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Abstract
Sucrose nonfermenting 1-related kinase (SNRK) is a serine/threonine kinase and a member of the adenosine
monophosphate (AMP)-activated protein kinase (AMPK) family that is involved in the metabolic regulatory
mechanisms in various cell types. SNRK is an important mediator in maintaining cellular metabolic homeostasis.
In this review, we discuss the role of SNRK in metabolic tissues where it is expressed, including heart and
adipose tissue. We discuss its role in regulating inflammation in these tissues and the pathways associated with
regulating inflammation. We also discuss SNRK’s role in vascular development and the processes associated with
it. Finally, we review SNRK’s potential as a target in various metabolic dysfunction-associated diseases such as
cardiovascular diseases, diabetes, obesity, and cancer. This comprehensive review on SNRK suggests that it has
therapeutic value in the suppression of inflammation in cardiac and adipose tissue.
Keywords: Sucrose nonfermenting 1-related kinase, metabolism, inflammation, cardiac function, cardiomyocytes,
ischemia, adipocyte, endothelial cells

INTRODUCTION
During embryonic development and cellular differentiation, protein kinases play a vital role in maintaining
cellular homeostasis. Protein kinases constitute an exceptionally large family that has been estimated to
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include more than 1000 mammalian proteins. The sequence similarity of protein kinases in their catalytic
domains indicates that they have evolved from a common precursor protein[1]. Protein kinases play an
important role in signal transduction by phosphorylating specific amino acids of downstream substrates
and catalyzing the conversion of substrate proteins into phosphoproteins. The phosphorylation can
be reversed by protein phosphatases. Protein phosphorylation is one of the common forms of cellular
regulation during various cellular processes including metabolism, proliferation, differentiation, motility,
survival, and death. Protein phosphorylation, first described in eukaryotes, is a post-translational
modification of proteins whereby a phosphate group is covalently attached to a serine, threonine, or
tyrosine residue[2,3]. Eukaryotic serine (S), threonine (T), and tyrosine (Y) kinases are grouped together in
the eukaryotic protein kinase superfamily based on sequence homology in their kinase domains.
The two main groups of the superfamily, the serine/threonine kinases and the tyrosine kinases can be
subdivided further into smaller families which are composed of enzymes that show similar substrate
specificities and mode of regulation[4]. Serine/threonine kinases (STKs) transfer phosphate group from
Adenosine triphosphate (ATP) to the OH (hydroxyl) group on the side chain of a serine or threonine
amino acid residue in a protein, producing ADP and a phosphoprotein. STKs are involved in the
regulation of cellular proliferation, programmed cell death (apoptosis), cell differentiation, and embryonic
development[5]. Similar to STKs, tyrosine-kinase enzymes transfer a phosphate group from ATP to a
tyrosine residue in a protein. Tyrosine-protein kinases are classified into two main groups: (1) receptor
tyrosine kinases, which are attributed to transmembrane proteins involved in signal transduction and
play key roles in growth, differentiation, metabolism, adhesion, motility, death, and oncogenesis[6]; and
(2) cytoplasmic/non-receptor tyrosine kinases, which act as regulatory proteins, playing key roles in
cell differentiation, motility, proliferation, and survival[7]. Several kinases are activated by auto- or transphosphorylation on at least one S/T/Y residue in the activation loop by a second kinase[8].
Sucrose nonfermenting 1-related kinase (SNRK) is a novel member of AMP-activated protein kinase
(AMPK) subfamily of STKs. The AMPK family members share sequence homology with other members
of the family in their catalytic domain[4]. SNRK was first identified in 1996 in 3T3-L1 adipocytes where its
expression was observed during differentiation into an adipocyte-like cell[9]. SNRK is a monomeric enzyme
containing a nuclear localization signal (NLS) domain, an ATP-binding domain, and an active S/T kinase
domain with a conserved T-loop threonine residue (T173)[10] [Figure 1]. Kinases that regulate SNRK activity
have been identified. For example, liver kinase B1 (LKB1) phosphorylates multiple kinases especially the
AMPK family, including SNRK. LKB1 phosphorylates substrates (AMPK and AMPK-related kinases) at
the T-loop threonine residue[11]. Unlike many AMPKs, SNRK does not require an additional stimulus for
activation such as increased AMP:ATP[12] ratio within a cell. SNRK also phosphorylates several proteins
including Rho-associated kinase (ROCK)[12-19]. Thus, SNRK regulation and its associated signaling partners
and pathways are emerging areas of research. Further, SNRK’s role in various cell types in metabolic tissues
such as cardiac and adipose is also emerging. We have compiled a list of publications that suggests SNRK’s
role in numerous cell types, and its influence on the underlying cellular processes [Table 1]. In this review,
we focus on SNRK’s role in the regulation of metabolism and inflammation in heart and adipose tissue, and
the impact of SNRK’s dysregulation on metabolic and inflammatory-associated disease conditions.

SNRK: STRUCTURE, EXPRESSION, AMPK FAMILY ASSOCIATION AND ACTIVATORS
SNRK structure

The AMPK family members have been extensively characterized. These kinase enzymes include AMPKα1,
AMPK α2, MARK1/2/3/4, SIK1/2/3, NUAK1/2, BRSK1/2, and MELK [25]. The AMPK protein family
contains similar domain organization, namely, an N-terminal kinase domain and an adjacent ubiquitinassociated (UBA) domain. SNRK is a novel member of the AMPK family, and a 2.9Å resolution crystal
structure of its N-terminal fragment containing the kinase and adjacent UBA domain is now available[10].
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Figure 1. Schematic diagram of SNRK. A linear schematic of the various domains in SNRK is depicted. The numbers on top of the bars
denote amino acid. UBA: Ubiquitin-associated domain; SNRK: sucrose nonfermenting 1-related kinase

Table 1. The role of SNRK in various cellular systems is shown
System
Cardiac system

Function
Cardiac metabolism
Cardiac functioning

Adipose system

Cardiac inflammation
Adipocyte glucose metabolism
Adipocyte inflammation
Adipose thermogenesis

Vascular system

Vasculogenesis
Angiogenesis

Renal system

Kidney inflammation

Colorectal system

Colon cancer

Ovarian system

Ovarian cancer

Neuronal system

Neuron apoptosis

Role of SNRK in the system
Regulates cardiac metabolism through phospho-acetyl-CoA
carboxylase (ACC) and phospho-AMPK signaling pathway
Regulates Rho-associated kinase (ROCK) signaling pathway and
mitochondrial efficiency through uncoupling protein 3 (UCP3) and
mitochondrial uncoupling
Represses inflammation by regulates NF-κB phosphorylation
Regulates insulin signaling mediated glucose uptake through
PPP2R5D and Akt phosphorylation
Represses inflammation in white adipose tissue through JNK and
IKKβ pathways
Represses WAT inflammation and regulate BAT thermogenesis
through UCP1 and PGC1α
Maintain angioblast populations and control angioblast numbers in
embryonic vascular development through DUSP5
Promote endothelial angiogenesis by activating ITGB1 (β1 integrin)mediated endothelial cell migration
Represses inflammation by directly interacting with NF-κB
phosphorylation
Inhibits colon cancer cell proliferation through upregulation of
calcyclin-binding protein (CacyBP) and β-catenin degradation
Omental adipocytes transport fatty acids for rapid growth,
progression, and metastasis of ovarian cancer cells
Regulates low K+- induced apoptosis in cerebral neurons

Ref.
[15]
[13,16]
[14]
[17]
[19]
[18]
[20]
[21]
[22]
[12]
[23]
[24]

SNRK: sucrose nonfermenting 1-related kinase; AMPK: AMP-activated protein kinase; NF-κB: nuclear factor kappa-light-chain-enhancer
of activated B cells; PPP2R5D: serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit delta isoform; Akt: protein kinase-B;
JNK: Jun N-terminal kinase; IKKβ: IκB kinase β subunit; WAT: white adipose tissue; BAT: brown adipose tissue; PGC1α: peroxisome
proliferator-activated receptor γ isoform α; DUSP5: dual-specificity phosphatase 5; ITGB1: Integrin beta-1

