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Abstract

Glycogen synthase kinase-3 (GSK3) is a highly evolutiona-
rily conserved serine/threonine protein kinase first identi-
fied as an enzyme that regulates glycogen synthase (GS) in
response to insulin stimulation, which involves GSK3 reg-
ulation of glucose metabolism and energy homeostasis.
Both isoforms of GSK3, GSK3a, and GSK3pB, have been
implicated in many biological and pathophysiological pro-
cesses. The various functions of GSK3 are indicated by its
widespread distribution in multiple cell types and tissues.
The studies of GSK3 activity using animal models and the
observed effects of GSK3-specific inhibitors provide more
insights into the roles of GSK3 in regulating energy meta-
bolism and homeostasis. The cross-talk between GSK3 and
some important energy regulators and sensors and the
regulation of GSK3 in mitochondrial activity and compo-
nent function further highlight the molecular mechanisms
in which GSK3 is involved to regulate the metabolic
activity, beyond its classical regulatory effect on GS. In this
review, we summarize the specific roles of GSK3 in energy
metabolism regulation in tissues that are tightly associated

with energy metabolism and the functions of GSK3 in the
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development of metabolic disorders. We also address the
impacts of GSK3 on the regulation of mitochondrial func-
tion, activity and associated metabolic regulation. The ap-
plication of GSK3 inhibitors in clinical tests will be
highlighted too. Interactions between GSK3 and important
energy regulators and GSK3-mediated responses to dif-
ferent stresses that are related to metabolism are described
to provide a brief overview of previously less-appreciated
biological functions of GSK3 in energy metabolism and
associated diseases through its regulation of GS and other

functions.
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1 | INTRODUCTION

Glycogen synthase kinase-3 (GSK3), a highly evolutionarily conserved intracellular serine/threonine kinase, was
originally found to inhibit glycogen synthase (GS) via phosphorylation and to modulate glucose metabolism.> GSK3
has important regulatory functions in glucose metabolism, insulin activity, and energy homeostasis. In response to
insulin, GSK3 is phosphorylated and inactivated, which allows GS activation and glucose deposition as glycogen.
Acute or chronic treatment of animal models with obesity and/or type 2 diabetes (T2D) by small cell-permeable
inhibitors of GSK3 stimulates GS activity, glucose metabolism, and insulin action in skeletal muscle and liver,>>
leading to improved insulin sensitivity and glucose homeostasis.>®"? In contrast, GSK3 negatively affects insulin
signaling by phosphorylating IRS1 and promotes its degradation in the liver and muscle.**~**

Subsequently, GSK3 has been confirmed to be among the protein kinases with the most substrates in the
cell.’*® More than 40 proteins are regulated by GSK3, which influences various cellular processes.’® In addition,
multiple cell signaling pathways have been demonstrated to be involved with GSK3 signaling, such as the PI3K/Akt,
Whnt, Hedgehog, cyclic adenosine monophosphate (cAMP), MAPK, and transforming growth factor-beta (TGF-B)
signaling pathways.'”*® Therefore, GSK3 is associated with a wide range of cellular processes, such as cell pro-
liferation, differentiation, apoptosis, the cell cycle, the immune response, and organ development.*>*? 2! Conse-
quently, GSK3 is implicated in multiple diseases, such as cancer, neurodegenerative diseases, such as Alzheimer's,
bipolar disorder (BPD), psychiatric disorders, Parkinson's, aging, inflammatory conditions, and metabolic disorders,
including diabetes, cardiovascular disease, and atherosclerosis.?? %’ GSK3 activity has recently been addressed
again in insulin resistance, obesity, neurodegenerative diseases, stress responses, inflammation, and energy
metabolism.

Mammalian GSK3 exists as two isoforms, GSK3a (51 kDa) and GSK3B (47 kDa).**>*”-?€ These two isoforms are
encoded by two distinct genes located on chromosomes 19 and 3, respectively. But they share 97% amino acid
sequence similarity in their catalytic domains and 84% amino acid sequence similarity overall (Figure 1A).%7°°
Therefore, these two isoforms have some common biological functions.>’ *> GSK3 was traditionally considered a
cytosolic protein, but it was also found in other cell compartments in addition to the cytosol, such as the nucleus

and mitochondria, as verified by both microscopy and immunoblot experiments.>**” In contrast to the numerous
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FIGURE 1 GSK3 mediates metabolic phenotypes in various tissues. (A) Comparison of the structure, functional
domains, and phosphorylation sites of the two GSK3 isoforms. Some phosphatases acting on GSK3 are also
indicated. (B) Main metabolic tissues, such as liver, heart, brain, white adipose tissue (WAT), brown adipose tissue
(BAT), and skeletal muscle are depicted to illustrate GSK3 functions. In the liver and the brain, GSK3 has both
positive (green) and negative (red) regulatory roles targeting different downstream pathways. In the BAT, skeletal

muscle, and the pancreas, GSK3 mainly serves as the negative regulatory factor of beneficial effects, while in the
heart and WAT, GSK3 mainly acts as the positive regulatory factor of harmful effects. By serving as the negative
regulator, GSK3 inhibits the GS activity, insulin and glucose metabolism pathways in the liver, skeletal muscle, and
the brain. Particularly, GSK3 also inhibits the thermogenesis in BAT, B-cell proliferation, survival and regeneration in
the pancreas and energy metabolism in the brain. By serving as the positive regulator, GSK3 promotes the CREB

activity in the liver, lipid accumulation, cardiac inflammation and oxidative damage in the heart, adipogenesis,
obesity and inflammation in WAT, etc. GSK3, glycogen synthase kinase-3 [Color figure can be viewed at

wileyonlinelibrary.com]
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activities and effects of GSK3 in the cytosol and nucleus, the potential role of GSK3p in mitochondria remains to
be discovered. GSK3a has an extended glycine-rich N-terminal region that excludes it from the nucleus and
distinguishes its biological function from that of GSK3. Deletion of this region or calcium stimulation induces the
nuclear accumulation of GSK3a.*°

Despite the high degree of homology, GSK3p function cannot be compensated by GSK3a, as shown by GSK3p
knockout in mice being embryonically lethal, while GSK3a knockout animals are viable (with the deletion of exon 2).
GSK3a knockout mice showed enhanced glucose and insulin sensitivity, reduced fat mass, and fewer abnormalities
in neuronal development.'?2~° Despite the metabolic benefits, the global deletion of GSK3a in mice was reported
to cause cardiac hypertrophy, contractile dysfunction, early mortality, and other age-related pathologies in multiple
tissues. These pathological phenotypes were found to be associated with activated mTORC1 and suppressed
autophagy.**? An essential role of GSK3 in regulating cardiac homeostasis in response to stresses was also well-
defined by several in vitro and in vivo studies,** suggesting more attention is deserved when targeting GSK3 for
relevant disease treatment (discussed in detail in cardiac tissue section of this article).

Interestingly, there are two conflicting phenotypes observed on male fertility associated with the deletion of
exon 2 of GSK3a. MacAulay et al.? reported that the global knockout of GSK3a exon 2 displays normal fertility.
However, Maurin et al. observed that male mice lacking exon 2 of GSK3a are infertile. Incomplete Cre-mediated
deletion of GSK3a may occur to the germline cells which causes the fertile phenotype.** Further study demon-
strated that deletion of exon 2, 3, and 4 of GSK3a leads to male infertility partially owing to the impaired glucose
utilization and the lower sperm ATP levels.*>*¢

GSK3 activity is dynamically regulated by several mechanisms. The best-known regulation is the inhibitory
phosphorylation of GSK3 at an N-terminal Ser residue (at Ser21 of GSK3a or Ser9 of GSK3p) through either well-
defined PIBK/AKT pathway or other kinases including PKC, protein kinase A (PKA), integrin-linked kinase (ILK),
p70S6K, and p9ORSK.*”*® The phosphorylation of Ser9/21 of GSK3 could be dephosphorylated by protein
phosphatase 1 (PP1) and PP2A, respectively.*’ In addition, Ser9 phosphorylation of GSK3p could be facilitated by
the phosphorylation at Thr43 and Ser389/Thr390 residues via ERK- and p38-MAPK (Figure 1A).°%>* GSK3 activity
can also be stimulated by phosphorylation at Tyr residue (at Tyr279 of GSK3a or Tyr216 of GSK3B). While the
mechanisms that regulating Tyr phosphorylation of GSK3 are not well-defined, some kinases such as Src, Fyn, and
PYK2 (mainly acting on Tyr216) might be responsible for Tyr279/216 phosphorylation (Figure 1A).*® Moreover, the
Tyr279/216 phosphorylation could be the consequence of the autophosphorylation.”> GSK3 also shows distinct
activity according to its subcellular localization (i.e., cytosol, nucleus or mitochondria). Another potential regulatory
mechanism of GSKS3 activity is the phosphorylation status of its substrates. Many GSK3 substrates require to be
primed before being targeted by GSK3.>® Finally, GSK3 activity could be regulated by the state of pathways
containing GSK3. For example, in the canonical Wnt signaling pathway, GSKS3 is inactivated upon Wnt signaling
activation.

The widespread biological and pathophysiological functions of GSK3 are also associated with the ubiquitous
expression of GSK3 in many cell types, such as neurons, hepatocytes, myoblasts, and adipocytes, and multiple
tissues such as skeletal muscle, liver, pancreas, and adipose tissue. These cells and tissues are associated with the
regulation of energy metabolism and homeostasis. Moreover, GSK3 directly modulates mitochondrial activity,
mitochondrial biogenesis, and mitochondrial components in different tissues and influences energy metabolism in
addition to its classical roles in the regulation of GS. Recent studies have shown that GSK3 activation is induced by
stressors such as hypoxia and reactive oxygen species (ROS) and mediates stress-induced cell death, suggesting that
GSKa3 is a critical determinant of cell fate by modulating metabolic activity in response to stress. In this review, we
present an overview of the function of GSK3 in different tissues by focusing on its regulatory role in energy
metabolism and exploring the mechanisms associated with the stress response and the involvement of in-
flammatory pathways in GSK3-associated diseases. In addition, we describe the cross-talk between GSK3 and some
important energy sensors and regulators, such as PGC1aq, Sirtl, AMP-activated protein kinase (AMPK), leptin and
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adiponectin, and the mutual regulation among them, which provides evidence for GSK3 acting as an energy
metabolism regulator in addition to its regulation of other cellular systems.

1.1 | The tissue-specific function of GSK3 in regulating energy metabolism

Nearly all tissues in the body consume energy. However, not all of them are specialized for regulating energy
production, storage, and expenditure like skeletal muscle, adipose tissue, or liver tissue. The availability of tissue-
specific GSK3-knockout animal models has facilitated the exploration of the function of GSK3 in regulating energy
metabolism in some of these functionally specialized tissues (Figure 1B). These studies revealed that GSK3 is a

critical player in many important biological processes by regulating energy metabolism.

