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A B S T R A C T

GSK3 are involved in different physical and pathological conditions and inflammatory regulated by macrophages
contribute to significant mechanism. Infection stimuli may modulate GSK3 activity and influence host cell
adaption, immune cells infiltration or cytokine expressions. To further address the role of GSK3 modulation in
macrophages, the signal transduction of three major organs challenged by endotoxin, virus and genetic inherited
factors are briefly introduced (lung injury, myocarditis and autosomal dominant polycystic kidney disease). As a
result of pro-inflammatory and anti-inflammatory functions of GSK3 in different microenvironments and stages
of macrophages (M1/M2), the rational resolution should be considered by adequately GSK3.

1. Introduction

It has been a critical field for GSK3 as a major regulator of per-
ipheral inflammatory responses. GSK3 also participates in stimulus-in-
duced production of several cytokines that are related to inflammatory
cell migration and disease symptoms. GSK3, a serine/threonine protein
kinase signaling molecule, is widely expressed in versatile cell types.
GSK3 is responsible for glycogen metabolism and involved in down-
stream of insulin signaling. Insulin-mediated signaling could be an ac-
tivator of PI3K and, subsequently phosphorylation of both GSK3α
(Ser21) and GSK3β (Ser9) [1]. GSK3 is rapidly phosphorylated and
inhibited by the activation of the phosphoinositide 3-kinase (PI3K)
pathway, contributing to deposition of glycogen [2]. Two isoforms in
mammalian cells are GSK3α (51 kDa) and GSK3β (47 kDa) with 85%
overall structural similarity and the kinase domains shares 97%

identity. However, only 36% identity found on the C-terminus [3]. In
general the functions of GSK3 are dependent on tyrosine residues
phosphorylation (Tyr279 for GSK3α and Tyr216 for GSK3β) as active
forms. In contrast, the serine residues phosphorylation (Ser21 for
GSK3α and Ser9 for GSK3β) are a suppressive status [4]. More than 80
proposed substrates has been reported to interact with GSK3β [5].
GSK3β can be negatively regulated through phosphorylation on Ser9 by
different kinases, for example MAPK, ERK or Akt [6]. In monocytes,
PI3K/Akt-dependent inhibition of GSK3β activity can regulate Toll-like
receptor (TLR)-dependent activation [7]. Further mechanism reveals
the insulin-mediated signaling pathway as an activator of PI3K and
subsequently a phospho-inactivator of both GSK3α (Ser21) and GSK3β
(Ser9) [8]. Even GSK3α and β share highly structural similarity, GSK3β
null mice die during late embryogenesis with cardiac abnormalities
[9,10], however, GSK3α null mice are survival with elevated insulin
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sensitivity [11].

2. GSK3 role on inflammation

GSK3 activity is necessary for full stimulation of the production of
several pro-inflammatory cytokines, such as IL-6, IL-1β, and tumor
necrosis factor (TNF) in the peripheral blood mononuclear cells [7].
Moreover it has been found that Toll-like receptor activation in
monocytes may induce interleukin 10 production and accompany with
reduced level of pro-inflammatory cytokines after GSK3 and NF-κB in-
hibitions [7]. Even studies demonstrate that GSK3 is necessary for the
full transcriptional activity of NF-κB [9], GSK3 may support NF-κB
transcriptional activity in a promoter-specific manner, indicating that
GSK3 selectively modulates subset NF-κB mediated genes [12]. For
example, NF-κB-mediated expression of IL-6 and monocyte chemoat-
tractant protein-1 (MCP-1) require GSK3β for efficient expression, but
not IκBα and macrophage inflammatory protein-2 [13] [14]. This se-
lective action of GSK3β on NF-κB-induced gene expression is of sig-
nificance to explore the anti-inflammatory utility of GSK3 inhibitors
with differently NF-κB responses.

