J., Palacios, H. H., Mote, P. L., Scheibye-Knudsen,
M., Gomes, A. P., Ward, T. M., Minor, R. K., Blouin, M. J., Schwab, M., Pollak, M., Zhang, Y., Yu, Y.,

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Becker, K. G., Bohr, V. A,, Ingram, D. K., Sinclair, D. A., Wolf, N. S., Spindler, S. R., Bernier, M., and
De Cabo, R. (2013). Metformin improves healthspan and lifespan in mice. Nat. Commun., 4, 2192.

McBride, A., Ghilagaber, S., Nikolaev, A., and Hardie, D. G. (2009). The glycogen-binding domain on
the AMPK beta subunit allows the kinase to act as a glycogen sensor. Cell Metab, 9(1), 23-34.

McFadden, J. W. and Corl, B. A. (2009). Activation of AMP-activated protein kinase (AMPK) inhibits
fatty acid synthesis in bovine mammary epithelial cells. Biochem. Biophys. Res. Commun., 390(3), 388-
393.

Mia, S., Munoz, C., Pakladok, T., Siraskar, G., Voelkl, J., Alesutan, I., and Lang, F. (2012).
Downregulation of Kvl. 5 K channels by the AMP-activated protein kinase. Cell Physiol Biochem.,
30(4), 1039-1050.

Mizushima, N. and Komatsu, M. (2011). Autophagy: renovation of cells and tissues. Cell, 147(4), 728-
741. [A comprehensive discussion of autophagy’s effects on cells and tissue renovation].

Motobayashi, Y., [zawa-Ishizawa, Y., Ishizawa, K., Orino, S., Yamaguchi, K., Kawazoe, K., Hamano, S.,
Tsuchiya, K., Tomita, S., and Tamaki, T. (2009). Adiponectin inhibits insulin-like growth factor-1-
induced cell migration by the suppression of extracellular signal-regulated kinase 1/2 activation, but not
Akt in vascular smooth muscle cells. Hypertens. Res., 32(3), 188-193.

Munoz, C., Sopjani, M., Dermaku-Sopjani, M., Almilaji, A., Foller, M., and Lang, F. (2012).
Downregulation of the osmolyte transporters SMIT and BGT1 by AMP-activated protein kinase.
Biochem. Biophys. Res. Commun., 422(3), 358-362.

Nurbaeva, M. K., Schmid, E., Szteyn, K., Yang, W., Viollet, B., Shumilina, E., and Lang, F. (2012).
Enhanced Ca(2)(+) entry and Na+/Ca(2)(+) exchanger activity in dendritic cells from AMP-activated
protein kinase-deficient mice. FASEB J., 26(7), 3049-3058.

Ojuka, E. O. (2004). Role of calcium and AMP kinase in the regulation of mitochondrial biogenesis and
GLUT4 levels in muscle. Proc. Nutr. Soc., 63(2), 275-278.

Pallauf, K., Rimbach, G., Rupp, P. M., Chin, D., and Wolf, I. M. (2016). Resveratrol and Lifespan in
Model Organisms. Curr. Med. Chem., 23(41), 4639-4680.

Park, H. B., Marklund, S., Jeon, J. T., Mickelson, J. R., Valberg, S. J., Sandberg, K., and Andersson, L.
(2003). Molecular characterization and mutational screening of the PRKAG3 gene in the horse.
Cytogenet. Genome Res., 102(1-4), 211-216.

Pehmoller, C., Treebak, J. T., Birk, J. B., Chen, S., Mackintosh, C., Hardie, D. G., Richter, E. A., and
Wojtaszewski, J. F. (2009). Genetic disruption of AMPK signaling abolishes both contraction- and
insulin-stimulated TBC1D1 phosphorylation and 14-3-3 binding in mouse skeletal muscle. Am. J. Physiol
Endocrinol. Metab, 297(3), E665-E675.

Pflug, K. M. and Sitcheran, R. (2020). Targeting NF-kappaB-Inducing Kinase (NIK) in Immunity,
Inflammation, and Cancer. Int. J. Mol. Sci., 21(22).

Pieri, M., Christian, H. C., Wilkins, R. J., Boyd, C. A., and Meredith, D. (2010). The apical (hPepT1) and
basolateral peptide transport systems of Caco-2 cells are regulated by AMP-activated protein kinase. Am.
J. Physiol Gastrointest. Liver Physiol, 299(1), G136-G143.