2 | GSK3 IN SKELETAL MUSCLE

The expression of GSK3 was originally reported in skeletal muscle, followed by the detection of its ubiquitous
expression in multiple cells and tissues. GSK3B is expressed at a higher level than GSK3a in both murine and human
skeletal muscle.”® In addition, inactive phosphorylation of GSK3a was enhanced when GSK3B was specifically
deleted in skeletal muscle, suggesting that GSK3a is not able to compensate for the loss of GSK3p in skeletal
muscle.® Supporting the negative role of GSK3 on insulin action and glucose metabolism, both T2D patients and
animal models with insulin resistance showed significantly enhanced GSK3 protein levels and activity in skeletal
muscle.7-38:55.56

The mouse models with skeletal muscle-specific GSK3B knocked out, GSK3B overexpressed or that carry a
mutation at the insulin-responsive phosphorylation site, demonstrated that the negative regulation of GSK3B on
glucose metabolism and insulin sensitivity is mediated by inhibited glycogen deposition and insulin-induced acti-
vation of GS in skeletal muscle.>**’ In contrast, GSK3a-specific loss in skeletal muscle did not show any im-
provement in metabolic phenotype,”® suggesting that GSK3p acts as a skeletal muscle-specific GS kinase. Some
studies have suggested that GSK3 participates in insulin signaling and glucose metabolism in skeletal muscle by
regulating other pathways in addition to regulating GS activity or glycogen synthesis.>°? For instance, transient
GSK3 inhibitor treatment (single dose at 30 mg/kg of CHIR98023) caused increased GS activity but no effects on
glucose uptake in rat muscles in vivo.> Consistently, despite activated GS by acute treatment of these two in-
hibitors, little acute effect on glucose uptake was observed.® An upregulated insulin receptor substrate-1 (IRS-1) is
indicated to augment insulin action on sustained glucose uptake stimulated by chronic treatment of GSK3 inhibitors
(CHIR98023 and CHIR 98014 at 2.5 uM for up to 96 h).°® Consistently, GSK3B overexpression resulted in de-
creased IRS-1 in mouse skeletal muscle and knockdown of GSK3a increased IRS-1 level in human skeletal muscle

cells,%°7

suggesting IRS-1 could be a mediator of GSK3 on insulin action. GLUT4 (glucose transporter 4) plays a
dominant role in regulating whole-body glucose homeostasis via transporting glucose across the cell membrane into
cells. It is highly expressed in adipose tissue and skeletal muscle.’> GLUT4 was upregulated in the muscle of ob/ob
mice with long-term treatment of GSK3 inhibitor (L803-mts, daily for 3 weeks at 400 nM), suggesting GLUT4 may
also participate in GSK3 inhibitor-mediated glucose homeostasis and hyperglycemia prevention.’ Importantly,
GSKa3, particularly GSK3B, can directly phosphorylate IRS-1 to inhibit the tyrosine phosphorylation activity of
insulin receptor,'* leading to attenuated insulin action. These studies indicate that GSK3 may inhibit insulin action
and regulate glucose metabolism not only by repressing GS but also by targeting other cellular factors, thus
providing some evidence on the therapeutic benefit of GSK3 inhibition beyond its activation of GS. Importantly, the
effects of GSK3 in skeletal muscle seems a long-term consequence collectively from not only GS but also from
other GSK3 substrates.
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How to reconcile these observations of GS-dependent and GS-independent glucose disposal remains a chal-
lenge. However, the differing nature of research approaches, i.e., the genetic approach versus the pharmacological
approach, might be part of the reason for discrepancies. Nevertheless, these findings suggest the profound effects
of GSK3 on glucose homeostasis and insulin action through its regulation of pathways in addition to glycogen
synthesis.

GSK3 was also reported to negatively regulate the myogenesis process to inhibit skeletal muscle growth by
targeting different factors (Figure 1B), such as NFATc3, CUGBP1, and muscle-specific microRNAs.®* ** GSK3
inhibition (Lithium at 10 mM for >24 h) was also reported to mimic the activation of Wnt signaling to cooperate with
insulin in the induction of myotube fusion and the hypertrophy of muscle satellite cells.®>*® Thus, the inhibition of
GSK3 may be a potential therapeutic strategy to prevent the development of myotonic dystrophy by increasing
myotube formation.®* Moreover, GSK3, particularly GSK3B is required for the induction of muscle atrophy and its
deletion or inactivation facilitates muscle mass recovery from atrophied skeletal muscle.®” ®? Interestingly, GSK3
activity in rat skeletal muscle is significantly reduced by physical exercise,”® which may trigger the initial event that
results in enhanced muscle protein metabolism and muscle function involved in energy metabolism regulation.
GSK3B absence or inhibition (CHIR99021 at 7 uM for 48 h) also enhances skeletal muscle mitochondrial oxidative
metabolism in skeletal muscle in vitro and in vivo,”* which provides another layer of evidence suggesting that the

function of GSK3 in skeletal muscle is negatively associated with energy homeostasis.

3 | GSK3 IN THE LIVER

Global GSK3a-knockout mice showed improved glucose intolerance and insulin resistance, although it was ob-
served only with the ICR outbred strain, not with the C57BL/6 inbred strain, suggesting a strain-specific effect of
GSK3.'%°8 Enhanced hepatic glycogen deposition along with increased PKB phosphorylation and IRS-1 expression
in the liver of global GSK3a knockout mice was correspondingly observed. In hepatic cells in vitro, the GSK3
inhibitors (30 uM of SB216763, SB415286 and 20 mM Lithium for 3 h) were reported to decrease glucose pro-
duction by reducing the expression of PEPCK and Gé6Pase genes, encoding two vital factors for gluconeogenesis
and regulated by insulin in a glycogen synthesis-independent manner.”? The long-term treatment (daily for 3 weeks)

of Lepob/ob

mice using a selective peptide inhibitor of GSK3, L803-mts, reduced blood glucose levels and improved
glucose tolerance accompanied by increased IRS-2 expression but decreased activity of hepatic gluconeogenic
factor CREB and its target gene PEPCK (Figure 1B).” Although GSK3B may dominantly function in skeletal muscle to
regulate glucose metabolism and thus affect whole-body glucose homeostasis,® notably, the treatment of Zucker
diabetic fatty (fa/fa) rat models with GSK inhibitors CHIR98023 and CHIR99021 (single oral dose at 30 mg/kg) led
to enhanced glucose disposal with increased glycogen synthesis in the liver but not in the muscle of the mice.? This
finding indicates that glycogen synthesis in muscle might not contribute to the acute effects of these two inhibitors
on the whole-body glucose metabolism unlike in the liver. Both observed sustained (from chronic GSK3 inhibition
and genetically modified models) and acute effects (from transient GSK3 inhibition) of GSK3 in the liver propose
that GSK3 especially GSK3a in the liver plays a critical role in regulating glycogen synthesis and glucose metabolism.
However, unexpectedly, neither improved insulin sensitivity nor glucose homeostasis was observed in mice with
hepatic-specific deletion of GSK3aq, including those with an ICR background, as observed in mice with muscle-
specific deletion of GSK3a.*?°® Similarly, no altered glycogen deposition, glucose metabolism, or insulin sensitivity
was observed in mice with liver-specific GSK3B conditional knockout, in contrast to muscle-specific GSK3p-
depleted animals, which displayed improved glucose tolerance and enhanced insulin action, including increased
glycogen deposition.? These studies suggest that the effects of GSK3a on glucose metabolism and insulin action are
sensitive to genetic background and/or may depend on tissues other than skeletal muscle and liver. It is interesting
to consider which tissues may be critical for the whole body effects when GSK3 in the muscle and liver is not the

primary contributor to glucose metabolism. Although the details of the mechanisms by which GSK3 orchestrates all
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the functions in tissues, including liver, skeletal muscle, and other tissues, to regulate glucose metabolism and
insulin action through glycogen synthesis or other functions have not been fully elucidated, studies provide strong
evidence indicating that the influence of GSK3a and GSK3p on glucose metabolism is complicated and may be
tissue-specific and strain- or even species-dependent. Some unknown substrates of GSK3 in addition to its long-
recognized substrates, such as GS, may also play critical roles in regulating the metabolic phenotype.

Interestingly, similar to the increased GSK3a inactive phosphorylation in skeletal muscle with GSK3p specific
deletion,® the inactive phosphorylation of GSK3B in the liver of GSK3a knockout mice was also observed to be
enhanced.'? The augmented insulin signaling resulting from disrupted GSK3a or GSK3p action in the liver or muscle
might be the cause of the attenuated activity of the undisrupted GSK3 isoform, as indicated by increased in-
activating phosphorylation. These observations indicate that one isoform does not compensate when the other
isoform is inactivated in its primary functional tissue. The reason for the functional dominance of these two GSK3
isoforms remains unclear. The interaction between GSK3 isoforms and tissue-specific factors may play a critical role
in regulating isoform dominant effects in tissues. The noncatalytic domains within GSK3 may be critical for the
interaction and subsequent effects on functions not related to its GS kinase activity.

4 | GSK3 IN ADIPOSE TISSUE

The dysfunction of adipocytes and dysregulation of adipocyte differentiation play critical roles in the development
of obesity and its associated disorders. In fat tissues isolated from HFD-fed obese mice, GSK3 activity was found to
be elevated.>® This abnormally elevated GSK3 expression in adipose tissues is thought to be associated with obesity
and its associated diseases, such as insulin resistance and T2D. Interestingly, skeletal muscle-specific over-

expression of GSK3B caused an increase in mouse fat mass,”’

suggesting communication between tissues to
collectively contribute to energy homeostasis.

The expression of GSK3 in adipose tissue is more closely linked with changes in body weight than with
glycogen synthesis or insulin action.”” This outcome is not surprising because some previous studies have revealed
that protein phosphatase-1 can be the primary kinase regulating GS activity, not GSK3 in adipose tissue,’>”*
implying that GSK3 might play other physiological functions in adipose tissue. Some evidence suggests that GSK3
indirectly influences insulin action and glucose metabolism by regulating adipocyte differentiation, fat mass, the
local microenvironment, inflammation, etc (Figure 1B). Some published data demonstrate that a GSK3 inhibitor
blocked 3T3-L1 preadipocyte adipocyte differentiation.””””” It was also demonstrated that GSK3 positively con-
tributes to adipogenesis by upregulating the expression and activity of STAT5 and SRFP1.”°

GSK3 also participates in the regulation of adipogenesis via other pathways, such as Wnt/B-catenin signaling
and phosphorylation of C/EBPa and C/EBPB.”>’” 8% The adipogenic differentiation of human adipose tissue-
derived stem cells was also found to be positively regulated by GSKS3, although the mechanism was not eluci-
dated.®? In addition to Ser9 inactivating phosphorylation, phosphorylation at the Thr356 residue of GSK3B by
tyrosine phosphorylation-regulated kinase 1A (Dyrk1A) kinase, which has dual specificity and inactivates GSK3p,
was demonstrated to contribute to the obesity-resistant phenotype, and the dephosphorylation of Thr356 was
required for adipogenesis in vitro.

In contrast to white adipocyte differentiation, the brown adipocyte-mediated thermogenic program stimulated
by B-adrenergic signaling, which can protect against obesity and its associated metabolic disorders. GSK3 was
found to negatively affect basal and B-adrenergic stimulated thermogenesis (Figure 1B),®> which may be another
possible mechanism by which the overactivity or excess expression of GSK3 may have harmful effects on glucose
metabolism and insulin action.

GSK3 is also associated with increased inflammation in adipose tissue. GSK3 inhibition in human adipose tissue
downregulated proinflammatory cytokines and chemokines.? Chronic treatment of obese mice with GSK3



WANG er A Medicinal Research Reviews WI LEYJﬂ

inhibitors significantly reduced obesity-induced WAT inflammation and attenuated glucose intolerance and insulin

resistance.®®

5 | GSK3 IN THE PANCREAS

Pancreatic B-cell dysfunction and failure directly lead to the development of diabetes. Therefore, the regeneration
of the B-cell mass and recovery of the function in diabetic patients is a promising approach for treating patients.