The SNRK sequence is annotated to include a putative kinase domain (residues 24-270) and a hinge region
(residues 271-291) which connects to the UBA domain (residues 292-344) [Figure 1]. The kinase domain
consists of two lobes namely a N-lobe and a C-lobe. The N-lobe of the kinase domain consists of β-sheets
[β2 to β5] and a prominent αC helix. The C-lobe of the kinase domain is mainly α-helical and contains the
activation loop[10] [Figure 1]. The UBA domain of the SNRK is composed of three α helices (α1 to α3) and
binds to the kinase domain through the hinge region. This binding facilitates interaction of both the Nand C-terminal lobes, which is unique compared to other UBA: kinase domain interactions in the AMPK
family. The structure of the UBA domain in SNRK inhibits the kinase activity and thus regulates SNRK’s
activity[10]. Further, the UBA domain is unique among AMPK family members, and this characteristic
triggers and defines specific downstream signals[26-28].
SNRK activation by upstream kinases

SNRK possesses a conserved threonine (T) residue within its activation loop sequence. However, the
identity of the activation loop sequence is not highly conserved among other AMPK-related kinases.
LKB1 activates SNRK by phosphorylating its T-residue 173 (T173). The T residue in the activation loop is
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referred to as “T-loop,” and is part of the three residues Leu (L)-Arg (R)-T that is conserved in the AMPK
protein family. An important step in LKB1 activation is its export from nucleus to the cytoplasm, and
this nuclear transport of LKB1 requires L-rich peptides. Kinases without a -2 L residue before the T-loop
residue cannot get phosphorylated or activated by LKB1 substrate. LKB1 possesses a strong preference to
phosphorylate T compared to the L residue at the -2 position[29] in the T-loop. Interestingly, SNRK and the
13 other AMPK subfamily kinases that are phosphorylated and activated by LKB1 (AMPKα1, AMPKα2,
MARK1/2/3/4, SIK1/2/3, NUAK1/2, and BRSK1/2) has the L residue at the -2 position in the T-loop. LKB1
gets phosphorylated at S325, T366, and S431 residues by upstream kinases and is auto-phosphorylated at
S31, T185, T189, T336, and S404[30] residues. Interestingly, mutation in any of these phosphorylation sites
does not significantly affect its intracellular localization[31,32].
LKB1 was originally identified as a mutated gene in the inherited Peutz-Jeghers Syndrome (PJS), in which
subjects are susceptible to developing benign and malignant tumors[33] in the gastrointestinal organs
stomach and intestines. LKB1 protein is complexed with STE-related adapter (STRAD), an inactive
pseudokinase[34], and mouse protein 25 (MO25)[35], a repeat domain scaffold protein that is responsible
for activation of AMPK family kinases. Phosphorylation of S307 residue in LKB1 facilitates the binding
of LKB1 to the STRAD and MO25 complex, which enables the nucleocytoplasmic transport of LKB1complex[36,37] LKB1:STRAD:MO25 complex and Mg-ATP results in a rapid (20 min) 5-fold activation of
SNRK in the cytoplasm[11]. Therefore, the heterotrimeric complex of LKB1, STRADα or STRADβ, and
MO25α or MO25β is required to obtain maximal activation of SNRK.
Role of SNRK in cardiomyocyte and adipocyte metabolism

To facilitate cell growth and maintenance, chemical reactions associated with cellular metabolism such as
glucose, fatty acid, and amino acid metabolism occurs within a cell. During periods of stress such as low
nutrient environment, the maintenance of cellular metabolism - in turn energy reserves in a cell - is critical.
AMPK is a key sensor of energy needs in a cell. SNRK like AMPK is beginning to show similar critical
roles in metabolism, and is observed in multiple tissues including adipose and cardiac tissues[13-19]. Central
to maintaining cellular energy homeostasis is the control of ATP generation and utilization. We discuss
next the emerging evidence regarding SNRK’s role in maintaining cellular energy homeostasis [Figure 2].
SNRK in cardiac metabolism
In the heart, the myocardium needs to function throughout the life of the organism. In the myocardium,
cardiomyocytes (CMs) are the powerhouses that generate energy. In the prenatal or in utero heart, glucose
and thus glycolysis is necessary for CMs growth. In late gestational and early postnatal stages, glucose
uptake is significantly decreased, creating an intracellular glucose deprivation during development[38]. In
the late phase of cardiac fetal development, circulating lactate contributes to the majority of cardiac oxygen
consumption[39,40] while glucose and fatty acid oxidation (FAO) contribute relatively less[41,42]. In terms
of Snrk, during embryonic development, it is expressed at both mRNA and protein levels in tissues that
have high demand for metabolic activity[19]. The heart is comprised of vascular endothelial cells (ECs) and
smooth muscle cells, in addition to CMs, all of which express SNRK[15]. Loss of Snrk in all tissues [global
knockout (KO)] results in neonatal lethality with enlarged hearts observed at E17.5 and P0[15]. Microarray
analysis of E17.5 hearts revealed systemic metabolic dysregulation[15]. Glycogen, a polysaccharide (serves
as glucose storage) was decreased in E17.5 Snrk global KO hearts. Similarly, lipid storage deposits
demonstrated by oil red O (ORO) staining was also less in E17.5 Snrk global KO heart tissue. Circulating
lipid plasma levels were also lower in Snrk global KO mice. Thus, global loss of Snrk results in defects
associated with cardiac tissue energy sources.
The phospho-AMPK-phospho-acetyl-CoA carboxylase (ACC) [15] is one of the key signaling pathways
associated with cardiac metabolism in neonates and adults. AMPK decreases FAO by phosphorylation
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Figure 2. The role of SNRK in maintaining tissue homeostasis. Phosphorylation or signaling of SNRK to maintain homeostasis in three
systems - cardiac system, adipose system, and inflammatory system is shown. The arrow indicates whether the phosphorylation
is activating (black) or inhibiting (red) for the function of the target protein. The proteins under each system have been implicated
to communicate with SNRK in that system. SNRK: sucrose nonfermenting 1-related kinase; Trib3: tribbles homologue 3; PPARα:
peroxisome proliferator-activated receptor α; UCP3: uncoupling protein 3; ACC: Acetyl-coA carboxylase; AMPK: adenosine
monophosphate-activated protein kinase; ROCK: Rho-associated kinase; ERK: extracellular-signal-regulated kinase; IL-10: interleukin
10; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; IL-6: interleukin 6; TNF-α: tumor necrosis factor α; PRDM16:
PR domain containing 16; UCP1: uncoupling protein 1; PGC1α: peroxisome proliferator-activated receptor-γ co-activator 1α; PPP25RD:
protein phosphatase 2 regulatory subunit B’Delta; mTOR: mammalian target of rapamycin; AKT: protein kinase B

of ACC1 at S79 and ACC2 at S212 residue. ACC enzymes generates malonyl CoA from acetyl CoA (a
byproduct of FAO pathway). Phosphorylation of ACC is inhibitory and thus prevents the generation of
malonyl CoA. This relieves the inhibition on a transporter (carnitine palmitoyltransferase) that allows acyl
CoA to enter mitochondria for b-oxidation and tricarboxylic acid (TCA) cycle to generate acetyl CoA and
ATP respectively. In P0 Snrk global KO hearts, pAMPK and pACC levels were down compared to wild type
hearts suggesting malonyl CoA accumulation and thereby inhibition of carnitine palmitoyltransferase and
loss of b-oxidation or FAO[15]. Thus, SNRK promotes FAO via the pAMPK-pACC pathway in the neonate
P0 hearts.
As the transition from the neonate to postnatal stage ensues, the heart of a newborn will adapt to the
changing environment which is characterized by an increase in contractile demand due to the rapid
growth and increase in activity of the newborn[43]. This results in an increase in energy demand that can be
provided by FAO and mitochondrial ATP production. The high fatty acid content of the maternal milk in
many species is an effective way to supply the high energy demand of the newborn heart. As the newborn
heart matures, the utilization of FAO to meet the overall energy production needs increases, and thus
becomes the dominant substrate in the adult heart. Under normal metabolic conditions, over 95% of ATP
generated in the heart is derived from oxidative phosphorylation. Only 5% of the remaining comes from
glycolysis and to a lesser extent from the TCA cycle[44]. Accordingly, the high-energy phosphate pool in the
heart, ATP, is relatively small and can be exhausted within a few seconds. Therefore, cardiac work depends
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Figure 3. SNRK in cardiac metabolism. The role of SNRK in various metabolic pathways involved in cardiac functioning is depicted.
SNRK: sucrose nonfermenting 1-related kinase