Puustinen, P., Keldsbo, A., Corcelle-Termeau, E., Ngoei, K., Sonder, S. L., Farkas, T., Kaae, A. K.,
Oakhill, J. S., and Jaattela, M. (2020). DNA-dependent protein kinase regulates lysosomal AMP-
dependent protein kinase activation and autophagy. Autophagy., 16(10), 1871-1888.

Reddy, P. H. and Beal, M. F. (2008). Amyloid beta, mitochondrial dysfunction and synaptic damage:
implications for cognitive decline in aging and Alzheimer’s disease. Trends Mol. Med., 14(2), 45-53.

Ren, Z., He, H., Zuo, Z., Xu, Z., Wei, Z., and Deng, J. (2019). The role of different SIRT1-mediated
signaling pathways in toxic injury. Cell Mol. Biol. Lett., 24, 36.

Ross, F. A., Mackintosh, C., and Hardie, D. G. (2016). AMP-activated protein kinase: a cellular energy
sensor that comes in 12 flavours. FEBS J., 283(16), 2987-3001. [A comprehensive discussion reporting
AMPK regulation and its roles as energy sensor].

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Rotte, A., Pasham, V., Eichenmuller, M., Bhandaru, M., Foller, M., and Lang, F. (2010). Upregulation of
Na+/H+ exchanger by the AMP-activated protein kinase. Biochem. Biophys. Res. Commun., 398(4), 677-
682.

Russell, F. M. and Hardie, D. G. (2020). AMP-Activated Protein Kinase: Do We Need Activators or
Inhibitors to Treat or Prevent Cancer? Int. J. Mol. Sci., 22(1).

Sanchez, A. M., Csibi, A., Raibon, A., Cornille, K., Gay, S., Bernardi, H., and Candau, R. (2012). AMPK
promotes skeletal muscle autophagy through activation of forkhead FoxO3a and interaction with Ulkl. J.
Cell Biochem., 113(2), 695-710.

Sanders, M. J., Grondin, P. O., Hegarty, B. D., Snowden, M. A., and Carling, D. (2007). Investigating the
mechanism for AMP activation of the AMP-activated protein kinase cascade. Biochem. J., 403(1), 139-
148.

Scott, J. W., Ling, N, Issa, S. M., Dite, T. A., O’Brien, M. T., Chen, Z. P., Galic, S., Langendorf, C. G.,
Steinberg, G. R., Kemp, B. E., and Oakhill, J. S. (2014). Small molecule drug A-769662 and AMP
synergistically activate naive AMPK independent of upstream kinase signaling. Chem. Biol., 21(5), 619-
627.

Scott, J. W., van Denderen, B. J., Jorgensen, S. B., Honeyman, J. E., Steinberg, G. R., Oakhill, J. S., Iseli,
T. J., Koay, A., Gooley, P. R., Stapleton, D., and Kemp, B. E. (2008). Thienopyridone drugs are selective
activators of AMP-activated protein kinase betal-containing complexes. Chem. Biol., 15(11), 1220-1230.

Shang, L., Chen, S., Du, F., Li, S., Zhao, L., and Wang, X. (2011). Nutrient starvation elicits an acute
autophagic response mediated by Ulkl dephosphorylation and its subsequent dissociation from AMPK.
Proc. Natl. Acad. Sci. U. S. A, 108(12), 4788-4793.

Shi, X., Yokom, A. L., Wang, C., Young, L. N., Youle, R. J., and Hurley, J. H. (2020). ULK complex
organization in autophagy by a C-shaped FIP200 N-terminal domain dimer. J. Cell Biol., 219(7).

Smith, B. K., Marcinko, K., Desjardins, E. M., Lally, J. S., Ford, R. J., and Steinberg, G. R. (2016).
Treatment of nonalcoholic fatty liver disease: role of AMPK. Am. J. Physiol Endocrinol. Metab, 311(4),
E730-E740.

Sohn, P. D., Tracy, T. E., Son, H. 1., Zhou, Y., Leite, R. E., Miller, B. L., Seeley, W. W., Grinberg, L. T.,
and Gan, L. (2016). Acetylated tau destabilizes the cytoskeleton in the axon initial segment and is
mislocalized to the somatodendritic compartment. Mol. Neurodegener., 11(1), 47.

Soldevila-Domenech, N., Cuenca-Royo, A., Babio, N., Forcano, L., Nishi, S., Vintro-Alcaraz, C.,
Gomez-Martinez, C., Jimenez-Murcia, S., Fernandez-Carrion, R., Gomis-Gonzalez, M., Alvarez-Sala, A.,
Carlos, S., Pinto, X., Corella, D., Diez-Espino, J., Castaner, O., Fernandez-Aranda, F., Salas-Salvado, J.,
and de la, T. R. (2021). Metformin Use and Cognitive Function in Older Adults With Type 2 Diabetes
Following a Mediterranean Diet Intervention. Front Nutr., 8, 742586.