Mussmann et al.¢

reported that GSK3 inhibition protects B cells against cell death induced by high concentrations
of glucose and saturated fatty acid palmitate and stimulates B-cell replication.24®” Consistently, the depletion of
GSK3p in Irs2-knockout mice prevented the onset of diabetes, which is potentially caused by increased B-cell
proliferation and the prevention of increased apoptosis (Figure 1B).2% Moreover, mice with GSK3pB depleted in B
cells displayed specifically increased B-cell proliferation and expanded mass and, importantly, resistance to fat diet-
induced diabetes.?”?° Although it is not clear whether GSK3a functions the same as GSK3p in B cells, we cannot
exclude this possibility considering that the improved metabolic phenotype of GSK3a-knockout mice is not ac-
quired directly from the liver or skeletal muscle. Interestingly, endoplasmic reticulum (ER) stress- and oxidative
stress-induced B-cell apoptosis requires the activation of GSK3. GSK3 inhibition increases B-cell survival by in-
creasing the stability of factors such as IPF1/PDX1, which are crucial in pancreas development and (-cell
function.”>”? The positive effect of GSK3 inhibition on B-cell proliferation was also confirmed in human beta cells.
These studies highlight a practical application of GSK3 inhibition in beta-cell regeneration and its potential in
diabetes treatment.”®

6 | GSK3 IN THE BRAIN

Emerging evidence has suggested that neuronal signaling plays important role in glucose homeostasis and insulin
action in peripheral tissues. Indeed, food intake patterns and physical activity regulated by the neuronal system may
substantially affect metabolic phenotypes by changing body weight. Moreover, hypothalamic insulin signaling was
reported to be very important for whole-body glucose homeostasis and especially hepatic glucose production.” %%
In addition, peripheral tissues, such as adipose tissue, secrete many adipokines to communicate with the neuronal
system to collectively affect the metabolic phenotype of the whole body.

In adulthood, both GSK3a and GSK3p are expressed in the adult mouse brain and are particularly enriched in
the hippocampus, neocortex, and cerebellum.”” The loss of GSK3a in mice resulted in decreased body weight,
improved insulin resistance, and increased leptin, an adipokine that can be regulated by the neuronal signaling
pathway.? However, neither improved glucose tolerance nor insulin action was observed in mice with liver- or

8 making feasible the hypothesis suggesting that the effects of GSK3a on

muscle-specific deletion of GSK3a,
metabolic phenotype are not derived directly from liver or skeletal muscle but are mediated through other tissues. It
remains unknown which tissue type is critical for the observed improvement of glucose tolerance and hepatic
insulin sensitivity. One possibility is that GSK3a loss may indirectly act on neuronal metabolism by affecting insulin
signaling and leptin signaling to contribute to the improved acquisition of the whole body and liver-specific me-
tabolic phenotype observed in global GSK3a-KO mice. It has been established that neuronal insulin signaling plays a
critical role in maintaining whole-body energy homeostasis by impacting the function of peripheral tissues, including
the liver, skeletal muscle, and adipose tissue. Adipocyte-secreted leptin primarily acts on the hypothalamus to
regulate food intake, thermogenesis, and glucose metabolism. The improved insulin action accompanied by de-
creased body weight and increased leptin in GSK3a mice provides some support for the suggestion that GSK3a
within the brain impinges on the whole body and liver-specific function. Another possibility is that GSK3 directly

functions in the brain regions that are associated with energy metabolism regulation. Corroborating this view, the
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brains of STZ-induced diabetic animals show increased expression and activity of GSK3.7® In particular, GSK3B is
overactive in the hypothalamus of leptin-deficient obese mice. Intracerebroventricular injection of a GSK3p in-
hibitor improved glucose homeostasis. The neuron-specific overexpression of functional GSK3 in the hypotha-
lamic ARC, a key brain region for neuronal control of energy and glucose homeostasis, significantly impaired glucose
tolerance and increased the food intake and body weight in HFD-fed mice (Figure 1B). Central inhibition of GSK3B

°b/ob mice also led to reduced hepatic gluconeogenesis and downregulated expression of the

in Lep
gluconeogenesis-associated gene, PEPCK,”” which provides evidence that the activity of GSK3 in the neuronal
system regulates peripheral glucose homeostasis. This study also prompted us to hypothesize that the improved
metabolic phenotype in GSK3a-knockout mice may be associated with its function in the brain since no changes
were observed in animals with liver- or skeletal muscle-specific deletions. Interestingly, GSK3 may contribute to
obesity-induced inflammation in the hypothalamus (Figure 1B).”” In addition, GSK3 contributes to obesity-induced
adipose tissue inflammation, it is plausible that GSK3 may mediate the cross-talk between components in the brain
and adipose tissue by regulating inflammation-related factors. Despite the potential that other types of tissues may
be involved in communication with the brain in addition to those under GSK3 control, it is still tempting to conclude
that neuronal or hypothalamic GSK3 activity potentially influences whole-body glucose metabolism and energy
homeostasis either through its cooperativity with other signaling pathways, such as insulin and leptin signaling
pathways, or possibly by regulating other currently unknown substrates.””

GSKS3 contributes to physical activity modulation by affecting energy expenditure in brain cells. Martin
et al.'%° reported that GSK3p regulates brain mitochondrial and NAD metabolism. In particular, GSK3p inhibition
promotes mitochondrial energy metabolism in neuronal and glioma cells by increasing PGCla protein stability,
nuclear localization, and transcriptional activity. This effect of GSK3 is region-specific and is mainly limited to the
hippocampus. GSK3 inhibition was demonstrated to have a neuroprotective effect by reprogramming the meta-
bolism of neuronal cells, as indicated by increased glycolysis. This effect is mediated partly by increased hexokinase
Il in the mitochondria of neuronal cells.'°*

Some studies report that GSK3 regulates brain developmental processes such as neuronal progenitor pro-
liferation, neuronal polarity, neurogenesis, axon growth, and neuroplasticity by modulating upstream and down-
stream signaling pathways (Figure 1B), including the PI3BK/AKT and Wnt pathways, B-arrestin2/PP2A pathway, and

Notch pathway.?%102-107

7 | GSK3 IN CARDIAC TISSUE

Since the first study that reported GSK3pB acts as a negative regulator of cardiac hypertrophy, numerous stu-

108109 sing various genetically edited animal models have demonstrated that both GSK3a/B are important

dies,
regulators of cardiac biology and pathophysiology. The comprehensive roles of GSK3 signaling in myocardial
function and diseases have been reviewed previously and the readers can refer to a review for details.* In brief, it
seems that deletion of GSK3a/B specifically in cardiomyocytes (CMs) is protective in response to chronic myo-
cardial infarction. However, GSK3B mediated modulation of cardiac function in ischemic heart is complex and
context-dependent. Some contradictory observations were reported that both overexpression/activation and
sustained systemic inhibition of GSK3p could be detrimental. Interestingly, some studies suggest that GSK3a/p may
negatively regulate cardiac hypertrophy under both normal and pathological conditions. GSK3a works as a negative
regulator of hypertrophy via modulating mMTORC1 and autophagy at baseline.*? But constitutively activated GSK3a
could be detrimental via repressing CM proliferation especially under stresses such as pressure overload.**%***
Well-compensated cardiac hypertrophy due to inhibition of GSK3B at baseline could be beneficial to cardiac
function.'*? But GSK3pB may not be a dominant regulator of transverse aortic constriction-induced hypertrophy.'**
Nevertheless, GSK3B is required for cardiac development and CM proliferation (although the role of GSK3 in the
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congenital heart remains to be studied).”®

GSK3a could retard the aging process as global deletion of GSK3a
accelerates age-related pathologies in multiple tissues, which is also associated with dysregulation of mTORC1.%

GSK3 is also considered a negative regulator of fibrosis, which is essential to protect the heart against ischemic
injury. The inhibitory effects of GSK3B on fibrosis are mediated by Wnt/B-catenin-dependent and TGFB1-
SMAD3-dependent mechanisms.*> Both GSK3 isoforms can participate in the regulation of glucose metabolism by
functioning on GS in cardiac tissue, although GSK3p plays a more prominent role.*** Cardioprotection and im-
proved recovery of postischemic left-ventricular function can be achieved by inhibiting GSK3, which increases
glycogen synthesis and reduces glycolysis.'>®> GSK3 function in chronic obesity-induced cardiovascular diseases
was also reported. The CM-specific deletion of GSK3p led to cardiac dysfunction and heart failure in obese animals
fed an HFD without affecting body weight, fat mass, and other metabolic parameters such as cholesterol, insulin,
and blood glucose.'*® However, deleting CM-GSK3p after established obesity (a clinically more relevant model) did
not adversely affect cardiac function, but improved glucose tolerance.'*” Consistently, chronic treatment of GSK3
inhibitor in established HFD induced obese rats improved insulin resistance without exacerbating obesity-induced
cardiac hypertrophy.**®

GSK3 activity is also associated with diabetes-related changes in cardiac energy metabolism. GSK3p activity
was found to be increased in the heart of diabetic mice and to contribute to the imbalance of glucose/lipid
metabolism, i.e., decreased glucose metabolism but enhanced lipid accumulation in the heart (Figure 1B). Conse-
quently, it causes cardiac inflammation and oxidative damage, which eventually leads to cardiac dysfunction.
PGC1a was found to be negatively regulated by overactivated GSK3 in the heart, which could partially lead to the

pathogenesis of diabetic cardiomyopathy.**?

8 | GSK3 AND TUMOR METABOLISM

Tumor cells usually display increased glucose uptake and compete for glucose much more intensely than normal
cells. Apart from stimulating tumor growth, increased glucose uptake and anaerobic metabolism also contribute to
the invasion and metastasis of tumor cells. The overexpression and positive effect of GSK3 on tumors have been
observed in certain types of cancers, including colon, liver, ovarian, and pancreatic tumors.*?°"12% |n addition,
glycogen synthesis is significantly decreased in aggressive cancer cells, probably owing to GSK3 activation, which
also promotes the utilization of glucose for energy production. Therefore, the inhibition of GSK3 may lead to
decreased cancer cell proliferation and survival because it would upregulate glycogen synthesis.***

However, the negative effects of GSK3 on tumors have also been substantially reported. The best-known
tumor-suppressing effect of GSK3 involves the suppression of the Wnt/B-catenin pathway, which results in the
destabilization of B-catenin, decreases c-Myc, cyclin-B1, and survivin expression, and restricts cancer cell pro-
liferation and tumorigenesis.’>>%¢ In another example, GSK3 was reported to be activated by PP2A upon met-
formin treatment, which activates PP2A by inhibiting CIP2A, the suppressor of PP2A. Activated GSK3 degrades
MCL1, a prosurvival protein. The GSK3-dependent reduction in MCL-1 leads to synergistically mediated
metformin/hypoglycemia-inhibited tumor growth and cell death.'?”

In some types of cancer, such as renal cancer, prostate cancer, and breast cancer cells, GSK3 was found to
promote cancer cell survival. GSK3 inhibition was able to increase intracellular glucose uptake, but the increased
intracellular glucose could not be utilized by cancer cells due to increased glycogen storage, leading to an imbalance
in energy homeostasis and autophagy of the cancer cell upon serum starvation.*?¢~**° The autophagy thus induced
might be mediated by suppressing mTOR signaling, which contributes to tumor growth inhibition. However, in
another study, GSK3 inhibition activated autophagy to promote the prosurvival of pancreatic cancer cells despite
GSK3 inhibition triggering apoptosis.'** This outcome is not surprising, as autophagy plays a dual role in tumor-
igenesis by acting as both a tumor suppressor at an early stage and a tumor promotor at a late stage.'*? Notably,

GSK3 was demonstrated to be required for serum- but not glucose deprivation-induced autophagy in colorectal
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cancer cells and contributed to cellular energy homeostasis.**>® Although the effect of GSK3 on tumor growth was
not illustrated in this study, the GSK3 effect on autophagy is different in other cancers, suggesting a context-
dependent role for GSK3 in regulating cellular processes. Importantly, these contradictory studies reveal that GSK3
may have some beneficial impacts to a certain extent. Again, it is plausible that a balance between a normal
physiological level and a deleterious level of GSK3 may be critical in determining the outcome in the body.