strongly on ATP generation, and impairments in this process can rapidly induce contractile dysfunction.
Of the ATP generated in the adult heart, 70% to 90% is produced by the oxidation of fatty acids (or FAO).
The remaining 10% to 30% comes from the oxidation of glucose and lactate, as well as small amounts of
ketone bodies and certain amino acids[45,46]. Because Snrk global KO mice die at or before birth, studying
SNRK function in adult requires conditional deletion of SNRK in cardiac tissue using the CRE-LoxP
system. Cardiomyocyte-specific (myh6-CRE) Snrk KO mice (Snrk cmcKO) show cardiac functional deficits
at 6 months and die at 9 months. No neonatal lethality was observed in these mice[15]. Neonate hearts from
the Snrk cmcKO mice showed higher ORO retention and no change in pACC-pAMPK signaling pathway.
However, adult Snrk cmcKO hearts at 6 months showed no change in ORO but showed higher pACC
(unpublished data) levels. Thus, the switch in energy source for the heart from glucose in neonates to
fatty acids in adults may partly reflect SNRK’s role at these time points. In terms of cell type, where SNRK
function is critical in the heart, there is little doubt that SNRK-CM function is dominant. This is supported
by the following evidence: (1) Snrk cmcKO show profound cardiac functional deficits at 6 months, die at
9 months, and when stressed by Angiotensin II (Ang II) at 4 months, they show cardiac function deficits
within 14 days and die; (2) Snrk endothelial (TIE2) cell conditional KO (Snrk ecKO) do not show cardiac
functional deficits at 6 months, are alive, and when stressed with Ang II at 4 months do not show cardiac
functional deficits; and (3) SNRK knockdown cardiomyocytes in vitro show metabolic deficits, and NMR
(nuclear magnetic resonance)-based metabolomic analysis revealed SNRK is essential for alanine, aspartate,
and glutamate metabolism [Figure 3] as well as TCA cycle metabolism and it also regulates metabolites
involved in lipid synthesis such as glycerol[47]. It is also noteworthy that pAMPK-pACC levels were
significantly altered in Snrk ecKO neonate hearts and also in adult hearts (unpublished data). But, despite
these alterations, the SNRK in CMs seem to compensate for cardiac function, and thus prevents functional
deficits.
As for the targets of SNRK that are involved in cardiac function, we had previously reported that ROCK
was a putative SNRK substrate in CMs [Figure 2], and showed that Fasudil (ROCK inhibitor) can rescue
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cardiac functional deficits in Snrk cmcKO hearts[13]. ROCK signaling pathway[13] activation is also implicated
in major cardiovascular disorders such as atherosclerosis, restenosis, hypertension, pulmonary hypertension,
and cardiac hypertrophy[48]. Tribbles homologue 3 (Trib3) is another substrate of SNRK in the heart [Figure 2],
and SNRK overexpression in the heart decreases oxygen consumption and improves cardiac function[16].
Trib3 is also a known inhibitor of AKT signaling[49] and metabolic flux is maintained by PPARα-dependent
UCP3 (uncoupling protein 3) downregulation[16]. Thus, SNRK improves cardiac mitochondrial efficiency
and decreases mitochondrial uncoupling[16]. Collectively, SNRK acts as a cardiomyocyte-centric metabolic
sensor in cardiac tissues to maintain cardiac function and homeostasis, and is a novel candidate to target in
order to improve cardiac health.
SNRK in adipocyte metabolism
Adipose tissue is a loose connective tissue composed of adipocytes, cells which contain either a single large
lipid droplet (white adipose tissue) or multiple lipid droplets (brown adipose tissue). Adipocytes release
fatty acids into the bloodstream via lipolysis of lipids. Adipose is a highly dynamic tissue and contains
adipocytes of various size referred to as small and large adipocytes. The properties of adipocytes cells have
been extensively explored for the relationship between cell size and various disease conditions such as
inflammation[50,51], insulin resistance[52,53], and diabetes[54,55]. The correlation between its size and cellular
function as well as in metabolic disease concluded that the size of the adipocyte is an important factor in
predicting pathophysiological conditions[56].
The most known and recognized function of adipose is its role in the storage and release of lipid species,
particularly free fatty acids[57]. SNRK is ubiquitously and abundantly expressed in both white adipose
tissue (WAT) and brown adipose tissue (BAT)[19]. Phosphoproteomic analysis revealed SNRK knockdown
in adipocytes significantly decreased phosphorylation of 49 proteins by 25% or more and increased
phosphorylation of 43 proteins by onefold or higher. Among these proteins, several were involved in
the inflammatory pathways. Pathways such as mTOR signaling were implicated in addition to those that
reduce adipocyte function[19]. In adipocytes, acute inhibition of mTOR signaling by rapamycin increases
insulin-stimulated glucose uptake, but chronic inhibition of mTOR signaling (rapamycin) impairs insulinstimulated glucose uptake[58]. Thus, SNRK’s role in regulating insulin-mediated glucose uptake is contextdependent. In support of this hypothesis, a recent study, from Li et al.[17], reported that SNRK controls
insulin signaling through Protein Phosphatase 2 Regulatory Subunit B’Delta (PPP2R5D) phosphorylation
[Figure 2], which subsequently influences protein phosphatase 2A (PP2A) activity and phosphorylates
AKT in both WAT and BAT. PPP2R5D is one of the four major Ser/Thr phosphatases implicated in the
negative control of cell growth and division. This implies that SNRK activates insulin-stimulated AKT
phosphorylation and glucose uptake in adipocytes. Further, SNRK, specifically in adipocytes, maintains
body weight but it does not change the size of the WAT depot[18]. SNRK keeps circulatory triglycerides and
free fatty acids in check in order to regulate the body weight. These data imply that SNRK is a potential
target for interference in adipocytes to check body weight.
SNRK and inflammation
Tissue inflammation is a key protective mechanism to promote repair caused by ischemia and to
prevent further damage. SNRK appears to control tissue inflammation especially by suppressing the
inflammatory pathways mediated through nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) signaling[14,22] [Figure 2]. To restore normal tissue architecture, post-injury inflammation occurs
in three distinct phases. In the early proinflammatory first phase, components of the innate immune
response initiate the repair by mobilizing the recruitment of key inflammatory cells. In the second
phase, the proinflammatory response begins to diminish and inflammatory cells such as macrophages
switch phenotype to a reparative mode. In the final phase, tissue homeostasis is reestablished when the
inflammatory cells either withdraw from the site of injury or are abolished through apoptosis. However, the
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degree and duration of the response varies, and this dictates whether the final outcome of the inflammation
will be beneficial or harmful. A prolonged inflammatory response has negative consequences such as
activation of a fibrotic response where excessive and aberrant accumulation of collagenous connective
tissues occurs in the organs that can weaken tissue function, and in some cases, lead to organ failure (e.g.,
chronic hepatitis B)[22,59,60].
Often, inflammation is associated with fibrosis in cardiac, adipose and renal tissues[8,14,22,61]. Evidence in
recent years point to a strong link between chronic low-grade inflammation in the heart and metabolic
dysregulation[62-64]. In the case of heart failure and cardiac hypertrophy, the progression of inflammation
usually involves a local rise of cytokines in cardiac cells such as CMs, ECs, and fibroblasts and the
activation of the proinflammatory transcription factor nuclear factor NF-κB[14,65,66]. In the cardiac system,
inflammation is often associated with the deposition of collagen, leading to fibrosis in the heart. Removal
of Snrk in CMs increases the phosphorylation of NF-κB p65 and increases proinflammatory cytokine
signaling which is partially mediated through Akt. This suggests that SNRK represses inflammation
signaling in CMs, which when unchecked, progresses to fibrosis and death. However, when Snrk is deleted
in cardiac ECs, these hearts show increases in NF-κB p65 and proinflammatory cytokine signaling, which
does not progress to fibrosis. These data collectively suggest that SNRK in CMs compensates for SNRK
loss of function in ECs[14], and also implies crosstalk signaling between CMs and ECs in cardiomyocyte
remodeling.
Healthy adipose tissue is vital for metabolic homeostasis, whereas dysfunctional adipose is a contributing
factor for metabolic disorders such as obesity, type 2 diabetes mellitus, and cardiovascular diseases[67-69].
SNRK expression is high in the metabolic adipose tissue. In the adipocytes, SNRK protein is localized to
lysosomes, the site for degradation of large intracellular organelles or assembly of protein aggregates[19].
Adipocyte-specific SNRK represses inflammation in WAT through the JNK and IKKβ signaling pathways.
Under obesity conditions, the expression level of SNRK is low because of obesity-induced adipose
inflammation and/or lipid toxicity. Removal of SNRK specifically in adipocytes leads to metabolic
disturbances with decreased energy expenditure, higher body weight, and increased insulin resistance[18,19],
suggesting that SNRK regulates and controls these metabolic pathways.
In the renal system, SNRK in glomerular ECs binds directly to p65 subunit of NF-κB (activated by Ang II)
to suppress inflammatory signaling. Activated NF-κB plays a critical role in renal damage which occurs as
a result of unchecked inflammation and fibrosis[22]. These evidences suggest that SNRK acts as a repressor
of inflammation in cardiac, adipose, and renal tissues, all of which are critical for the maintenance of
organismal homeostasis and function.
Role of SNRK in vascular development