Decreased phosphorylation of NF-κB, JNK, ERK and P38MAPK in
LPS-stimulated macrophages is related to IL-10-dependent manner by
GSK3β phosphorylation [15]. In addition, TLR signaling can induce the
phosphorylation of GSK3β through the PI3K/Akt signaling pathway
[16]. By means of increasing the production of IL-10, it results in re-
duction of phosphorylation of NF-κB, JNK, ERK and P38 MAPK in LPS-
stimulated macrophages. The enhancement of GSK3β phosphorylation
(inactivation) via PI3K/Akt is involved in the methane-rich saline-in-
duced production of IL-10. However, another studies indicate that 6-
bromoindirubin-3-oxime (BIO) inhibits GSK3 activity and then triggers
a feedback regulatory loop aiming to restore physiological GSK3 ac-
tivity. This loop results in gsk-3β gene and protein upregulation and it
also reduces the levels of the inhibitory GSK3α (Ser21) and GSK3β
(Ser9) [15].

3. GSK3 in lung inflammation

Recently the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is leading to the global outbreak of coronavirus disease
2019 (COVID-19). The clinical manifestation is involved in acute re-
spiratory distress syndrome (ARDS). Currently many trials are exploring
the clinical feasible means to manage it [17]. Particularly chloroquine
is an existing medicine with approved indication for anti-malarial use.
It reveals inhibitory effect on SARS-CoV-2 [18]. In view of the in-
tracellular versatile functions of GSK3, viruses could likely leverage this
important kinase to multiplicate in host cells. It has been shown that
multiplication of the SARS coronavirus depends on GSK3-mediated
phosphorylation of the nucleocapsid (N) protein which is a necessary
process for viral replication [19]. In addition, it was shown that GSK3β
promoted the life cycle of influenza virus through facilitating the viral
entry step [20]. GSK3β also participates in other viral multiplication,
such as HCV, HIV, coxsackievirus group B3 (CVB3) and venezuelan
equine encephalitis virus [17] [20,21] [21]. As for bacterial infection,
inhibition of GSK3β-related regulations by chloroquine-modulated
PI3K/Akt signaling may increase survivability in B. pseudomallei-in-
fected mice. The underling mechanism appears high level of phos-
phorylated Akt (Ser473) and GSK3β (Ser9) in liver samples of mice
administered with chloroquine and decreased phosphorylation of NF-κB
p65 (Ser536). Further analysis showed that chloroquine may reduce
pro-inflammatory cytokines (TNF-α, IFN-γ, IL-1β and IL-18) and in-
crease levels of anti-inflammatory cytokines (IL-4 and IL-10) in B.
pseudomallei-infected mice [22].

3.1. GSK3 in acute respiratory distress syndrome

Alveolar neutrophils and macrophages are of significance in lung

immune regulations. Neutrophils exhibit the acute phase effector and
migrate into the inflammatory sites by mediation of versatile cytokines
and chemokines [23]. Neutrophils represent over 50% of all circulating
leukocytes and, mostly in the pulmonary pool [24]. As injury occurred
in lung, the activated neutrophils exhibit the process of degranulation
and to release intracellular enzyme, such as neutrophil extracellular
traps (NETs), which is composed of chromatin fibers mixed with anti-
microbial proteins [25]. Particularly, increasing studies have been
working on NETs induced by different stimuli-triggered neutrophil ac-
tivations (such as LPS, calcium ionophore A23187 and phorbol 12-
myristate 13-acetate) [26]. Inhibition of GSK3β diminishes LPS-induced
neutrophil activation, lung injury as well as reduced level of pulmonary
edema, TNF-α, MIP-2 and HMGB1. The underlying mechanism revealed
that GSK3β-dependent phosphorylation of threonine 479 on AMPK is
associated with pT172 dephosphorylation and inactivation of AMPK.
Moreover, GSK3β-dependent inhibition of AMPK in LPS-treated neu-
trophils activation is dependent on IKK1/2 [27]. Given that AMPK has
anti-inflammatory functions [28], it appears that GSK3β inhibitors (BIO
or SB216763) prevent Thr172-AMPK dephosphorylation then attenu-
ates proinflammatory cytokine production [29] and protection from
bleomycin-induced lung injury [30] (Fig. 1).