GSK3 has also been found to play a dual role in limiting tumor cell growth while maintaining tumor cell survival.
For example, by repressing c-Myc, an activator of glycolysis, GSK3 limits anti-CD40 + interleukin (IL)-4-stimulated
B-cell growth and proliferation through glycolysis restriction. Simultaneously, GSK3 is also required to prevent
ROS-induced B-cell apoptosis and promote B-cell survival under glucose deprivation conditions. Interestingly, this
effect was also found to be realized through GSK3 repression of c-Myc, which decreases mitochondrial content and
limits ROS production.***

GSK3 has also been applied as a biomarker in cancer therapy. Momcilovic et al.***

reported that chronic
treatment of lung SCC by the mTOR inhibitor MLN128 suppressed glycolysis in cancer cells, mitigating the cell-
killing effect of MLN128. In addition, these cancer cells maintain a high proliferative rate by adapting to glutami-
nolysis as an alternative nutrient source despite chronic glycolysis suppression. GSK3 acts as a negative regulator of
adaptive glutamine metabolism by degrading c-Myc and c-Jun to downregulate GLS (glutaminase), which will
prevent cancer cells from escaping the cell death caused by mTOR inhibition. This conserved metabolic signature
was observed in a panel of human cancers showing high glycolysis levels, including SCCs of the lung, head, and
neck, and osteosarcomas. Therefore, the negative phosphorylation status of GSK3a/B at Ser21 or Ser9 may be a

predictive biomarker of the response to combined metabolic therapies targeting mTOR and GLS.'*°

8.1 | GSKS associated diseases and the application of inhibitors

GSK3 has been implicated in many diseases such as metabolic disorders including obesity and diabetes, cardio-
vascular disease, cancer, neurological disorders including Parkinson's disease (PD), Alzheimer's disease (AD), mood
disorders, BPD, etc.?”#*°3136137 Thys, many GSK3 inhibitors have been developed with the potential to treat

27,138-142 and

these diseases and many of them have already been or will be tested in clinical trials (Table 1)
database from ClinicalTrial.gov.

According to working mechanisms, GSK3 inhibitors have been classified as (1) ATP-competitive inhibitors, (2)
non-ATP competitive inhibitors (including substrate competitive inhibitors), (3) cations, and (4) allosteric in-
hibitors.***1%% As the most widely used GSK3 inhibitor, lithium is the first identified pharmacological GSK3 cation
inhibitor. It has been effectively used in the treatment of BOD for decades with encouraging findings as a mood
stabilizer. Lithium is suggested to have several molecular targets in BPD, one leading mechanism of action is the
inhibition of GSK3 via inhibiting both GSK3a/f via directly competing for magnesium or indirectly modulating GSK3
phosphorylation in many cell types.*** Lithium is currently the most commonly used GSK3 inhibitor in clinical trials
(Table 1).

Recently, developing GSK3 isoform-selective or substrate competitive inhibitors for the treatment of different
types of disease becomes a common interest because of the recognition that complete or dual blocking of both
GSK3 isoforms may raise some adverse effects.

The application of isoform-selective inhibitors in some diseases provides strong evidence that it is very pro-
mising to develop and optimize GSK3 inhibitors to treat associated diseases. Licht-Murava et al. and others have
been trying to develop and test different types of GSK3 inhibitors including substrate competitive inhibitors (may
potentially target specific cells and pathways), highly selective isoform inhibitors, and Akt-activated GSK3p in-
hibitor.'¢14%14¢ The most advanced GSK3 inhibitor, Tideglusib is an irreversible inhibitor of GSK3p and has been

used in clinical trials for several diseases with proven relative safety*” (Table 1).


https://ClinicalTrial.gov
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TABLE 1 GSK3 inhibitors in clinical trials (as of July 2021)
Name Conditions Clinical trials Study phase  Status
Treatment-resistant depressive disorder NCT03004521  Phase 4 Recruiting
Bipolar disorder NCT00667745  Phase 4 Completed
Osteosarcoma NCT01669369  Phase 4 Recruiting
Mild cognitive impairment NCT03185208 Phase 4 Recruiting
Bipolar disord NCT00870311  Phase 4 Completed
Neurocognitive disturbance in HIV infection NCT01348282  Phase 4 Completed
Stroke NCT01112813 Phase 3 Completed
Lithium Aggressive conduct disorder NCTO00000385  Phase 3 Completed
Frontotemporal dementia NCT02862210 Phase 2 Recruiting
Neuroendocrine tumors NCT00501540 Phase 2 Completed
Alzheimer disease NCT01055392  Phase 2 Unknown®
Brain cancer NCT01105702  Phase 2 Terminated
Small cell lung carcinoma NCT01553916 Phase 1 Completed
Huntington's disease NCT00095355  Phase 2 Completed
Parkinson disease NCT04273932  Phase 1 Recruiting
Prostate cancer NCT02198859 Phase 1 Completed
Leukemia NCT01820624  Phase 1 Completed
Congenital myotonic dystrophy NCT03692312  Phase 3 Recruiting
Alzheimer's disease NCT01350362  Phase 2 Completed
Tideglusib Autism spectrum disorders NCT02586935  Phase 2 Completed
(NP12, Myotonic dystrophy 1 NCT02858908 Phase 2 Completed
NP031112) Congenital myotonic dystrophy NCT03692312  Phase 2 Recruiting
Alzheimer's disease NCT00948259  Phase 2 Completed
Pancreatic cancer NCT01632306  Phase 2 Terminated
LY2090314 Acute leukemia NCT01214603  Phase 2 Completed
Advanced or metastatic cancer NCT01287520 Phase 1 Completed
Advanced, metastatic salivary gland carcinoma  NCT04832438 Phase 2 Not yet recruiting
Myelofibrosis NCT04218071  Phase 2 Recruiting
9-ING-41 Advanced sarcomas NCT04906876  Phase 2 Withdrawn
25 Types of cancer NCT03678883  Phase 2 Recruiting
LY317615 Solid tumor lymphoma, malignant NCT01388335 Phase 1 Completed
(Enzastaurin)  Advanced cancer, ovarian cancer NCT00550927 Phase 1 Completed
Tungstate Obesity NCT00555074  Phase 2 Completed

Abbreviation: GSK3, glycogen synthase kinase-3.

3Study has passed its completion date and status has not been verified in more than 2 years (from ClinicalTrial.gov).
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Recently, McCamphill et al. have also developed a set of GSK3 isoform-selective inhibitors and one of the
GSK3a specific inhibitors BRDO705 sufficiently corrected several phenotypes in a fragile X syndrome mouse model
without the development of side effects caused by other clinical trial drugs.’*® BRD0705 also displayed great
potential in treating acute myeloid leukemia (AML).*** Unwanted side effects and increased B-catenin were not
observed in both cases alongside, indicating the valuable therapeutic potential of GSK3 isoform-selective inhibitors
in neurological diseases and cancer treatment. L803-mts, a substrate competitive GSK3 inhibitor, was found to
meliorate cognitive deficits and showed beneficial effects for AD and is undergoing preclinical test.*>° Some other
GSK3 inhibitors are also under preclinical studies such as SB415286, 6-BIO, AR-A014418, and some natural

products®®”5°

9 | GSK3 INHIBITOR AND NEURODEGENERATIVE DISEASES

More than 100 proteins have been proposed to be substrates for GSK3 in rodents and humans such as Tau protein
and AB (amyloid B peptide), two key factors involved in the pathogenesis of AD. The abnormal overactivation of
GSKa3 is usually observed in the brains of neurodegenerative patients, which leads to hyperphosphorylation of key
proteins implicated in neurodegenerative diseases such as Tau protein. GSK3 modulates Tau function via phos-
phorylating it, disrupting its transcription and stimulating its aggregation, leading to disrupted brain cell function.***
Furthermore, A activates GSK3 to contribute to the effects of GSK3 on Tau protein.’>* A potential role of Tau in
PD was also reported, as is GSK3, whose transcription and splicing were changed by PD. GSK3 promoted apoptosis
results in neuronal loss and death and contributes to the development of PD and AD while GSK3 inhibitors could
counteract the neuronal loss in PD.*%>*1%¢ Some beneficial effects of lithium on Tau and Ap pathology were also
observed. These studies propose GSK3 inhibition as a therapeutic strategy for AD and PD and other associated
neurodegenerative diseases.

While some conflicting results were reported on the therapeutic effect of lithium on AD models, some positive
results including several clinical trials (although not in all studies), warrant the continuous exploration of the
therapeutic potential of lithium in neurodegenerative diseases. For example, Phase 2 and Phase 1 studies of lithium
for AD and PD are undergoing (Table 1). Phase 2 clinical studies of Tideglusib (NP-12, NP031112), one of the non-
ATP-competitive GSK3 inhibitors, were also conducted for AD treatment without strong adverse effects to be
observed (Table 1).*47:1°?

Growing evidence demonstrated that GSK3 inhibition may also be effective for other neurological and psy-
chiatric disorders. It is not surprising to observe GSK3 inhibitors ameliorate these neurological and psychiatric
disorders considering the anti-inflammatory, antiapoptosis, and neuroprotective effects of GSK3 inhibitors as most
of these diseases are associated with inflammation, apoptosis, and neurodegeneration. Despite this, more studies

are necessary and warrant the efficiency and safety of GSK3 inhibitors.

10 | GS3K INHIBITORS AND CANCER

A recent study that GSK3a selective inhibitor BRD0O705 exhibited a beneficial effect in treating AML encourages
researchers to identify more optimized strategies to target GSK3 for cancer treatment.’*’ Looking back, the
application of GSK3 inhibitors in cancer is complicated and cancer type-dependent. The involvement of GSK3 in
cancer development is mainly through its interaction with the variable pathways such as PI3K/Akt, Wnt/B-catenin,
nuclear factor kappa B (NF-Kb), MAPK, ERK1/2 pathways.>® Owing to the complexity of the interactions between
GSK3 and the other different pathways, whether GSK3 is a tumor suppressor or oncogene is context-dependent.
For example, by phosphorylating 3-catenin, GSK3 could behave as a tumor suppressor by directing B-catenin to

degradation and repressing tumorigenic effect (mainly via shutting down its downstream cancer genes like cyclin
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D1, Myc, and c-jun.*** However, GSK3 also shows increased expression in some types of cancer and associates
with tumor cell proliferation.’** The controversial effects of GSK3 on apoptosis are another underlying mechanism
leading to the dual role of GSK3 in tumorigenesis.**®

Despite the controversial role of GSK3 in cancer development, many GSK3 inhibitors have been conducted for
preclinical studies using in vitro and in vivo animal models with the demonstration of beneficial anticancer effects in
some types of cancer such as pancreatic cancer, glioblastoma, leukemia, bladder cancer, etc. Some inhibitors already
entered clinical trials. For example, Phase 1 clinical trials have been conducted to evaluate the safety and efficiency
of lithium on prostate cancers and leukemia'> (Table 1). Another two GSK3 inhibitors, LY2090314 and 9-ING-41,
have also been tested for treating some types of cancer as a single agent or in combination with other drugs.
LY2090314 was safe and well-tolerated and showed, to some extent, an anticancer activity when combined with
other agents.*®”1°¢ Emerging evidence also suggests GSK3 is associated with immune response in cancer and thus
shows the potential of being targeted in cancer immunotherapy. GSK3 negatively regulates the response of NK
cells and T cells and administration of GSK3 inhibitors enhanced immune cells' cancer cell cytotoxicity and improved
their anticancer ability. Three ongoing clinical trials are evaluating the safety and efficiency of NK cells precultured
with GSK3 inhibitors CHIR99021. These pretreated NK cells were infused into patients of several types of can-
cer.®® There are also studies suggesting that GSK3 inhibitors may potentiate the therapeutic effect of the immune

checkpoint antibodies owing to their regulation of the immune checkpoint gene expression.*>’