During embryonic development, vascular networks permeate the entire body and this conduit is used for
the circulation of metabolites and removal of waste products. The vascular system emerges as one of the
earliest networks in the embryo to support the rapid growth of tissues. The adult vasculature is generally
quiescent but retains the capacity to shift from this dormant state to an expansion and remodeling state.
This occurs during normal physiological conditions such as wound healing or pathological states such as
tumor neovascularization. The differentiation of angioblasts (precursor cells) into ECs and the de novo
formation of a primitive vascular network is called vasculogenesis. After primary vascular plexus is
formed, a second process during development occurs wherein more ECs are generated via a process called
angiogenesis which is the growth of new blood vessels from existing vasculature[70]. Thus, vasculogenesis
and angiogenesis are the two predominant sequential coordinated processes for blood vessel formation
during development[70,71].
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SNRK in vasculogenesis
The initial loss of function studies in vivo for Snrk was performed in the vertebrate zebrafish model system.
Zebrafish offers various advantages as a model system including established genetics, loss and gain of
function technology, transparency of embryos, fluorescent transgenic reporter lines, ex vivo development
of embryos, and several others[72-74]. During embryonic development, angioblasts migrate from lateral
plate mesoderm to the midline, differentiate in arterial or venous endothelial cells and coalesce to form
cord-like structures which eventually mature to form the major axial blood vessels, namely dorsal aorta
(DA) and posterior cardinal vein (PCV)[75]. The kinase function of SNRK was shown to be essential for
angioblast migration and is required for localization and maintenance of these cells in the lateral plate
mesoderm[76]. SNRK also functions later (19-22 h post-fertilization) during angioblast differentiation to
arteries and veins in zebrafish where it is involved with Notch signaling-mediated arterial or venous (A/V)
specification. Studies in zebrafish reveals that within 2 h of the formation of angioblasts, angioblasts begin
their migration to the dorsal midline, and by 18 h post-fertilization, angioblasts coalesce at the midline to
form the two major axial vessels (DA & PCV)[77,78]. Thus, sufficient number of angioblasts are needed in the
embryo to facilitate this process. As described earlier, most kinases are counter balanced by phosphatases.
In the lateral plate mesoderm, dual-specific phosphatase 5 (DUSP5), a member of MAPK phosphatases
was identified as a vascular-specific gene in 2 independent microarray studies[74,79]. Subsequent analysis
shows that Dusp-5 phosphatase and SNRK kinase function together in maintaining angioblast populations
during embryonic vascular development[20]. Thus, the signaling pathway and the targets that are regulated
by SNRK and DUSP5 are likely to reveal more understanding of the basic vasculogenesis process during
vertebrate organogenesis.
SNRK in angiogenesis
The main mediator of angiogenesis is the arrangement of ECs in tip and stalk cells[80]. Tip cells containing
filopodia invade surrounding tissue leading to the path of neo-vessel formation. Vascular endothelial
growth factor and Notch signaling pathways are vital for tip cell differentiation[80]. Most of our current
knowledge about the morphological processes and molecular regulation of angiogenesis are from the
developing zebrafish embryos or the vascularization of postnatal mouse retina[80,81]. In zebrafish, the
accessibility of embryos for live imaging provided unprecedented observations which have unraveled new
concepts in angiogenesis. Analysis of the zebrafish head and trunk vasculature reveals that SNRK controls
patterning of vessels in both locations[20]. In retina, the segregation of vascular and avascular compartments
and the visualization of the progressive expansion of blood vessels from the center to periphery makes
it an attractive model to study tip versus stalk cell formation during angiogenesis. In this model,
endothelial SNRK was found to be essential for vascular patterning in that it controls vessel diameter and
vascularization area in the retina[21]. This regulation is partially mediated through transcription factor
hypoxia-inducible factor-1a (HIF1α), which is induced under a physiological drop in oxygen concentration
below 60 mmHg, a condition referred to as hypoxia. The hypoxia state in tissue often induces angiogenesis.
Similarly, during both acute and chronic myocardial ischemia, angiogenesis is stimulated. Ischemia-driven
angiogenesis is primarily an adaptive physiological response to either an increase in tissue mass or elevated
oxygen consumption[82]. Under ischemic condition, HIF1α is upregulated and was shown to interact
directly to SNRK promoter[21]. This binding results in transcriptional upregulation of SNRK mRNA, which
then promotes angiogenesis by activating ITGB1 (β1 integrin)-mediated EC migration[21]. Thus, SNRK
plays a vital function in developing vasculogenesis and ischemic angiogenesis. However, its exact role and
the underlying mechanisms associated with facilitating normal angiogenesis remains unknown.
Role of SNRK in disease

Inflammation and metabolic dysregulation are major contributing factors to disease. Because SNRK
participates in both processes, it is considered an important target for intervention. Based on SNRK’s
preponderance as a repressor of cellular functions, we consider SNRK as a checkpoint in cells. Thus,
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Figure 4. Important functions of SNRK. The important function of SNRK in various signaling paradigms, and consequence associated
with that in respective tissues is depicted. The arrows indicate activation (black) and inhibition (red). SNRK: sucrose nonfermenting
1-related kinase