Sopjani, M., Alesutan, 1., Dermaku-Sopjani, M., Fraser, S., Kemp, B. E., Foller, M., and Lang, F.
(2010a). Down-regulation of Nat-coupled glutamate transporter EAAT3 and EAAT4 by AMP-activated
protein kinase. J. Neurochem., 113(6), 1426-1435. [An original scientific paper that reports the
underlying mechanism of AMPK regulation of glutamate transporters EAAT3 and EAAT4].

Sopjani, M., Alesutan, 1., Wilmes, J., Dermaku-Sopjani, M., Lam, R. S., Koutsouki, E., Jakupi, M.,
Foller, M., and Lang, F. (2010b). Stimulation of Na+/K+ ATPase activity and Na+ coupled glucose
transport by beta-catenin. Biochem. Biophys. Res. Commun., 402(3), 467-470.

Sopjani, M., Bhavsar, S. K., Fraser, S., Kemp, B. E., Foller, M., and Lang, F. (2010c). Regulation of Na+-
coupled glucose carrier SGLT1 by AMP-activated protein kinase. Mol. Membr. Biol., 27(2-3), 137-144.

Sopjani, M. and Dermaku-Sopjani, M. (2016). Klotho-Dependent Cellular Transport Regulation. Vitam.
Horm., 101, 59-84.

Sopjani, M., Foller, M., Dreischer, P., and Lang, F. (2008a). Stimulation of eryptosis by cadmium ions.
Cell Physiol Biochem., 22(1-4), 245-252.

Sopjani, M., Foller, M., Gulbins, E., and Lang, F. (2008b). Suicidal death of erythrocytes due to
selenium-compounds. Cell Physiol Biochem., 22(5-6), 387-394.

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Sopjani, M., Foller, M., Haendeler, J., Gotz, F., and Lang, F. (2009). Silver ion-induced suicidal
erythrocyte death. J. Appl. Toxicol., 29(6), 531-536.

Sopjani, M., Foller, M., and Lang, F. (2008c). Gold stimulates Ca2+ entry into and subsequent suicidal
death of erythrocytes. Toxicology, 244(2-3), 271-279.

Sopjani, M., Konjufca, V., Rinnerthaler, M., Rexhepaj, R., and Dermaku-Sopjani, M. (2016). The
Relevance of JAK?2 in the Regulation of Cellular Transport. Curr. Med. Chem., 23(6), 578-588.

Sopjani, M., Millaku, L., Nebija, D., Emini, M., Dermaku-Sopjani, M., and Rifati-Nixha, A. (2018). The
glycogen synthase kinase-3 in the regulation of ion channels and cellular carriers. Curr. Med. Chem. .

Sopjani, M., Rinnerthaler, M., Almilaji, A., Ahmeti, S., and Dermaku-Sopjani, M. (2014). Regulation of
cellular transport by klotho protein. Curr. Protein Pept. Sci., 15(8), 828-835.

Sopjani, M., Rinnerthaler, M., Kruja, J., and Dermaku-Sopjani, M. (2015). Intracellular signaling of the
aging suppressor protein Klotho. Curr. Mol. Med., 15(1), 27-37.

Sopjani, M., Thaci, S., Krasniqi, B., Selmonaj, M., Rinnerthaler, M., and Dermaku-Sopjani, M. (2017).
Regulation of Ton Channels, Cellular Carriers and Na(+)/K(+)/ATPase by Janus Kinase 3. Curr. Med.
Chem., 24(21), 2251-2260.

Stapleton, D., Mitchelhill, K. I., Gao, G., Widmer, J., Michell, B. J., Teh, T., House, C. M., Fernandez, C.
S., Cox, T., Witters, L. A., and Kemp, B. E. (1996). Mammalian AMP-activated protein kinase subfamily.
J. Biol. Chem., 271(2), 611-614.

Steinberg, G. R., Dandapani, M., and Hardie, D. G. (2013). AMPK: mediating the metabolic effects of
salicylate-based drugs? Trends Endocrinol. Metab, 24(10), 481-487.

Szrejder, M. and Piwkowska, A. (2019). AMPK signalling: Implications for podocyte biology in diabetic
nephropathy. Biol. Cell, 111(5), 109-120.

Takimoto, M., Takeyama, M., and Hamada, T. (2013). Possible involvement of AMPK in acute exercise-
induced expression of monocarboxylate transporters MCT1 and MCT4 mRNA in fast-twitch skeletal
muscle. Metabolism, 62(11), 1633-1640.