11 | GSK3 INHIBITOR AND METABOLIC DISORDERS

We have discussed the pivotal roles of GSK3 in the development of obesity, insulin resistance, T2D, and cardio-
vascular diseases in previous sections of this review. The involvement of GSK3 in multiple tissues and numerous
signaling pathways associated with metabolism and glucose homeostasis warrant the therapeutic potential to
targeting GSK3. More and more emerging in vitro and in vivo preclinical studies also provided substantial evidence
that GSKS3 inhibitors have beneficial effects in preventing obesity, improving insulin resistance, and T2D as we
discussed in the above sections. However, few GSK3 inhibitors were used in clinical trials as antiobesity or anti-
diabetic agents. One example is tungstate, an indirect inhibitor of GSK3 via activating (ERK1/2) was used to
conduct a Phase 1 clinical trial as an antiobesity agent with demonstrated low toxicity profile.!*? In patients
with psychiatric disorders, the administration of lithium lowered blood glucose levels and improved glucose
tolerance.’”*°® Consistently, in patients with types 1 and 2 diabetes, lithium showed a hypoglycemic effect.'*®
However, some controversial case reports indicate lithium administration is associated with hyperglycemia.’*®
Although whether GSK3 is involved in the lithium-associated hyperglycemia is not clear since lithium may work via
a GSK3-independent mechanism, caution still needs to be exercised when using lithium or other GSK3 inhibitors
that inhibit total GSK3 for obesity or diabetes treatment. Again, it is critical to develop and test high selective GSK3
isoform-specific or other substrate competitive inhibitors for metabolic disorder treatment, which will help better
understand the cellular roles of GSK3 and avoid those off-target effects of these potential pharmacological GSK3
inhibitors.

11.1 | The role of GSK3 in mitochondria

As the powerhouses of mammalian cells, mitochondria are the energy factories that promote the catabolism of
substrate molecules to release energy. Therefore, the abundance and the functional activities of the mitochondria
are regulated in correlation with the metabolic status of the cells. Mitochondrial dysfunction is associated with
many diseases, including cancer, neurodegenerative diseases, cardiovascular disease, stroke, aging, obesity, dia-

betes, and inflammation. GSK3 regulates the function of mitochondria mainly through two mechanisms. Since most
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of the mitochondrial genes are coded in the genome, GSK3 influences mitochondrial activity by indirectly regulating
the signaling pathways that guide the expression of mitochondrial genes in the nucleus. Simultaneously, GSK3 was
found to be located not only in the cytosol and nucleus but also in mitochondria, indicating that GSK3 may directly

influence mitochondrial function.

12 | GSK3 AND PGC1A, A KEY REGULATOR OF MITOCHONDRIAL
BIOGENESIS

PGC1a is a key regulator of mitochondrial biogenesis and oxidative metabolism to positively contribute to energy
homeostasis.*>?*¢° The abundant expression of PGC1a has been observed in tissues with high energy demands,
such as skeletal muscle, adipose tissue, heart, brain, and kidney. PGCla interacts with many other factors to
regulate the expression of genes associated with various energy metabolism programs, such as glycolysis, fatty acid
oxidation, and gluconeogenesis, and other processes, including thermogenesis, adipocyte differentiation, and
skeletal muscle development. Any dysregulation or dysfunction of PGC1la and its cofactors might strongly influence

whole-body energy homeostasis to trigger the development of metabolic disorders.** 17

GSK3 modulates mitochondrial biogenesis mainly by negatively regulating PGC1a (Figure 2). Olson et al.**®
reported that the inactivation of GSK3 can stabilize PGC1a under conditions of oxidative stress and contribute to
its accumulation in neurons to ultimately affect brain energy metabolism. Similarly, Martin et al."°° demonstrated
that GSK3B inhibition increases mitochondrial energy metabolism and alters NAD(P)H metabolism in glia and
neurons in culture, and increases brain energy metabolism in the hippocampus region in mice by increasing PGCla
stabilization and transcriptional activity. Further studies revealed that PGCla might be a direct phosphorylation
target of GSK3, which leads to increased PGC1a instability. Moreover, acute stress activates GSK3, which results in
the phosphorylation and degradation of PGC1a in fibroblasts, skeletal muscle, and adipose tissue,'*? suggesting
that GSK3 inhibition of PGC1a is an alternative cellular response to stress. However, with chronic stress such as
calorie restriction, GSK3 activity is inhibited and another energy sensor Sirt1 is activated, which stabilizes PGCla
and results in a sustained increase in the expression of genes involved in energy metabolism, leading to beneficial

effects on energy homeostasis. '’
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FIGURE 2 GSK3 regulates mitochondrial activity. GSK3 responds to both acute and chronic stresses
oppositely. Acute oxidative stress activates GSK3 and results in the inhibition of PGC1a and mitochondrial
activities. Chronic stress such as calorie restriction (CR) inhibits GSK3 but activates Sirt1 to activate PGCla that
promotes mitochondrial biogenesis and increases energy metabolism. GSK3 including mGSK3 negatively regulates
mitochondrial ETC complexes activity, oxidative phosphorylation and mitochondrial integrity but stimulates ROS
production and mitochondrial motility and trafficking. ETC, electron transport chain; GSK3, glycogen synthase
kinase-3; mGSK3, mitochondrial GSK3 [Color figure can be viewed at wileyonlinelibrary.com]
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The GSK3-induced negative regulation of the transcription of PGC1a, as well as the other PGC1a signaling
networks, including PPARa/6, ERRa, Nrf-2a, and Tfam, was also observed in multiple types of cells, such as
endothelial cells, megakaryocytes, vascular smooth muscle and skeletal muscle cells.”>*”° In addition, GSK3 was
shown to negatively regulate the nuclear localization of PGC1a and the abundance of PGCla by promoting its

degradation in cells in the absence of Omi, a mitochondrial protease that cleaves GSK3°%171172

13 | GSK3 REGULATES MITOCHONDRIAL MOTILITY

GSKa3 is also involved in the regulation of mitochondrial motility (Figure 2). For example, it was reported that
GSK3 promotes mitochondrial motility in neurons in a Tau protein-dependent manner.'”® Consistently, CDK5
inhibition causes the activation of GSK3, which leads to stimulated mitochondrial trafficking.’’* GSK3 also acts
as a component of the mitochondrial trafficking machinery and associates with TRAK1/NDE1 to promote
mitochondrial movement in the mouse brain.’”> However, some conflicting effects of GSK3 on mitochondrial
motility have also been reported. Chen et al. reported that GSK3 inhibition increased mitochondrial motility in
cultured hippocampal neurons.’”® The mechanism includes the deacetylation of tubulin by HDAC6 whose
activity is activated by GSK3 phosphorylation, leading to decreased binding of kinesin-1 to microtubules and
reduced mitochondrial transport.’”” These conflicting results indicate that GSK3-regulated mitochondria in the

brain might be region-specific.

14 | GSK3 AND MITOCHONDRIAL FUNCTION

The localization of GSK3 especially GSK3p in the mitochondria has been identified in multiple cell types using
different approaches. For example, in human neuroblastoma SH-SY5Y cells, in rat cortical, hippocampal, and cer-
ebellum neurons, GSK3B but not GSK3a was detected using immunoblotting and immunoelectron micro-
graph. 2432178178179 sing western blot and co-immunoprecipitations, GSK3B was also found to translocate into
mitochondria mediated by translocase of the mitochondrial outer membrane 20 (TOM20) upon ischemia/re-
perfusion in CMs.*%° The mitochondrial activity of GSK3 in CMs could be regulated by protection signaling. In CMs,
Akt-mediated Ser9 inhibitory phosphorylation of GSK3p in mitochondria is associated with CM protection against
oxidant-induced apoptosis.*®*®! In human hepatoma cells, the localization of GSK3p in mitochondria was also
observed.'®? These studies imply that mitochondrial GSK3 (mGSK3) may contribute to the regulation of mi-
tochondrial activities. For example, mGSK3 may regulate energy homeostasis by influencing the activity of com-
plexes in the electron transport chain (ETC). It was reported that mGSK3B inhibited NADH: ubiquinone
oxidoreductase, i.e., respiratory chain complex |, leading to reduced oxidative phosphorylation and enhanced ROS
production.*®384 Moreover, mGSK3p inactivates pyruvate dehydrogenase to modulate the Krebs cycle.*”” It was
also reported that mGSK3 may also interact with other complex subunits such as ETC complexes and mitochondrial
permeability transition (MPT) pore complex to regulate mitochondrial activity and function such as mitochondrial
oxidative phosphorylation respiration, MPT, mitochondrial integrity, etc.'”?18%184185 (Figyre 2). Despite these
studies, however, we cannot exclude the possibility that some of these effects could result from the regulation of

GSK3 on PGC1a and other downstream substrates or interacting partners of GSK3 in cytosol and nucleus.

14.1 | GSK3 and metabolism related stress responses

As a kinase, GSK3 plays important role in response to different stresses in many types of cells.
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15 | GSK3 AND HYPOXIA

Mammalian cells have developed response mechanisms to a low-oxygen environment termed hypoxia, and they are
crucial for cell survival when the O, supply is inadequate since hypoxic stress can trigger apoptosis. The key factor
that orchestrates cell oxygen homeostasis and enables it to adapt to low oxygen levels is the hypoxia-inducible
factor (HIF). Acting as a transcription factor, HIF, especially HIF-1, the best-characterized member of the HIF family
members, was reported to regulate the expression of more than 100 genes through binding to hypoxia-response
elements of target genes to influence many cellular processes, such as angiogenesis, cell proliferation and survival,
tumorigenesis, and energy metabolism.

Some reports demonstrated that the inhibition or depletion of GSKS3 results in increased HIF-1a accumulation
and hence its target factors including VEGF and GLUT1 proteins, whereas the overexpression of GSK3 leads to the
opposite effect.’®¢17° GSK3 negatively regulates HIF-1a levels by directly phosphorylating HIF-1a, which is
followed by Fbw7-mediated ubiquitination and proteasomal degradation of HIF-1a in a process that is independent
of VHL-mediated hydroxylation.*®”"*"° The identification of the residues in HIF-1a that are phosphorylated by
GSK3 further confirmed that GSK3 promotes HIF-1a degradation.’®”2?° GSK3 repression of HIF-1a has an im-
portant influence on cancer development. HIF-1a dependent angiogenesis and cell migration were found to be
decreased by GSK3 mediated HIF-1a degradation.'®” In another independent cancer study, GSK3 also repressed
HIF-1a by regulating its translation in human colon carcinoma cells.*”* These studies suggest that GSK3 might
regulate HIF-1a activity through more than one mechanism (Figure 3).