therapeutic approaches that support SNRK agonist development is preferred. Further, SNRK’s role at the
interface of inflammation and metabolism will benefit conditions such as heart failure or diabetes. We
hypothesize that molecules such as SNRK that work at interfaces of inflammation-metabolism will help
reduce the progression of the disease. In addition, SNRK’s ability to suppress inflammation in multiple
systems, such as cardiac, adipose, and renal, opens avenues for therapeutic development in these organ
systems.
SNRK in heart failure
Progressive heart failure (HF) is a chronic condition, and current therapies targeting HF are insufficient.
HF is a leading cause of morbidity and is associated with increasing mortality rate worldwide. HF is often
accompanied with significant perturbations in energy metabolism that can affect both cardiac energy
supply and efficiency[83]. HF is also associated with several underlying comorbidities including dilated
cardiomyopathy, myocardial infarction, hypertension, and myocarditis. Metabolic changes or dysfunctions
in cardiac tissue are one of the main reasons for HF progression. Prolonged exposure of metabolic stress in
the heart decreases its functional ability, especially by reducing mitochondrial function, which is the main
energy generating source in the heart. Mitochondrial dysfunction appears to be a vital target for direct
intervention to improve cardiac function because it primarily uses fatty acids for ATP production[84]. SNRK
is involved in the regulation of the mitochondrial substrate usage and oxygen consumption to maintain
cardiac energy and functioning[16]. Progressive HF reduces free fatty acid breakdown resulting in less ATP
production, more inflammation, and increased fibrosis. SNRK in CMs regulates cardiac energy homeostasis
by maintaining FAO[15] [Figure 4]. Loss of functionally active SNRK in CMs makes the heart vulnerable
and the mice succumb in approximately 9 months. Any additional stress such as angiotensin II (Ang II)
accelerates HF and the mice dies in two weeks post Ang II infusion. Cardiac functional parameters are
severely compromised with upregulation of inflammation and fibrosis markers[14] in the heart tissue. HF is
typically associated with cardiac remodeling where inflammation and fibrosis are thought to play crucial
roles[60]. These studies suggest that maintaining SNRK function in CMs is key to preventing HF. In the
heart, in addition to CMs, ECs are also present in higher numbers than previously thought[85]. Interestingly,
when SNRK was deleted in ECs, the hearts from these mice did not show cardiac function deficits in wild
type state or in Ang II-induced state. As mentioned earlier, the NF-κB pathway was activated in these
hearts [Figure 4], but no fibrosis was observed[14]. These studies suggest an overriding role for SNRK in
CMs and its compensation of functional defects elicited by other cell types in the heart. Further, SNRK in
CM keeps inflammation and fibrosis under check which allows the heart to continue its function. These
studies suggest important concepts that require more investigation as it relates to SNRK’s role in HF, which
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include: (1) SNRK-mediated cell-cell communication in the heart; (2) pharmacological activation of SNRK
selectively in CMs to suppress inflammation and metabolic dysregulation; and (3) SNRK activation in CMs
to promote cardiac output via mitochondrial or other mechanisms. Some of SNRK’s cardiac function are
reminiscent of mitochondrial sirtuin proteins specifically SIRT3, wherein Sirt3 knockout mice are highly
sensitive to stress, which leads to cardiac hypertrophy, fibrosis, and increased mortality[86]. Compounds
such as Honokiol that activate mitochondrial Sirt3, block and reverse cardiac hypertrophy in mice[87] and
show protective cardiac function[88] could be candidates for testing in Snrk cmcKO mice. Collectively, the
therapeutic value of SNRK-CMs-mediated signaling to prevent HF is an emerging area of translational
research in cardiovascular medicine.
SNRK in diabetes
Diabetes mellitus is often referred to as a metabolic condition that results in high blood glucose levels. Type
1 diabetes (T1D) is a severe form of the disease and is often referred to as juvenile diabetes or “insulindependent diabetes” which is the result of loss of insulin-hormone producing islet cells in the pancreas
which normally promotes glucose metabolism. Type 2 diabetes (T2D), the most common form of diabetes,
is also referred to as adult onset diabetes or “non-insulin-dependent diabetes.” In T2D, the insulin receptor
is defective and insulin produced by the pancreatic cells cannot function to facilitate efficient glucose
metabolism. This is often referred to as “insulin-resistance” state. Insulin secreted by pancreas influences
other organs including muscle (glucose uptake and storage), liver (decrease glucose production), and
adipocytes (increased lipogenesis). SNRK’s connection to diabetes was first identified by studying its role
on adipocytes[19]. SNRK is abundantly expressed in adipose tissue (WAT and BAT), and its expression is
induced by insulin. SNRK knockdown in adipocytes promotes lipolysis, impairs glucose uptake[17], and
activates NF-κB inflammatory signaling pathway. Thus, SNRK, like in CMs, seems to function in adipocyte
as a repressor of adipocyte inflammation. The specific mechanism utilized by SNRK to prevent insulin
resistance in adipose tissue is through protein phosphatase 2 regulatory subunit B’ delta (PPP2R5D)
phosphorylation, which impacts PP2A activity and phosphorylation of AKT[17] [Figure 4]. The SNRKAKT connection is intriguing given that this signaling nexus was also observed in heart tissues from Snrk
cmcKO mice[14]. Thus, further investigations is needed into the direct versus indirect regulation of SNRKAKT pathway in CMs and adipocytes.
Obesity is a key risk factor for insulin resistance T2D[89]. Interestingly, in humans and mouse models
of obesity, adipose SNRK expression levels are diminished. Further, adipocyte-specific deletion of Snrk
causes inflammation in WAT along with ectopic lipid deposition in liver and muscle[18]. Homozygous loss
of Snrk in adipocytes decreases the expression of uncoupling protein 1 (UCP1), PR domain containing
16 (PRDM16), and Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1 α)
in BAT. One of the primary functions of adipocytes is to insulate the body, a process also referred to
as “thermogenesis”. All three molecules UCP1, PRDM16, and PGC-1α play an important role in BAT
thermogenesis [18]. To increase heat production, lipids in adipocytes are catabolized, a process that
gets dysregulated in obese conditions, which results in increased inflammation and insulin resistance.
Adipocyte-specific deletion of Snrk cause impairment in adaptive thermogenesis in BAT leading to
decreased energy expenditure, elevated body weight, and insulin resistance. Importantly, a significant
association in SNRK genetic variants and obesity risk was identified in humans[18]. These studies collectively
make a case for SNRK as a novel target for treating obesity and insulin resistance-related metabolic
disorders including diabetes.
SNRK in cancer
Reprogramming of cellular energy metabolism is one of the principal hallmarks of cancer[90]. We think
that tumor cells can exploit SNRK’s role in controlling metabolic pathways in various tissues. For example,
LKB1, an upstream regulator of SNRK function, has been identified as a critical cancer suppressor protein
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and is mutated in several types of cancers[91-96]. LKB1 may inhibit cancer cell growth through regulation of
HIF-1 under hypoxic condition. Hypoxia is an important characteristic in most cancers, and induces the
expression of HIF-1 transcription factor. HIF-1 can subsequently activate genes that permit cancer cells
to survive and grow in the hypoxic tumor environment[97]. HIF1α binds to the SNRK promotor during
ischemia, and induces it expression. SNRK protein is found in both cytoplasm and in the nucleus and
regulates genes involved in DNA synthesis and cell cycle regulation [Figure 4]. Overexpression of Snrk
decreases cell proliferation, whereas downregulation of Snrk increased cell proliferation in colon cancer
cell lines. Mechanistically, SNRK inhibits the proliferation of colon cancer cells through upregulation of
calcyclin-binding protein (CacyBP) and β-catenin degradation[12]. CacyBP is a tumor suppressor which
has been implicated in reducing cancer cell proliferation through regulating cell cycle G1 check point in
breast[98], gastric[99], and kidney cancers[100].
Another tumor type that depends extensively on host metabolism are ovarian cancer cells[23]. Adipocytes in
the omentum (fat layer underlying the belly) microenvironment[101] provide fatty acids as source of energy
to ovarian cancer cells to support their rapid growth, progression, and metastasis[24]. In ovarian cancer, the
expression of SNRK is lower in metastatic tumors and is differentially expressed depending on the stage of
the disease. This suggests that SNRK has specific roles in the disease progression of ovarian cancer[98] and
may have diagnostic value for stratifying ovarian tumors of varying types. However, much work is needed
to realize SNRK’s full potential and its importance in cancer biology.
In summary, therapeutic strategies directed towards the enhancement of SNRK function could significantly
improve the clinical conditions associated with inflammation and metabolic dysfunction.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES
A considerable amount of evidence supports the notion that SNRK activation may act as a suppressor of
inflammation and metabolic processes. Inflammation suppression comes with direct inhibition of NF-κBmediated inflammatory signaling, one of the signature pathways that SNRK controls. SNRK’s role in
regulating glucose and fatty acid metabolism is considered significant for the function of cardiac and
adipose tissues. Given that mitochondria is a major source of ATP production in the cell, it is not surprising
that SNRK is involved in regulating mitochondrial bioenergetic potential in CMs. Emerging evidence
in SNRK biology also suggests that it plays a defining role in cell-cell communications in various tissues
that will extend beyond adipose, renal, and cardiac tissues. In adipose tissues, SNRK plays a predominant
anti-inflammatory role. In renal tissues, endothelial SNRK protect the kidney epithelium from becoming
fibrotic. In the cardiac tissues, CMs SNRK is necessary for protecting ECs from undergoing fibrosis. In
addition, SNRK role in phosphorylating proteins (substrates) whether directly or indirectly to either
promote or inhibit its target activity/signaling pathway will need extensive evaluation and is the future of
SNRK signaling. Finally, SNRK’s role in causative human disease phenotypes will cement the importance
of this molecule from a translational biology perspective. The next 10 years of SNRK biology will be
interesting and exciting to witness, and our group along with many others will benefit from this knowledge
which we hope one day will impact patients’ lives in the form of SNRK-centric novel treatments.