Protein-rich edema is frequently manifested in patient with ARDS.
Impairment of edema removal is associate with alveolar hypoxia and
systemic hypoxemia [31]. Protein clearance from the distal air spaces is
facilitated by an the regulation of megalin (LRP2), belonging to the low-
density lipoprotein (LDL)-receptor superfamily [32]. Studies have
shown a detrimental role of GSK3β during ARDS via inhibition of al-
veolar epithelial protein transport. Thus megalin is negatively regulated
by GSK3β. Tideglusib and valproate (GSK3β inhibitors) may reduce
alveolar protein concentrations and suppress acute lung injury [33].
Similarly. the observation of utilizing ventilator-induced ARDS in mice,
it appears that increased mRNA and protein expression of GSK3β, im-
plying the GSK3β role in edema removal [34] (Fig. 1). To further
analyze alveolar fluid composition, albumin is disclosed to be the
abundant protein and clathrin-mediated endocytosis and transcytosis is
responsible albumin transferring [32]. Other study shows that activa-
tion of GSK3β by its dephosphorylation at Ser9 inhibits albumin uptake
and the phosphatase PP1 is responsible in alveolar epithelial cells. In
vitro studies show that TGF-β treated alveolar epithelial cells inhibiting
uptake of albumin and decreases megalin abundance on the plasma
membrane. It shows that GSK3β phosphorylates megalin leading to its
subsequent downregulation [35]. Moreover Acyl-CoA:lysopho-
sphatidylcholine acyltransferase 1 (LPCAT1) is a key enzyme in the
synthesis of dipalmitoylphosphatidylcholine, an important surfactant.
In LPS-induced ARDS experimental model, LPCAT1 is phosphorylated
by GSK3β, then ubiquinated and targeted for degradation [36].

In order to relief ARDS, it appears a positive outcome by inhibition
strategy of GSK3β through inhaling aerosolized insulin, [37]. In acute
necrotizing pancreatitis (ANP)-elicited lung injury, protective effect of
p-GSK3β (Ser9) exhibits by treatment of GSK3β inhibitors (TDZD-8 or
SB216763) [38]. Since NF-κB could be phosphorylated by GSK3β and
lead to transcriptional responses, inhibitors of GSK3β may decrease the
activation of NF-κB and then reduce downstream gene expression (IL-
1β, IL-6, and TNF-α) [29]. In addition, cell adhesion related signals
such as ICAM-1 modulated leukocyte adhesion and migration in acute
pancreatitis and higher level of ICAM-1 were indicated in lung tissues
[39–41]. Converging all evidences reveal the axis of GSK3β/NF-κB/
ICAM-1 pathway of leukocyte infiltration in lung injury (Fig. 1).
Meanwhile, by applying GSK3β inhibitors (TDZD-8 and SB216763
pretreatment,1 mg/kg) to treat ANP rats, it is found that the increased
expression of p-GSK3β (Ser9) and IL-10 levels in lung [38].

3.2. GSK3 modulation by cholinergic signaling

As ARDS patients rescued by ventilated treatment, it frequently
exhibits strong respiratory efforts. These respiratory efforts may result
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in increased mechanical lung injury due to high transpulmonary pres-
sures [42]. To prevent it, a routine medication with neuromuscular
blockade effect is employed. Cisatracurium acts on cholinergic re-
ceptors, blocking neuromuscular transmission. This action is antag-
onized by acetylcholinesterase inhibitors. Cisatracurium is used during
medication of ARDS patients. It has been reported that cisatracurium
may decrease mechanical lung injury in terms of clinical trial evalua-
tion [43]. Further analyze the possible mechanism reveals that cisa-
tracurium could decrease cell migration and up-regulated E-Cadherin
[44].In line with other studies indicate that GSK3 kinase activity ne-
gatively regulates the expression of the E-cadherin and also inhibits
epithelial-mesenchymal transition (EMT) [45,46]. Co-treatment of ci-
satracurium and ventilation reveals reduction of the inflammatory in-
jury by decreased HMGB1 expression in lung tissue [47]. It has been
indicated that HMGB1 could trigger inflammatory cytokines via mac-
rophages and result in onset of acute lung injury [48]. HMGB1 parti-
cipates in lung inflammation and could modulate AKT/GSK3β/β-ca-
tenin signaling pathways in human bronchial epithelial cells [49]. In
parallel, by increasing endogenous cholinergic activity through acet-
ylcholinesterase inhibitor (physostigmine) treatment at a low dose
(0.1 mg/kg), it shows a rapid increases of both phospho-Ser21-GSK3α
and phospho-Ser9-GSK3β in mice [50].