In other studies, however, hypoxia-activated GSK3 was found to mediate hypoxia (0.01% O,-6h)-induced cell
apoptosis in vascular smooth muscle cells. GSK3 inhibition prevented this apoptosis.’”? The activation of GSK3 by

188

hypoxia (1% O,-16h) was also observed in other cell types, such as HepG2 cells,”*® and in the mouse brain and the

rat hippocampal CA1 region in vivo (acute exposure to 10% O,), as indicated by the observed dephosphorylation of
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FIGURE 3 The interaction of GSK3 and stresses. A schematic illustration of GSK3 and stresses. GSK3 mediates
several downstream effects of ER stress including the inhibition of cell proliferation through inhibition of PISK/AKT
and mTORC pathways, the promotion of lipid accumulation in hepatic cells that results in the hepatic steatosis and
atherosclerosis; and activation of Sirt1 which results in the cell death and hepatic injury. ER stress-activated GSK3
also stimulates inflammation. In turn, GSK3 can also promote ER stress to induce apoptosis. Responding to
metabolic stress and inflammation mediators including TLRs, LPS, and IFNy, GSK3 is activated to contribute to
inflammation via promoting the expression of proinflammatory cytokines and repressing anti-inflammatory
cytokines (red line). While some discrepancy remains, potential feedbacks between hypoxia (blue line) or oxidative
stress (ROS) and GSK3 are reported. Correspondingly, HIF-1a stability is modulated by GSK3 at both mRNA and
protein levels. ER, endoplasmic reticulum; GSK3, glycogen synthase kinase-3; HIF, hypoxia-inducible factor; mRNA,
messenger RNA; TLR, Toll-like receptor [Color figure can be viewed at wileyonlinelibrary.com]
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GSK3pB at Ser9 in HepG2 cells (Figure 3).27%7% In contrast, Beiner-Johnson et al. reported that hypoxia (1% O,-6h)
might inactivate GSK3 because the inhibitory phosphorylation of GSK3 was observed in PC-12 cells under hypoxic
conditions.’”> Chen et al.'?® also reported that severe hypoxia (0.01% O,.1h) induced the phosphorylation of
GSK3a and GSK3B at the inhibitory phosphorylation residues Ser21 and Ser9, respectively, in human HT1080 cells.

It is still unclear whether the discrepancy is related to hypoxia severity, and/or exposure duration, or by cell type.

16 | GSK3 AND ROS

An established view suggests that energy metabolism is closely linked to ROS production, and some important
enzymes involved in metabolic pathways affect or can be affected by cellular redox status. ROS production is
associated with the action of nutrients (such as glucose and lipids) and hormones (such as leptin and insulin), and
ROS release greatly influences metabolic regulation by affecting energy metabolism and food intake to ultimately
participate in the development processes of metabolism-associated diseases such as obesity, insulin resistance, and
diabetes. Mitochondria are the main producers and targets of ROS, which play critical roles in oxidative
homeostasis.'””

GSK3 is involved in homeostatic redox equilibrium. Through altering/promoting mitochondrial ROS levels,
GSK3 activity is involved in the resultant increase in MPT (Figure 2). MPT refers to increased permeability to the
solutes of the inner mitochondrial, and ROS are known to induce MPT and thus cause cell death.**%'®* GSK3
stimulates ROS production by targeting complex | or possibly by interacting with complex Il subunit Rieske, which
stimulates ROS signaling in the mitochondrial intermembrane space and cytosol.»”®*?? Thus, GSK3 inhibition can
protect cells from MPT- and ROS-induced apoptosis and increase cell survival. Notably, GSK3 activity was in-
creased by ROS in multiple cell types, and this increase is important for ROS-induced cell death in damaged/injured
tissue, including heart, neuron, and liver.?°°-2%* These studies provide some evidence for potential positive feed-
back between ROS and GSK3 that controls cell death (Figure 3).

However, some papers reported that GSK3 inhibition may stimulate ROS production in a different set of cell
types. For example, GSK3 inhibition increases ROS in chondrocytes, and the subsequent effects include MPT,
mitochondrial and DNA damage, and cell senescence.’?>?%¢ GSK3 inhibition also increases ROS in Mv1 Lu mink
lung epithelial cells by binding to and phosphorylating complex IV subunit 6b. The resultant mitochondrial ROS
generation also induces senescence.?®’ Similarly, pharmacological GSK3 inhibition or GSK3 depletion was observed
to increase ROS production and senescence in Chang human cervix carcinoma cells and human diploid fibro-
blasts.?°*2°? Importantly, the absence of GSK3 can be a determinant factor in cells showing the predominant

features of senescence, owing to abnormal anabolism,?%%2%7

suggesting that GSK3 modulates metabolic alteration
to affect cell death. Despite the disparate observations of different types of cells, GSK3 may function as a redox
sensor to regulate cellular pathological and physiological processes, and targeting GSK3 may protect against oxi-

dative stress-induced diseases.

17 | GSK3 AND ER STRESS

ER stress is implicated in various diseases, such as obesity, diabetes, neurodegenerative diseases, cancer, and
cardiovascular diseases.?° ER stress can trigger some adaptive signaling pathways to contribute to the attenuation
of cell stress. These pathways are involved in many cellular processes including energy metabolism and
homeostasis.”** 213

GSK3 is a potential factor implicated in ER stress pathways that regulates energy homeostasis (Figure 3). ER
stress-activated GSK3 interferes with the mTORC2 signaling pathway by specifically phosphorylating the mTOR2

component rictor, repressing glucose metabolism and inhibiting cell proliferation and tumor growth.?*?
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ER stress-activated GSK3 also induced lipid accumulation to accelerate the development of hepatic steatosis and
atherosclerosis.’*® In another study, GSK3 was activated in hepatic cells by ER stress that induced PI3K/AKT
pathway inhibition, and Sirtl was found to be a downstream target of GSK3. An increase in Sirt1l by ER-induced
GSKa3 resulted in cell death and hepatic injury.?** Interestingly, GSK3 was shown to act as a promoter of ER stress
to induce apoptosis of human neuroblastoma cells in both a caspase-3-dependent and GADD153-dependent
ways.”??1° The inhibition of GSK3 switches the fate of the cells toward recovery from ER stress. In the liver, the
inhibition of GSK3 reduced ER stress-associated apoptosis, which ameliorated D-GalN/LPS-induced liver injury.*¢
Additional studies reported that GSK3 can mediate ER stress to regulate cell differentiation, inflammation, ischemia
reperfusion, etc., suggesting that GSK3 may act as a general mediator of ER stress to regulate various biological and
pathophysiological processes.?” 27 In addition, GSK3 In addition, GSK3 is an important mediator of the effects
from different types of stress, such as growth factor deprivation and ER stress, promoting autophagy via the
TIP60-ULK1 pathway.'*322° Oxidative stress also promotes the activation of GSK3 by inducing ER stress, which
eventually leads to autophagy through the TIP60-ULK1 pathway.?%°

18 | GSK3 AND ITS FUNCTION IN INFLAMMATION

Inflammation is associated with many prevalent diseases, including psychological disorders, neurodegenerative
diseases, obesity, diabetes, and cancer. It is now evident that GSK3 has a close association with inflammation and
hence a tight link between GSK3 and inflammatory diseases, which makes GSK3 a promising therapeutic target of
these conditions. GSK3 regulates multiple immune cells including macrophages, T cells, dendritic cells, and glial cells
by affecting their proliferation, differentiation, survival, migration, and macrophage polarization to be implicated in
the disparate inflammatory response.?>>>%> Using animal models, several reports suggested the anti-inflammatory
actions and beneficial effects of GSK3 inhibitors in multiple inflammatory diseases, such as endotoxic shock,
peritonitis, arthritis, colitis, diabetes, and atherosclerosis.?®>®

GSK3 mediates several subtypes of Toll-like receptor (TLR)-induced inflammatory responses in human
monocytes.?®??* GSK3 inhibition reduces the production of many proinflammatory cytokines, such as tumor ne-
crosis factor-a, IL1B, IL6, and 1L12, while enhancing the anti-inflammatory cytokine IL10 (Figure 3). Mechanistically,
a GSK3 inhibitor increased IL10 by augmenting the binding of CREB/AP1, which promotes IL10 expression, to the
nuclear coactivator CBP while suppressing proinflammatory cytokine expression by blocking the binding of NF-«kB
p65 to CBP.?4?22 GSK3 was also found to promote the JAK/STAT pathway by activating STAT1, STAT3, and
STATS5, to modulate the synergistic effect of LPS and IFNy, and to induce the production of proinflammatory
cytokines, such as 1L6.22%??* Therefore, GSK3 inhibitors are ideal candidate chemicals for shifting the balance from
a proinflammatory to an anti-inflammatory response, which may be critical in the treatment of related diseases
(Figure 3).

In addition to its role in the TLR signaling pathway, GSK3 is also involved in the Nod-like receptor protein 3
(NLRP3) inflammasome pathway, which drives proinflammatory cytokines, particularly IL-1B, maturation and se-
cretion.??>??” The NLRP3 inflammasome serves as a metabolic stress sensor. For instance, elevated extracellular
glucose promotes the formation of the NLRP3 inflammasome, which is closely associated with the occurrence of
metabolic syndrome. In addition, NLRP3-promoted IL-1p is considered a risk factor for the development of T2D and
contributes to insulin resistance.??® Thus, NLRP inflammasome activation and elevated IL-1pB levels are implicated
as important drivers of the progression from obesity to T2D.??’

Both the NLRP inflammasome and TLR signaling pathways can be activated by stresses such as pathogen
infection, psychological stress, ROS stress, and metabolic stress (such as high levels of free fatty acids, glucose, and
cholesterol). Increased expression of TLRs (especially TLR2 and TLR4), NLRP3, and the respective ligands in multiple
tissues, including adipose tissue, skeletal muscle, and hypothalamus, has been observed in obese/diabetic
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patients,””" which suggests the contribution of TLRs and NLRP3 to inflammation initiation and progression. GSK3 is
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also activated in response to metabolic stresses. Thus, stress-activated GSK3 may serve as a mediator of both
NLRP3 and TLR inflammatory signaling to increase proinflammatory cytokine production and inflammatory

reSpOnSe.225 227,230

18.1 | GSKS3 and the metabolic regulators
18.1.1 | GSK3 and leptin

Leptin is a peptide hormone secreted by adipocytes. Leptin enters the circulation and binds to its receptor, which is
mainly expressed in brain neurons such as the hypothalamus, to regulate food intake and energy homeostasis. The
deficiency of leptin and/or its receptor leads to severe obesity and associated abnormalities.”** The cross-talk
between leptin and GSK3 has been observed in different types of tissues under different physiological and pa-
thophysiological conditions, which indicates complex cross talk (Figure 4).