DECLARATIONS
Acknowledgments

We thank Sean Palecek, PhD, University of Wisconsin-Madison for providing images that are part of the
cover picture in this series.
Authors’ contributions

Wrote drafts of the manuscript, conceptualized ideas, and provided inputs for all aspects of the manuscript
preparation: Thirugnanam K

Thirugnanam et al. Vessel Plus 2020;4:26 I http://dx.doi.org/10.20517/2574-1209.2020.18

Page 13 of 16

Edited and wrote parts of the manuscript, conceptualized ideas, provided input for scientific content and
presentation, and provided financial support for the project: Ramchandran R
Availability of data and materials

Not applicable.

Financial support and sponsorship

This work was supported partly by grants from National Institutes of Health (NIH, HL123338), Children’s
Research Institute, and Department of Pediatrics. The funding agency had no design in the experiment
design, collection, analysis, interpretation of data, or writing of the manuscript.
Conflicts of interest

Both authors declared that there are no conflicts of interest.
Ethical approval and consent to participate

Not applicable.

Consent for publication

Not applicable.
Copyright

© The Author(s) 2020.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Hunter T. A thousand and one protein kinases. Cell 1987;50:823-9.
Pereira SF, Goss L, Dworkin J. Eukaryote-like serine/threonine kinases and phosphatases in bacteria. Microbiol Mol Biol Rev
2011;75:192-212.
Kyriakis JM. In the beginning, there was protein phosphorylation. J Biol Chem 2014;289:9460-2.
Hanks SK, Hunter T. Protein kinases 6. The eukaryotic protein kinase superfamily: kinase [catalytic] domain structure and classification.
FASEB J 1995;9:576-96.
Thiel G, Ekici M, Rössler OG. Regulation of cellular proliferation, differentiation and cell death by activated Raf. Cell Commun Signal
2009;7:8.
Sharma PS, Sharma R, Tyagi T. Receptor tyrosine kinase inhibitors as potent weapons in war against cancers. Curr Pharm Des
2009;15:758-76.
Roskoski R Jr. Src kinase regulation by phosphorylation and dephosphorylation. Biochem Biophys Res Commun 2005;331:1-14.
Nolen B, Taylor S, Ghosh G. Regulation of protein kinases; controlling activity through activation segment conformation. Mol Cell
2004;15:661-75.
Becker W, Heukelbach J, Kentrup H, Joost HG. Molecular cloning and characterization of a novel mammalian protein kinase harboring a
homology domain that defines a subfamily of serine/threonine kinases. Eur J Biochem 1996;235:736-43.
Wang YL, Wang J, Chen X, Wang ZX, Wu JW. Crystal structure of the kinase and UBA domains of SNRK reveals a distinct UBA binding
mode in the AMPK family. Biochem Biophys Res Commun 2018;495:1-6.
Jaleel M, McBride A, Lizcano JM, Deak M, Toth R, et al. Identification of the sucrose non-fermenting related kinase SNRK, as a novel
LKB1 substrate. FEBS Lett 2005;579:1417-23.
Rines AK, Burke MA, Fernandez RP, Volpert OV, Ardehali H. Snf1-related kinase inhibits colon cancer cell proliferation through
calcyclin-binding protein-dependent reduction of β-catenin. FASEB J 2012;26:4685-95.
Cossette SM, Bhute VJ, Bao X, Harmann LM, Horswill MA, et al. Sucrose nonfermenting-related kinase enzyme-mediated rhoassociated kinase signaling is responsible for cardiac function. Circ Cardiovasc Genet 2016;9:474-86.
Thirugnanam K, Cossette SM, Lu Q, Chowdhury SR, Harmann LM, et al. Cardiomyocyte-specific snrk prevents inflammation in the
heart. J Am Heart Assoc 2019;8:e012792.
Cossette SM, Gastonguay AJ, Bao X, Lerch-Gaggl A, Zhong L, et al. Sucrose non-fermenting related kinase enzyme is essential for
cardiac metabolism. Biol Open 2014;4:48-61.
Rines AK, Chang HC, Wu R, Sato T, Khechaduri A, et al. Snf1-related kinase improves cardiac mitochondrial efficiency and decreases
mitochondrial uncoupling. Nat Commun 2017;8:14095.
Li J, An R, Lai S, Li L, Liu S, et al. Dysregulation of PP2A-Akt interaction contributes to Sucrose non-fermenting related kinase (SNRK)

Page 14 of 16

Thirugnanam et al. Vessel Plus 2020;4:26 I http://dx.doi.org/10.20517/2574-1209.2020.18