3.3. GSK3 on cell migration

GSK-3 regulation is known to be involved in cell migration. Elevated
PI3K and p-Akt expression in the lung tissue by propofol treatment of
LPS-challenged rats resulted in the reduction of acute lung injury. This
protective effect is accompanied with prolonged survival, decreased the
concentrations of protein, TNF-α, and IL-6. The activated PI3/Akt in-
duced by propofol may attenuate GSK3β activity [51] (Fig. 1). Propofol
is a potent intravenous anesthetic and sedative agent widely used to
facilitate intubation and ventilation [52]. Propofol suppresses acute
lung injury (ALI) by influencing migration, phagocytosis, and oxidative
ability of macrophages [53]. Cell migration is considered to participate
in inflammatory responses. GSK-3 has also been demonstrated to reg-
ulate microtubule stability through phosphorylation of three micro-
tubule/tubulin-associated proteins, Tau, microtubule-associated pro-
tein 1B, and collapsin response mediator protein 2 [54,55]. Paxillin
(PXN) is a 68-kDa focal adhesion-associated protein that plays an im-
portant role in controlling cell spreading and migration. PXN has been

described as regulators of macrophage migration [56]. GSK-3 phos-
phorylates PXN (S126/S130) during the process of macrophage mi-
gration after LPS treatment and reversely regulated by the mutation of
PXN with S126A/S130A substitutions [57]. Additional studies reveal
miR-375 derived from cancer cells influences macrophage migration by
enhanced PXN and tensin 3 (TNS3) mRNA levels [58]. LPS-stimulated
macrophages results in PXN-mediated cytoskeleton changes through
ERK/GSK3 pathway [57]. Other molecular mechanisms involved in the
protective function of propofol on brain and liver are PI3K/Akt
pathway activation [59] and sustaining the mitochondrial function by
GSK3β regulation, respectively [60].

3.4. GSK3 alternation by antibiotics with immune modulation effects

Group B streptococci are Gram-positive bacteria for pneumonia,
sepsis and particularly in newborns meningitis. S632A3 is a glutarimide
antibiotic with immune inhibitory effect on LPS-stimulated macro-
phages. This inflammatory suppression occurs via inactivation of
GSK3β and the differential promotion of CREB–CBP interactions over
NF-κB signaling and leads to increased IL-10 production [61] (Fig. 1). It
has been indicated that phosphorylated CREB (Ser133) interacted with
CBP could reduce NF-κB activity [62–64] [65]. Since GSK3β can inhibit
DNA-binding activity of CREB [12], GSK3-β inhibition augments the
binding of CREB (Ser133) and suppresses the binding of NF-κB p65
(Ser276) to the nuclear coactivator CBP. This mechanism accounts for
the inactive form of GSK3 to be involved in IL-10 production by means
of the transcription ability of CREB within LPS-stimulated monocytes
[7]. Of particular the M2 macrophage produced IL-10 is indicated to
mediate via CREB transcriptional activity [66] (Fig. 1). Macrolides
(erythromycin and azithromycin) have improved ARDS mortality and
shortened usage of mechanical ventilation [67] and anti-inflammatory
M2 macrophage production [68]. Several other antibiotics, minocy-
cline, may influence GSK3β activity [69]. Furthermore, it has been
indicated that PI3K/Akt and GSK3β pathway is responsible for pro-
tective effect of minocycline in ketamine-induced neural stem cell in-
jury. The phosphorylated GSK3β level restored after minocycline
treatment in ketamine-induced injury. In contrast, PI3K inhibitor
(LY294002) reduces the protective effect of minocycline [70].