In many insulin-responsive tissues, leptin sensitizes the tissue response to insulin and promotes glucose
homeostasis. Several studies have shown that in pancreatic B cells, leptin activates AMPK to indirectly activate
GSK3B. Then, GSK3B phosphorylates and inactivates PTEN, which promotes ATP-sensitive potassium (KATP)
channel trafficking to stimulate insulin secretion.?*? 2% In hypothalamus cells, leptin also depends on maintained
GSK3 to phosphorylate and inactive PTEN to open Karp channels in vitro,>>* which is opposite to the sustained
inhibition of GSK3 by insulin. Further characterization of the GSK3 phosphorylation status revealed that leptin
induces only transient inactivation of the serine phosphorylation of GSK3 but sustainably increases GSK3 active
tyrosine phosphorylation (Tyr-216/Tyr-279) in hypothalamus cells, with the outcome being maintained GSK3
activity.?>* In human Mesenchymal Stem Cells (hMSCs), activation of GSK3 by leptin mediates the effect of leptin in
maintaining mitochondrial integrity and enhancing mitochondrial function in hMSCs, contributing to the efficacy of
hMSC-based therapy of cardiovascular diseases by increasing hMSC survival.”>® In contrast, in the mouse cerebral
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FIGURE 4 The crosstalk between GSK3 and leptin signaling. In hypothalamus cells, leptin depends on activated
GSK3 by phosphorylation at Tyr-216/Tyr-279 to phosphorylate and inactive PTEN to open Katp channels. In
pancreatic B cells, leptin also activates GSK3 via AMPK to inhibit PTEN. KATP is the downstream target of PTEN
and is activated by leptin that finally activates insulin secretion. However, Normal physiological levels of leptin in
leptin-sensitive animals activate Wnt/LRP-6, leading to the inactivation of GSK3 in the hypothalamus, which
sensitizes insulin signaling and contributes to energy hemostasis. Leptin also inactivates GSK3 to inhibit the
phosphorylation of Tau protein. In contrast, upon leptin deficiency or hyperleptinemia in leptin-resistant obese
animals, leptin activates GSK3 in autocrine and indirectly neuroendocrine manners, which exacerbates
obesity-induced insulin resistance and glucose intolerance. GSK3, glycogen synthase kinase-3 [Color figure can be
viewed at wileyonlinelibrary.com]
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cortex, leptin induces growth cone expansion by inactivating GSK3p,%¢

which suggests that leptin may have a dual
effect on GSK3 activity under different conditions. Hyperphosphorylated Tau is closely associated with neurode-
generative diseases, and GSK3 is a recognized kinase that phosphorylates the Tau protein in neuronal cells. In SH-
SY5Y cells, a model for neurodegenerative disorders, leptin was also found to inactivate GSK3, which reduced the
level of hyperphosphorylated Tau protein.?®>” These results suggest that leptin might lead to different GSK3
statuses and generate distinct physiological outcomes in a context- or tissue-dependent manner. In fact, in aged
and/or obese animals, abnormally elevated leptin was reported to impair the insulin-triggered inactive phosphor-
ylation of GSK3 and inhibit the early step of insulin signal cascade such as MAPK activation, leading to insulin-
desensitizing effects in white adipocytes, suggesting that long-term hyperleptinemia is associated with high GSK3

°b/%b mice ex-

activity under aging or obesity conditions.?*® Increased GSK3 activity in the hypothalamus of lep
acerbated the development of obesity and glucose intolerance upon leptin deficiency,”” while the central admin-
istration of leptin reversed the pathological metabolic phenotype and caused the inactivation of GSK3 by
stimulating the Wnt/LRP6 pathway in NPY neurons,>>’ suggesting that the cross-talk of GSK3 and leptin play
important roles in the neuroendocrine control of energy homeostasis in the whole body. Therefore, it can be
speculated that GSK3 can contribute to the deteriorative effect of hyper- or hypoleptinemia and that normal

physiological leptin levels might correct the metabolic phenotype induced by overactivated GSK3.

19 | GSK3 AND ADIPONECTIN

Adiponectin is another adipokine produced by adipocytes. It increases insulin sensitivity, decreases inflammation,
improves glucose homeostasis and prevents atherosclerosis, fatty liver disease and obesity. The functional inter-
action between adiponectin and GSK3 was reported to play important roles in different biological and patho-
physiological processes. For example, some studies reported that adiponectin decreased GSK3 inactive
phosphorylation and increased its suppressive effect on tumor cell growth.?*%?** Our studies and those of others

demonstrated that inhibiting GSK3 enhanced adiponectin expression in obese adipose tissues,®>?%?

which may act
as one of the mechanisms by which GSK3 inhibition improves insulin resistance and ameliorates glucose intolerance
caused by obesity. Paradoxically, the constitutive activation of GSK3 caused by a knock-in mutation protected
transgenic mice against metabolic syndrome marked by insulin resistance and dyslipidemia. The main mediator of
these effects was identified as adiponectin.?*® It is difficult to reconcile these dramatically distinct conclusions
based on the currently available evidence. However, glucagon synthesis activity was not affected by mutant GSK3
knock-in, suggesting that mutant GSK3 does not function similarly to wild-type GSK3. Therefore, further studies
are needed to understand whether other inactivating modification sites of GSK3 are affected after the known
inactive phosphorylation sites are mutated. In addition, the effects generated by the mutant GSK3 might be caused

by its interactions with other pathways.

20 | GSK3 AND SIRTUINS

The Sirtuin (Sirt) family proteins, NAD+-dependent deacetylases, play many important roles in various tissues,
including metabolism-associated tissues such as adipose tissues, skeletal muscle, liver, and brain. Sirt1 can prevent
high-fat-induced obesity and metabolic disorders, including glucose intolerance and insulin resistance, which is
closely related to the effects of Sirtl on energy homeostasis through its deacetylation of a range of substrates
involved in glucose metabolism, food intake control, insulin signaling, and energy expenditure.?** ?%¢ These pro-
found effects of Sirts indicate that any factor involved in cross-talk with them may potentially be involved in
corresponding cellular processes.
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Sirtl was demonstrated to inactivate GSK3 by activating its upstream kinase, AKT, to increase GSK3 inhibitory
phosphorylation during axonogenesis.>*” Another Sirt family member, Sirt2, was also found to activate AKT and
hence negatively regulate GSK3 activity by promoting its inhibitory Ser? phosphorylation in AML blasts
(Figure 5).%“® Sirt2 was also found to inactivate GSK3B by unknown mechanisms that prohibit retinoic acid-induced
ES cell differentiation and lineage commitment.?*’ These studies suggest that GSK3 may counteract Sirt effects
through Sirt-mediated inhibitory phosphorylation of GSK3.

However, GSK3p activity was also found to be inhibited by acetylation modification in an inhibitory
phosphorylation-independent manner at Ser9, and Sirt2 directly interacts and deacetylates GSK3 to derepress
acetylation caused inhibition and promote its binding to ATP in the heart. Upon induced Sirt2 deficiency in the mice,
increased GSK3 acetylation but not increased Ser9 phosphorylation reduced the activity of GSK3p. Deacetylated
GSK3 then mediated the anti-hypertrophic function of Sirt2 in CMs.>*° Another interesting study also reported that
Sirt1 derepressed GSK3 via deacetylating it and thus relieved GSK3B from its inhibition caused by Ser9 phos-
phorylation. Derepressed GSK3 then stimulated PP1 to dephosphorylate CREB at Ser133 and inhibited CREB,
which decreased the synthesis of its target pituitary growth hormones (Figure 5).2°* While these studies suggest
that GSK3p is regulated by a complicated interplay between different posttranslational modifications, it is difficult
to conclude the outcome of Sirt regulation of GSK3. We suspect that the inhibitory effect of Sirts on GSK3, as
indicated by inhibitory phosphorylation at the respective serine residue, can be an indirect or byproduct of Sirt
functions in the related cellular processes. However, as one type of deacetylases, the derepression of Sirts on GSK3
may be caused directly by increased Sirt deacetylation of GSK3. The effect of Sirts on GSK3 may vary in different
tissues and be altered according to changes in physiological conditions. Nevertheless, numerous studies have
indicated that GSK3 can negatively influence energy homeostasis and insulin action, while many other studies have
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FIGURE 5 GSK3 mediated Sirt and AMPK signaling events. Refer to text for details. Sirt1/2 has dual regulatory
effects on GSKS3. In response to caloric restriction, Sirt1/2 deacetylates GSK3 competitively activates GSK3 by
inhibiting the repressive ser9 phosphorylation of GSK3. Activated GSK3 reduces the Ser133 phosphorylation of
CREB by activating its upstream inhibitory kinase PP1, which results in the inactivation of CREB and reduction of
anabolic genes such as growth hormone (GH) gene expression (black solid line). Sirts activates GSK3 upstream AKT
to increase its inhibitory phosphorylation (dotted line). On the other hand, the caloric restriction also activates
AMPK to stimulate GSK3 inhibitory phosphorylation at Ser9. Inactivated GSK3 reduces the phosphorylation of
Ser129 of CRE, leading to the inactivation of CREB and the reduction of CREB target gene, PEPKC, and ultimately,
inhibited gluconeogenesis (red line). GSK3 also inhibits AMPK by directly phosphorylating Thr479, resulting in the
inhibition of AMPK mediated autophagy and activation of anabolism. AMPK, AMP-activated protein kinase; GSK3,
glycogen synthase kinase-3 [Color figure can be viewed at wileyonlinelibrary.com]
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demonstrated the beneficial effects of Sirts on energy homeostasis and metabolism. For example, reduced Sirt1l
expression and activity but increased GSK3 activity have been observed in specific tissues during chronic in-
flammation, including obesity-induced adipose tissue with inflammation, brain inflammation caused by neurode-
generative diseases, and arterial inflammation in atherosclerosis.?”?

GSK3p knockout mice are embryonically lethal, suggesting that its function is essential in some respects, thus, it
is not surprising to see a beneficial phenotype of GSK3. One possibility is that normal GSK3 levels or activity may
function together with Sirtl to show a beneficial impact, while excess or overactivated GSK3, such as in obese
conditions, may exert a harmful influence, especially on homeostasis, which is an outcome in contrast to that
promoted by Sirt1.

21 | GSK3 AND AMPK

AMPK, a serine/threonine kinase, is an evolutionarily conserved energy metabolic sensor. AMPK regulates energy
homeostasis via modulating lipid and glucose metabolism and insulin sensitivity in multiple tissues. Collectively,
these functions endow AMPK with the ability to have beneficial impacts by blocking body weight gain and by
attenuating T2D and metabolic syndrome.?>2%%

The association between GSK3 and AMPK has been observed in many studies. For instance, inhibition of GSK3
is known to indirectly activate AMPK by altering the ATP/AMP ratio in an LKB1-dependent manner and to prevent
the initiation of autophagy in prostate cancer cells."?? In addition, GSK3 senses anabolic stimuli, such as the insulin
signal, which induces its phosphorylation of AMPK and inhibits its activity in multiple cell types, including murine
heart tissue and primary hepatocytes; this process is critical for enabling cells to enter an anabolic state in response
to environmental cues.?*® Surprisingly, GSK3-phosphorylated AMPK was not affected by the inhibitory action of
insulin/PI3K-AKT, even though insulin/PIBK pathway activation is required for GSK3 to inactivate AMPK by
phosphorylating it on Thr479.7>°> Although neither the precise molecular mechanism involved nor the implicated
physiological significance is known, this novel and reciprocal collaboration between insulin/PI3K and GSK3 on
AMPK activity may provide additional evidence indicating that the antidiabetic effect of GSK3 inhibitors in vitro and
in vivo may be mediated by activated AMPK and not exclusively by the regulation of GS activity. In addition, since
AMPK acts as an anti-inflammatory factor in many cell populations, inactivation of AMPK by GSK3 also prohibits its
anti-inflammatory effect and induces inflammatory responses,>”® which is indeed consistent with the study that
GSK3 inhibition in obese mice reduced inflammation in adipose tissue and improved inflammation-induced insulin
resistance.®” It is not clear whether AMPK activity was involved in the effects of GSK3 inhibition on inflammation,
but increased AMPK activity may mediate the beneficial outcome of GSK3 inhibition in obese adipose tissue in
ways other than GS regulation.