Thornton, C., Snowden, M. A., and Carling, D. (1998). Identification of a novel AMP-activated protein
kinase beta subunit isoform that is highly expressed in skeletal muscle. J. Biol. Chem., 273(20), 12443-
12450.

Top, W. M. C., Kooy, A., and Stehouwer, C. D. A. (2022). Metformin: A Narrative Review of Its
Potential Benefits for Cardiovascular Disease, Cancer and Dementia. Pharmaceuticals. (Basel), 15(3). [A
review paper that represents the metformin roles in various diseases such as cardiovascular disease,
cancer, and dementia].

Tsukamoto, S., Hara, T., Yamamoto, A., Kito, S., Minami, N., Kubota, T., Sato, K., and Kokubo, T.
(2014). Fluorescence-based visualization of autophagic activity predicts mouse embryo viability. Sci.
Rep., 4,4533.

Tyan, L., Sopjani, M., Dermaku-Sopjani, M., Schmid, E., Yang, W., Xuan, N. T., Shumilina, E., and
Lang, F. (2010). Inhibition of voltage-gated K+ channels in dendritic cells by rapamycin. Am. J. Physiol
Cell Physiol, 299(6), C1379-C1385.

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding the Warburg effect:
the metabolic requirements of cell proliferation. Science, 324(5930), 1029-1033.

Verzella, D., Pescatore, A., Capece, D., Vecchiotti, D., Ursini, M. V., Franzoso, G., Alesse, E., and
Zazzeroni, F. (2020). Life, death, and autophagy in cancer: NF-kappaB turns up everywhere. Cell Death.
Dis., 11(3), 210.

Vingtdeux, V., Chandakkar, P., Zhao, H., d’Abramo, C., Davies, P., and Marambaud, P. (2011). Novel
synthetic small-molecule activators of AMPK as enhancers of autophagy and amyloid-beta peptide
degradation. FASEB J., 25(1), 219-231.

Visnjic, D., Lalic, H., Dembitz, V., Tomic, B., and Smoljo, T. (2021). AICAr, a Widely Used AMPK
Activator with Important AMPK-Independent Effects: A Systematic Review. Cells, 10(5).

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Walker, J., Jijon, H. B., Diaz, H., Salehi, P., Churchill, T., and Madsen, K. L. (2005). 5-aminoimidazole-
4-carboxamide riboside (AICAR) enhances GLUT2-dependent jejunal glucose transport: a possible role
for AMPK. Biochem. J., 385(Pt 2), 485-491.

Wang, J., Ma, A., Zhao, M., and Zhu, H. (2017). AMPK activation reduces the number of atheromata
macrophages in ApoE deficient mice. Atherosclerosis, 258, 97-107.

Warden, S. M., Richardson, C., O’Donnell, J., Jr., Stapleton, D., Kemp, B. E., and Witters, L. A. (2001).
Post-translational modifications of the beta-1 subunit of AMP-activated protein kinase affect enzyme
activity and cellular localization. Biochem. J., 354(Pt 2), 275-283.

Watanabe, T., Kuma, A., and Mizushima, N. (2011). [Physiological role of autophagy in metabolism and
its regulation mechanism]. Nihon Rinsho, 69 Suppl 1, 775-781.

Wei, Y., Zhou, J., Wu, J., and Huang, J. (2019). ERbeta promotes Abeta degradation via the modulation
of autophagy. Cell Death. Dis., 10(8), 565.

Weisova, P., Concannon, C. G., Devocelle, M., Prehn, J. H., and Ward, M. W. (2009). Regulation of
glucose transporter 3 surface expression by the AMP-activated protein kinase mediates tolerance to
glutamate excitation in neurons. J. Neurosci., 29(9), 2997-3008.

Woods, A., Johnstone, S. R., Dickerson, K., Leiper, F. C., Fryer, L. G., Neumann, D., Schlattner, U.,
Wallimann, T., Carlson, M., and Carling, D. (2003a). LKB1 is the upstream kinase in the AMP-activated
protein kinase cascade. Curr. Biol., 13(22), 2004-2008.

Woods, A., Vertommen, D., Neumann, D., Turk, R., Bayliss, J., Schlattner, U., Wallimann, T., Carling,
D., and Rider, M. H. (2003b). Identification of phosphorylation sites in AMP-activated protein kinase
(AMPK) for upstream AMPK kinases and study of their roles by site-directed mutagenesis. J. Biol.
Chem., 278(31), 28434-28442.