deficiency induced insulin resistance in adipose tissue. Mol Metab 2019;28:26-35.
18. Li J, Feng B, Nie Y, Jiao P, Lin X, et al. Sucrose nonfermenting-related kinase regulates both adipose inflammation and energy
homeostasis in mice and humans. Diabetes 2018;67:400-11.
19. Li Y, Nie Y, Helou Y, Ding G, Feng B, et al. Identification of sucrose non-fermenting-related kinase (SNRK) as a suppressor of adipocyte
inflammation. Diabetes 2013;62:2396-409.
20. Pramanik K, Chun CZ, Garnaas MK, Samant GV, Li K, et al. Dusp-5 and Snrk-1 coordinately function during vascular development and
disease. Blood 2009;113:1184-91.
21. Lu Q, Xie Z, Yan C, Ding Y, Ma Z, et al. SNRK (sucrose nonfermenting 1-related kinase) promotes angiogenesis in vivo. Arterioscler
Thromb Vasc Biol 2018;38:373-85.
22. Lu Q, Ma Z, Ding Y, Bedarida T, Chen L, et al. Circulating miR-103a-3p contributes to angiotensin II-induced renal inflammation and
fibrosis via a SNRK/NF-κB/p65 regulatory axis. Nat Commun 2019;10:2145.
23. Hopp EE, Cossette SM, Kumar SN, Eastwood D, Ramchandran R, et al. Sucrose non-fermenting related kinase expression in ovarian
cancer and correlation with clinical features. Cancer Invest 2017;35:456-62.
24. Yoshida K, Yamada M, Nishio C, Konishi A, Hatanaka H. SNRK, a member of the SNF1 family, is related to low K[+]-induced apoptosis
of cultured rat cerebellar granule neurons. Brain Res 2000;873:274-82.
25. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein kinase complement of the human genome. Science
2002;298:1912-34.
26. Bright NJ, Thornton C, Carling D. The regulation and function of mammalian AMPK-related kinases. Acta Physiol (Oxf) 2009;196:15-26.
27. Rider MH. The ubiquitin-associated domain of AMPK-related protein kinases allows LKB1-induced phosphorylation and activation.
Biochem J 2006;394:e7-9.
28. Chen L, Jiao ZH, Zheng LS, Zhang YY, Xie ST, et al. Structural insight into the autoinhibition mechanism of AMP-activated protein
kinase. Nature 2009;459:1146-9.
29. Shaw RJ, Kosmatka M, Bardeesy N, Hurley RL, Witters LA, et al. The tumor suppressor LKB1 kinase directly activates AMP-activated
kinase and regulates apoptosis in response to energy stress. Proc Natl Acad Sci U S A 2004;101:3329-35.
30. Alessi DR, Sakamoto K, Bayascas JR. LKB1-dependent signaling pathways. Annu Rev Biochem 2006;75:137-63.
31. Sapkota GP, Boudeau J, Deak M, Kieloch A, Morrice N, et al. Identification and characterization of four novel phosphorylation sites (Ser31,
Ser325, Thr336 and Thr366) on LKB1/STK11, the protein kinase mutated in Peutz-Jeghers cancer syndrome. Biochem J 2002;362:481-90.
32. Sapkota GP, Kieloch A, Lizcano JM, Lain S, Arthur JS, et al. Phosphorylation of the protein kinase mutated in Peutz-Jeghers cancer
syndrome, LKB1/STK11, at Ser431 by p90(RSK) and cAMP-dependent protein kinase, but not its farnesylation at Cys(433), is essential
for LKB1 to suppress cell vrowth. J Biol Chem 2001;276:19469-82.
33. Hemminki A, Markie D, Tomlinson I, Avizienyte E, Roth S, et al. A serine/threonine kinase gene defective in Peutz-Jeghers syndrome.
Nature 1998;391:184-7.
34. Baas AF, Boudeau J, Sapkota GP, Smit L, Medema R, et al. Activation of the tumour suppressor kinase LKB1 by the STE20-like
pseudokinase STRAD. EMBO J 2003;22:3062-72.
35. Boudeau J, Baas AF, Deak M, Morrice NA, Kieloch A, et al. MO25alpha/beta interact with STRADalpha/beta enhancing their ability to
bind, activate and localize LKB1 in the cytoplasm. EMBO J 2003;22:5102-14.
36. Xie Z, Dong Y, Zhang J, Scholz R, Neumann D, et al. Identification of the serine 307 of LKB1 as a novel phosphorylation site essential
for its nucleocytoplasmic transport and endothelial cell angiogenesis. Mol Cell Biol 2009;29:3582-96.
37. Boudeau J, Scott JW, Resta N, Deak M, Kieloch A, et al. Analysis of the LKB1-STRAD-MO25 complex. J Cell Sci 2004;117:6365-75.
38. Nakano H, Minami I, Braas D, Pappoe H, Wu X, et al. Glucose inhibits cardiac muscle maturation through nucleotide biosynthesis. Elife
2017;6:e29330.
39. Bartelds B, Knoester H, Smid GB, Takens J, Visser GH, et al. Perinatal changes in myocardial metabolism in lambs. Circulation
2000;102:926-31.
40. Fisher DJ, Heymann MA, Rudolph AM. Myocardial oxygen and carbohydrate consumption in fetal lambs in utero and in adult sheep. Am
J Physiol 1980;238:H399-405.
41. Warshaw JB, Terry ML. Cellular energy metabolism during fetal development. II. Fatty acid oxidation by the developing heart. J Cell
Biol 1970;44:354-60.
42. Werner JC, Sicard RE, Schuler HG. Palmitate oxidation by isolated working fetal and newborn pig hearts. Am J Physiol
1989;256:E315-21.
43. Piquereau J, Ventura-Clapier R. Maturation of Cardiac Energy Metabolism During Perinatal Development. Front Physiol 2018;9:959.
44. Kolwicz SC Jr, Purohit S, Tian R. Cardiac metabolism and its interactions with contraction, growth, and survival of cardiomyocytes. Circ
Res 2013;113:603-16.
45. Wisneski JA, Gertz EW, Neese RA, Gruenke LD, Craig JC. Dual carbon-labeled isotope experiments using D-(6-14C) glucose
and L-(1,2,3-13C3) lactate: a new approach for investigating human myocardial metabolism during ischemia. J Am Coll Cardiol
1985;5:1138-46.
46. Gertz EW, Wisneski JA, Stanley WC, Neese RA. Myocardial substrate utilization during exercise in humans. Dual carbon-labeled
carbohydrate isotope experiments. J Clin Invest 1988;82:2017-25.
47. D’Souza K, Nzirorera C, Kienesberger PC. Lipid metabolism and signaling in cardiac lipotoxicity. Biochim Biophys Acta
2016;1861:1513-24.
48. Loirand G, Guérin P, Pacaud P. Rho kinases in cardiovascular physiology and pathophysiology. Circ Res 2006;98:322-34.

Thirugnanam et al. Vessel Plus 2020;4:26 I http://dx.doi.org/10.20517/2574-1209.2020.18