As described above, GSK3 can be regulated by AMPK in response to leptin.?*>2?°% In cancer cells, GSK3 is also a
potential substrate of AMPK, which is involved in the regulation of cancer cell proliferation and metastasis.?*’
Horike et al.?*® reported that AMPK phosphorylated GSK3p at Ser9 may result in reduced CREB phosphorylation at
Ser129 but not Ser133 and suppressed PEPCK-C gene expression. This reported AMPK-GSK3-CREB-PEPCKC
cascade indicates that GSK3 is engaged in anabolic actions, such as gluconeogenesis, by phosphorylating CREB at
Ser129 in liver cells (Figure 5). In addition, when activated by Sirt1 through deacetylation under caloric restriction,
GSK3p activates PP1 and dephosphorylates CREB at residue Ser133.2°* This Sirt1-GSK3-PP1 action of depho-
sphorylating CREB at Ser133 is important for inhibiting GH synthesis, counteracting the harmful effect of chronic
excessive GH, especially under the stress of energy restriction, and facilitating organism adaptation (Figure 5).
Insulin and other growth factors, such as IGF-1, can phosphorylate Ser21 in GSK3a or Ser9 in GSK3p to inhibit their
activity, a process that is mediated by the PI3K-AKT axis. Moreover, in response to hormonal stimulation ac-
companied by increased cAMP levels, GSK3 is phosphorylated by cAMP-dependent PKA. These observations are

consistent with the GSK3 function in suppression of the CREB in mediating the anabolic gene expression.
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Finally, GSK3 negatively controlled by AMPK directly affects CREB ser-129 phosphorylation, but GSK3 activated by
Sirtl indirectly influences CREB ser-133 phosphorylation, suggesting that the various substrates of GSK3 lead to
different outcomes and render GSK3 a multifunctional enzyme. Overall, different cellular metabolic statuses can
lead to preferential GSK3 modifications to induce a unique response to different stimuli through either direct or

indirect mechanisms.

22 | GSK3 AND MTOR

The predominant upstream kinase of GSK3 phosphorylation is AKT which is activated by PI3K. Another PI3K
dependent GSK3 upstream kinase is ILK, which orchestrates AKT, growth factor, and extracellular matrix signals to
inactivate GSK3.2°? However, GSK3 activity can also be regulated by other upstream signals independent of AKT.
One of the well-known pathways that do not require AKT engagement is the Wnt pathway.?*® Another PI3K-AKT
independent kinase that phosphorylates GSK is PKA. cAMP-stimulated PKA can phosphorylate and inactivate
GSK3.2°* Under certain conditions, for example, when the stimulation of AKT by amino acids is attenuated or the
TSC complex is deficient, GSK3 phosphorylation is regulated by amino acids through nutrient-sensitive mTORC1-

S6K1 signaling.2¢%2¢°

mTORC1 is a ubiquitously expressed multimeric protein complex with kinase activity that
coordinates to regulate cellular metabolism and cell growth by integrating nutrient (e.g., amino acids) and growth
factor signals. Interestingly, the overactivation of mTORC1-S6K1 signaling by excess nutrients, such as amino acids,
in the liver and muscle was implicated as a cause of insulin resistance.?**?*> However, notably, under the condi-
tions of cell-intrinsic insulin resistance, MTORC1 enhances GSK3 inactive phosphorylation. Although it is unknown
whether mTORC1 and S6K1 can control GSK3 in insulin-responsive tissues, such as skeletal muscle and liver, this
antagonistic relationship between mTORC1 and GSK3 indicates a discrepancy in terms of the effects of both
mTORC1 and GSKS3 on insulin resistance, despite both mTORC1 and GSKS3 being positively associated with insulin
resistance in these tissues.”®>?%> Nevertheless, controlling dietary nutrients such as amino acids can control GSK3
activity to affect the metabolic phenotype. Another study reported that mTORC1 suppresses GSK3 to abolish its
phosphorylation of Foxk1, a dominant transcriptional factor required for the expression of glycolysis genes and
downstream anabolic genes, to increase the expression of Foxk1 target genes and increase glucose metabolism,
thus mediating mTORC1-driven metabolic reprogramming and cellular homeostasis.?® On the other hand, some
studies demonstrated that GSK3 functions as an upstream kinase of mTORC1 signaling and either negatively or
positively regulates mTORC1 activity depending on the signaling molecules that are integrated into the pathway,
environmental stimulation, or the experimental conditions. For example, two studies reported that without TSC2
deficiency, TSC2 acts as an intermediator of GSK3 and mTORC1 to modulate GSK3 repression on mTORC1.%¢7:2¢8
Similarly, GSK3, but not GSK3a, inhibits mTORC2 activity by phosphorylating its component rictor, leading to AKT
inhibition under ER stress to restrain the anabolic effects of the mTORC2-Akt pathway.?*? Although this conserved
regulation of mMTORC2-AKT by GSK3B in vertebrates and invertebrates under ER stress implies that GSK3p in-
terferes with insulin signaling, it also indicates that GSK3 may contribute to a balance between anabolic and
catabolic pathways in response to environmental cues such as ER stress and caloric restriction, which is also
indicated by Sirt1-GSK3 axis-regulated GH under caloric restriction. However, when GSK3 phosphorylates the
mTOR-associated scaffold protein raptor, the effect of GSK3 on mTORC1 activity is positive.?*”?7° It is still not
clearly understood whether these contrasting observations of the relationship between GSK3 and mTOR arise from
differences in the cellular context, cell type, environmental cues, or other conditions. But they indeed suggest
distinct regulation of GSK3 and mTORC1 and multiple layers of complexity in the regulatory network of mTOR and
GSK3. The regulation possibly involves other signal pathways, thus rendering widespread implications for the
regulation of cell metabolism, survival, and growth, and for the pathology and treatment of multiple human
diseases, such as cancer, diabetes, obesity, and aging.
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As we explained above, GSK3 is involved in GH signaling pathways and the energy-sensing system by inter-
acting with Sirts or AMPK. The association revealed between GSK3 and Wnt, PKA and mTOR suggests that GSK3
responds to diverse stimuli, including growth factor (e.g., insulin and IGF-1) cascades or hormonal stimulation (e.g.,
forskolin) of G protein-coupled receptors. These stimuli may alter intracellular cAMP levels which regulate GSK3
and affect downstream cellular pathways that are implicated in different cellular processes, such as glucose me-
tabolism, cell growth, and cell differentiation. GSK3 activity can also be regulated by modification at other sites,
such as Thr43, Ser389, and Thr390 in GSK3p, which are phosphorylated by Erk and p38 MAPK and correlate with
the inactivation of GSK3.°%°! Although Tyr279 in GSK3a or Tyr216 in GSK3p correlates with the activation of GSK
activity,”’" there are few studies available on this facet of GSK function.

23 | CONCLUDING REMARKS

GSK3a and GSK3p appear to play diverse roles in different tissues. GSK3p is essential for development, and GSK3a
does not compensate for the loss of GSK3. In the context of obesity, inflammation, and associated metabolic
disorders such as insulin resistance and diabetes, strategies for targeting both GSK3a and GSK3B remain promising
for the treatment of these diseases. The findings obtained from experiments with GSK3 inhibitors and tissue-
specific animal models (including those focused on skeletal muscle, liver, immune cells, and brain) have provided
some insights into the treatment of metabolic diseases or other diseases. Despite the recognition of GSK3 being
considered a therapeutic target for many diseases, some concerns were also raised owing to the essential roles of
GSKS3 in some aspects such as in cardiac biology and pathophysiology (discussed in detail in Cardiac Tissue section
of this article).*> Another important concern is that inhibiting GSK3 may increase cancer risk because some reports
suggest that GSK3 showed a negative association with several tumorigenic. For example, GSK3 inhibition can
stabilize B-catenin, a potential proto-oncogene. However, the B-catenin destruction complex assembly is much
more sensitive to Axin level than to GSK3B. The binding of Wnt to the transmembrane Frizzled receptor and its
coreceptors, the low-density lipoprotein receptor-related protein -5 or -6 (LRP5/6) leads to the dissociation of the
B-catenin destruction complex. GSK3p is probably not the rate-limiting factor for the Wnt signaling pathway.
Activation of the Wnt signaling pathway does not inhibit the enzymatic activity of GSK3, especially the small
amount of GSK3 bound to Axin.?”??7% Instead, Axin protein seems to be the rate-limiting component in regulating
the activity of the B-catenin destruction complex at a very low concentration based on experimental data and
mathematical models.”’* GSK3 is required at the maximally effective concentration to disrupt B-catenin. The
selective deletion of either GSK3a or B did not affect B-catenin in embryonic stem cells in vitro.®* Although the
lethality of GSK3B-null mice limits the investigation of GSK3p in tumorigenesis, GSK3a-KO mice did not display an
increased propensity for tumorigenesis.'? B-Catenin activation required silencing of at least three of four GSK3
alleles (>75% inhibition of total GSK3 protein).>12%27> What's more, some Wnt/B-Catenin degradation pathways
are independent of GSK3 activity.?”®"2”® One more piece of evidence suggesting that GSK3 inhibition might not
lead to oncogenesis is derived from GSK3 inhibitor lithium application to the treatment of BPD; used for several
decades, lithium was not found to be associated with increased tumorigenesis or deaths from cancer.**? A clinical
study carried out from over 59,000 patients with this BPD suggests that lithium treatment reduced the cancer risk
from 20% to 5%.%”° The therapeutic range of lithium is 0.5-1.0 mM?2° which causes approximately 20% inhibition
of GSK3 and is much lower than the concentration used in cell culture studies (typical lithium concentration is
within 10-30 mM for cell culture). Thus, it is reasonable that a weak or moderate inhibition of GSK3, for example to
normal physiological levels, wouldn't be expected to induce Wnt signaling toward B-catenin stabilization.

GSK3 is involved in many mechanisms through acting on various substrates and the two isoforms of GSK3 have
distinct, albeit not well-defined, functions. Therefore, in addition to partially inhibit total GSK3 activity, developing
GSK3 isoform-selective, substrate competitive or disease selective inhibitors could be another feasible strategy.

Significant efforts have been made in the past decades to develop potent and highly selective GSK3
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isoform-selective inhibitors. Some of them have shown in vitro selectivity and in vivo efficacy in various animal
disease models such as AD, cancer, metabolic disorders, etc. Some of them are undergoing preclinical or clinical
testing. To date, none of the GSK3 inhibitors has been marketed to clinical application. As an important therapeutic
target, it is crucial to identify novel GSK3 inhibitors and to develop precision strategies for individual diseases or

patients when targeting GSK3 to achieve the therapeutic outcome without causing unwanted adverse effects.

24 | OUTSTANDING QUESTIONS

What are the specific roles of GSK3 in regulating the metabolic phenotypes in different tissues? How does GSK3
mediate cross-talk between tissues to collectively regulate energy homeostasis and metabolic phenotype?

What are the mechanisms by which GSK3 activity in adipose tissue contributes to obesity and its associated
diseases?

What adipokines (such as cytokines and chemokines) in obese adipose tissue require GSK3 for production and
for engaging in cross-talk with other tissues in the body for protection against inflammation and insulin resistance?

What are the critical substrates mediating the proinflammatory effects of GSK3 in immune cells?

Does GSK3 in immune cells, in addition to macrophages, also play an important role in regulating the devel-
opment of inflammation, insulin resistance, and T2D diabetes?

Are direct or newly developed GSKS3 inhibitors able to reduce metabolic syndromes, and can they produce
beneficial metabolic effects in humans?

Are the protective effects of GSK3 inhibitors in lowering glucose and improving insulin resistance mediated
through reduced GSK3-mediated inflammation, in addition to the effects of GSK3 in regulating GS activity?

Do GSK3 inhibitors have protective effects on other metabolic diseases, such as CVD, NAFLD, and athero-
sclerosis, in addition to insulin resistance and diabetes?

Will the highly selective (isoform, substrate, or disease selective) GSK3 inhibitors help to solve the puzzle
associated with the dual function of GSK3 in many disease-related scenarios and therefore be more efficient in
achieving the therapeutic effect in treating related diseases? Or would it be more competitive or worthwhile to
develop the novel GSK3 inhibitors targeting the GSK3 substrates or even GSK3 regulators?
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