Wu, W. D, Hu, Z. M., Shang, M. J., Zhao, D. J., Zhang, C. W., Hong, D. F., and Huang, D. S. (2014).
Cordycepin Down-Regulates Multiple Drug Resistant (MDR)/HIF-lalpha through Regulating
AMPK/mTORCI Signaling in GBC-SD Gallbladder Cancer Cells. Int. J. Mol. Sci., 15(7), 12778-12790.

Wyatt, C. N., Mustard, K. J., Pearson, S. A., Dallas, M. L., Atkinson, L., Kumar, P., Peers, C., Hardie, D.
G., and Evans, A. M. (2007). AMP-activated protein kinase mediates carotid body excitation by hypoxia.
J. Biol. Chem., 282(11), 8092-8098.

Xiao, B., Heath, R., Saiu, P., Leiper, F. C., Leone, P., Jing, C., Walker, P. A., Haire, L., Eccleston, J. F.,
Davis, C. T., Martin, S. R., Carling, D., and Gamblin, S. J. (2007). Structural basis for AMP binding to
mammalian AMP-activated protein kinase. Nature, 449(7161), 496-500.

Xin, F. J., Wang, J., Zhao, R. Q., Wang, Z. X., and Wu, J. W. (2013). Coordinated regulation of AMPK
activity by multiple elements in the alpha-subunit. Cell Res., 23(10), 1237-1240. [This is a study reporting
on the regulation of AMPK activity through multiple elements in its alpha-subunit].

Yan, Y., Mukherjee, S., Harikumar, K. G., Strutzenberg, T. S., Zhou, X. E., Suino-Powell, K., Xu, T. H.,
Sheldon, R. D., Lamp, J., Brunzelle, J. S., Radziwon, K., Ellis, A., Novick, S. J., Vega, 1. E., Jones, R. G.,
Miller, L. J., Xu, H. E., Griffin, P. R., Kossiakoff, A. A., and Melcher, K. (2021). Structure of an AMPK
complex in an inactive, ATP-bound state. Science, 373(6553), 413-419.

Yoshida, H., Bao, L., Kefaloyianni, E., Taskin, E., Okorie, U., Hong, M., Dhar-Chowdhury, P., Kaneko,
M., and Coetzee, W. A. (2012). AMP-activated protein kinase connects cellular energy metabolism to
KATP channel function. J. Mol. Cell Cardiol., 52(2), 410-418.

You, G., Yao, J., Liu, Q., and Li, N. (2022). The Strategies for Treating “Alzheimer’s Disease”: Insulin
Signaling May Be a Feasible Target. Curr. Issues Mol. Biol., 44(12), 6172-6188. [A paper that represents
insulin as a potential target for treating Alzheimer’s disease].

Zhang, H., Wang, X., Xu, P., Ji, X., Chi, T., Liu, P., and Zou, L. (2020). Tolfenamic acid inhibits GSK-
3beta and PP2A mediated tau hyperphosphorylation in Alzheimer’s disease models. J. Physiol Sci., 70(1),
29.

©Encyclopedia of Life Support Systems (EOLSS)



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - AMP-Activated Protein Kinase and Intracellular Signaling in
Health and Disease - Mentor Sopjani, Miribane Dérmaku-Sopjani

Biographical Sketches

Mentor Sopjani is a biologist and an expert in molecular cell biology, biochemistry, and molecular
physiology. He received his diploma and post-diploma at the University of Prishtina, Prishtina, Kosova,
as well as his diploma and Ph. D. degree in 2010 from Tuebingen University, Tuebingen, Germany. At
present, he is a professor of biology courses at the Faculty of Medicine, University of Prishtina, Prishtina,
Kosova. So far, he has published eight books, two book chapters, and about eighty scientific articles in
the biomedicine research field. His main research interest is defining the molecular mechanisms of
intracellular signaling molecules in the regulation of various cellular processes, including cell transport
systems. He is also focused on human cytogenetics and the signaling pathways involved in the effects of
metabolites from medicinal plants.

Miribane Dérmaku-Sopjani is a chemist and an expert in molecular biochemistry and organic
chemistry. She received a diploma and post-diploma at the department of chemistry of the University of
Prishtina, Prishtina, Kosova, and in 2017, she defended her “Sandwich Model” Ph. D. degree at the
University of Tirana, Albania, in cooperation with the University of Tuebingen, Germany. She has
published two books and about forty scientific articles. At present, she is an assistant professor of
biochemistry and organic chemistry at the department of chemistry, University of Prishtina, Kosova. Her
main interests are signaling pathways and chemical synthesis.

©Encyclopedia of Life Support Systems (EOLSS)