Page 15 of 16

49. Du K, Herzig S, Kulkarni RN, Montminy M. TRB3: a tribbles homolog that inhibits Akt/PKB activation by insulin in liver. Science.
2003;300:1574-7.
50. Rotter V, Nagaev I, Smith U. Interleukin-6 (IL-6) induces insulin resistance in 3T3-L1 adipocytes and is, like IL-8 and tumor necrosis
factor-alpha, overexpressed in human fat cells from insulin-resistant subjects. J Biol Chem 2003;278:45777-84.
51. Skurk T, Alberti-Huber C, Herder C, Hauner H. Relationship between adipocyte size and adipokine expression and secretion. J Clin
Endocrinol Metab 2007;92:1023-33.
52. Bernstein RS, Grant N, Kipnis DM. Hyperinsulinemia and enlarged adipocytes in patients with endogenous hyperlipoproteinemia without
obesity or diabetes mellitus. Diabetes 1975;24:207-13.
53. Brook CG, Lloyd JK. Adipose cell size and glucose tolerance in obese children and effects of diet. Arch Dis Child 1973;48:301-4.
54. McLaughlin T, Sherman A, Tsao P, Gonzalez O, Yee G, et al. Enhanced proportion of small adipose cells in insulin-resistant vs insulinsensitive obese individuals implicates impaired adipogenesis. Diabetologia 2007;50:1707-15.
55. Weyer C, Foley JE, Bogardus C, Tataranni PA, Pratley RE. Enlarged subcutaneous abdominal adipocyte size, but not obesity itself,
predicts type II diabetes independent of insulin resistance. Diabetologia 2000 Dec;43:1498-506.
56. Laforest S, Labrecque J, Michaud A, Cianflone K, Tchernof A. Adipocyte size as a determinant of metabolic disease and adipose tissue
dysfunction. Crit Rev Clin Lab Sci 2015;52:301-13.
57. Ha EE, Bauer RC. Emerging roles for adipose tissue in cardiovascular disease. Arterioscler Thromb Vasc Biol 2018;38:e137-44.
58. Veilleux A, Houde VP, Bellmann K, Marette A. Chronic inhibition of the mTORC1/S6K1 pathway increases insulin-induced PI3K
activity but inhibits Akt2 and glucose transport stimulation in 3T3-L1 adipocytes. Mol Endocrinol 2010;24:766-78.
59. Suthahar N, Meijers WC, Silljé HHW, de Boer RA. From inflammation to fibrosis-molecular and cellular mechanisms of myocardial
tissue remodelling and perspectives on differential treatment opportunities. Curr Heart Fail Rep 2017;14:235-50.
60. Van Linthout S, Tschöpe C. Inflammation - cause or consequence of heart failure or both? Curr Heart Fail Rep 2017;14:251-65.
61. Khan T, Muise ES, Iyengar P, Wang ZV, Chandalia M, et al. Metabolic dysregulation and adipose tissue fibrosis: role of collagen VI. Mol
Cell Biol 2009;29:1575-91.
62. Ko HJ, Zhang Z, Jung DY, Jun JY, Ma Z, et al. Nutrient stress activates inflammation and reduces glucose metabolism by suppressing
AMP-activated protein kinase in the heart. Diabetes 2009;58:2536-46.
63. Tikellis C, Thomas MC, Harcourt BE, Coughlan MT, Pete J, et al. Cardiac inflammation associated with a Western diet is mediated via
activation of RAGE by AGEs. Am J Physiol Endocrinol Metab 2008;295:E323-30.
64. Song X, Kusakari Y, Xiao CY, Kinsella SD, Rosenberg MA, et al. mTOR attenuates the inflammatory response in cardiomyocytes and
prevents cardiac dysfunction in pathological hypertrophy. Am J Physiol Cell Physiol 2010;299:C1256-66.
65. Palomer X, Salvadó L, Barroso E, Vázquez-Carrera M. An overview of the crosstalk between inflammatory processes and metabolic
dysregulation during diabetic cardiomyopathy. Int J Cardiol 2013;168:3160-72.
66. Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac fibrosis: the fibroblast awakens. Circ Res 2016;118:1021-40.
67. Blüher M. The distinction of metabolically ‘healthy’ from ‘unhealthy’ obese individuals. Curr Opin Lipidol 2010;21:38-43.
68. Wernstedt Asterholm I, Tao C, Morley TS, Wang QA, Delgado-Lopez F, et al. Adipocyte inflammation is essential for healthy adipose
tissue expansion and remodeling. Cell Metab 2014;20:103-18.
69. Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular disease. Circ Res 2005;96:939-49.
70. Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, et al. Abnormal blood vessel development and lethality in embryos lacking a
single VEGF allele. Nature 1996;380:435-9.
71. Risau W, Flamme I. Vasculogenesis. Annu Rev Cell Dev Biol 1995;11:73-91.
72. Prabhudesai S, Koceja C, Dey A, Eisa-Beygi S, Leigh NR, et al. Cystathionine β-synthase is necessary for axis development in vivo.
Front Cell Dev Biol 2018;6:14.
73. Eisa-Beygi S, Benslimane FM, El-Rass S, Prabhudesai S, Abdelrasoul MKA, et al. Characterization of endothelial cilia distribution
during cerebral-vascular development in Zebrafish [ Danio rerio]. Arterioscler Thromb Vasc Biol 2018;38:2806-18.
74. Leigh NR, Schupp MO, Li K, Padmanabhan V, Gastonguay A, et al. Mmp17b is essential for proper neural crest cell migration in vivo.
PLoS One 2013;8:e76484.
75. Pardanaud L, Yassine F, Dieterlen-Lievre F. Relationship between vasculogenesis, angiogenesis and haemopoiesis during avian ontogeny.
Development 1989;105:473-85.
76. Chun CZ, Kaur S, Samant GV, Wang L, Pramanik K, et al. Snrk-1 is involved in multiple steps of angioblast development and acts via
notch signaling pathway in artery-vein specification in vertebrates. Blood 2009;113:1192-9.
77. Eriksson J, Löfberg J. Development of the hypochord and dorsal aorta in the zebrafish embryo [Danio rerio]. J Morphol 2000;244:167-76.
78. Fouquet B, Weinstein BM, Serluca FC, Fishman MC. Vessel patterning in the embryo of the zebrafish: guidance by notochord. Dev Biol
1997;183:37-48.
79. Sumanas S, Jorniak T, Lin S. Identification of novel vascular endothelial-specific genes by the microarray analysis of the zebrafish cloche
mutants. Blood 2005;106:534-41.
80. Eilken HM, Adams RH. Dynamics of endothelial cell behavior in sprouting angiogenesis. Curr Opin Cell Biol 2010;22:617-25.
81. Uemura A, Kusuhara S, Katsuta H, Nishikawa S. Angiogenesis in the mouse retina: a model system for experimental manipulation. Exp
Cell Res 2006;312:676-83.
82. Nessa A, Latif SA, Siddiqui NI, Hussain MA, Bhuiyan MR, et al. Angiogenesis-a novel therapeutic approach for ischemic heart disease.
Mymensingh Med J 2009;18:264-72.
83. Mori J, Zhang L, Oudit GY, Lopaschuk GD. Impact of the renin-angiotensin system on cardiac energy metabolism in heart failure. J Mol

Page 16 of 16

Thirugnanam et al. Vessel Plus 2020;4:26 I http://dx.doi.org/10.20517/2574-1209.2020.18

Cell Cardiol 2013;63:98-106.
84. Gottlieb RA, Bernstein D. METABOLISM. Mitochondria shape cardiac metabolism. Science 2015;350:1162-3.
85. Pinto AR, Ilinykh A, Ivey MJ, Kuwabara JT, D’Antoni ML, et al. Revisiting cardiac cellular composition. Circ Res 2016;118:400-9.
86. Hafner AV, Dai J, Gomes AP, Xiao CY, Palmeira CM, et al. Regulation of the mPTP by SIRT3-mediated deacetylation of CypD at lysine
166 suppresses age-related cardiac hypertrophy. Aging (Albany NY) 2010;2:914-23.
87. Pillai VB, Samant S, Sundaresan NR, Raghuraman H, Kim G, et al. Honokiol blocks and reverses cardiac hypertrophy in mice by
activating mitochondrial Sirt3. Nat Commun 2015;6:6656.
88. Pillai VB, Kanwal A, Fang YH, Sharp WW, Samant S, et al. Honokiol, an activator of Sirtuin-3 (SIRT3) preserves mitochondria and
protects the heart from doxorubicin-induced cardiomyopathy in mice. Oncotarget 2017;8:34082-98.
89. Chen L, Chen R, Wang H, Liang F. Mechanisms Linking Inflammation to Insulin Resistance. Int J Endocrinol 2015;2015:508409.
90. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011;144:646-74.
91. Avizienyte E, Loukola A, Roth S, Hemminki A, Tarkkanen M, et al. LKB1 somatic mutations in sporadic tumors. Am J Pathol
1999;154:677-81.
92. Bignell GR, Barfoot R, Seal S, Collins N, Warren W, et al. Low frequency of somatic mutations in the LKB1/Peutz-Jeghers syndrome
gene in sporadic breast cancer. Cancer Res 1998;58:1384-6.
93. Su GH, Hruban RH, Bansal RK, Bova GS, Tang DJ, et al. Germline and somatic mutations of the STK11/LKB1 Peutz-Jeghers gene in
pancreatic and biliary cancers. Am J Pathol 1999;154:1835-40.
94. Rowan A, Bataille V, MacKie R, Healy E, Bicknell D, et al. Somatic mutations in the Peutz-Jeghers [LKB1/STKII] gene in sporadic
malignant melanomas. J Invest Dermatol 1999;112:509-11.
95. Qiu W, Schönleben F, Thaker HM, Goggins M, Su GH. A novel mutation of STK11/LKB1 gene leads to the loss of cell growth inhibition
in head and neck squamous cell carcinoma. Oncogene 2006;25:2937-42.
96. Kim CJ, Cho YG, Park JY, Kim TY, Lee JH, et al. Genetic analysis of the LKB1/STK11 gene in hepatocellular carcinomas. Eur J Cancer
2004;40:136-41.
97. Powis G, Kirkpatrick L. Hypoxia inducible factor-1alpha as a cancer drug target. Mol Cancer Ther 2004;3:647-54.
98. Nie F, Yu XL, Wang XG, Tang YF, Wang LL, et al. Down-regulation of CacyBP is associated with poor prognosis and the effects on
COX-2 expression in breast cancer. Int J Oncol 2010;37:1261-9.
99. Ning X, Sun S, Hong L, Liang J, Liu L, et al. Calcyclin-binding protein inhibits proliferation, tumorigenicity, and invasion of gastric
cancer. Mol Cancer Res 2007;5:1254-62.
100. Sun S, Ning X, Liu J, Liu L, Chen Y, et al. Overexpressed CacyBP/SIP leads to the suppression of growth in renal cell carcinoma.
Biochem Biophys Res Commun 2007;356:864-71.
101. Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, et al. Adipocytes promote ovarian cancer metastasis and provide
energy for rapid tumor growth. Nat Med 2011;17:1498-503.