Berberine is a natural alkaloid isolated from plants and has long
been used in botanical medicines. Berberine effectively alleviated lung
injury by reducing pulmonary edema and neutrophil infiltration via

Fig. 1. The role of GSK3β on macrophages regula-
tion and lung injury. LPS could stimulate GSK3β-
mediated IL-6 and TNFα production. GSK3β may
inhibit AMPK, Nrf2 and megalin during lung injury
and propofol, berberine and GSK3β inhibitors could
reverse it. GSK3β and miR-375 enhance macrophage
migration, respectively, by activating paxillin (PXN)
expression. GSK3β differently regulate transcription
factor NFκB or CREB-mediated M1 macrophage pro-
inflammatory (IL-1β) or M2 macrophage anti-in-
flammatory (IL-10) responses, respectively.
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activation of Nrf2 signaling [71] (Fig. 1). Furthermore, berberine re-
duces LPS-induced lung injury in a Nrf2 dependent manner [72].
GSK3β may phosphorylate Nrf2 and trigger ubiquitination-mediated
degradation. As a result, attenuating GSK3β activity provides further
feasibility for Nrf2 responsive transcription [73]. Inhibiting GSK3β by
BIO treatment increases the expression of MDR genes and the drug
efflux activity [74]. Berberine reduces production of pro-inflammatory
cytokines in various cell lines via inhibiting NF-κB pathway [75,76]. In
addition, reduced phosphorylation level of PI3K/Akt, ERK, and GSK3β
also involves in berberine-regulated effects [77]. Moreover the ATP-
binding cassette (ABC) transporters express in lung (particularly al-
veolar macrophages, airway smooth muscle cells, epithelial cells) par-
ticipate in inflammatory responses [78]. Wnt signaling appears critical
and increase p-glycoprotein (p-gp) transporter (ABCB1) by Wnt agonist
(1.5–20 uM AMBMP) [79]. Other GSK-3β inhibitors such as 1-aza-
kenpaullone (0.05–0.5 uM), BIO (0.1–1 uM) and LiCl (5000–10,000
uM) may increase MDR protein expression [79] [80]. Comparable effect
of berberine-associated upregulated MDR expression were found in
oral, gastric, colon and liver cancer cell lines [81] [82], suggesting the
axis of PI3K/Akt/ERK/GSK3β/Nrf2/MDR signaling involved in ber-
berine-mediated alleviation of pulmonary edema and injury [71] [72].

4. GSK3β-mediated inflammation in heart

Base on the observation of GSK3β null mice embryogenesis, it im-
plies that GSK3β modulation participates important role of heart phy-
sical functions and related diseases [83]. Myocarditis remains a leading
cause of heart failure (HF) in children and young adults [84]. From the
manifestation of coxsackievirus B3 (CVB3)-positive myocarditis, en-
domyocardial biopsy results demonstrate higher proteins expression of
S100A8 and S100A9. A decrease in myocardial expression of S100A8
and S100A9 is associated with an improved clinical outcome in CVB3-
positive patient [85]. This higher level of S100A8 and S100A9 has been
involved in the activation of NLRP3 inflammasome [86]. NLRP3 can be
activated by infectious triggers known as pathogen-associated mole-
cular patterns, including CVB3 RNA [87]. By activation of the NLRP3
inflammasome, procaspase-1 is converted to active caspase-1 and sub-
sequently activates pro–IL-1 into mature IL-1β. IL-1β is a major pro-
inflammatory cytokine secreted primarily from monocytes and macro-
phages and then to amplify the innate immune responses [88]. As a
result, NLRP3 inflammasome has been considered as the detrimental
function in myocarditis (Fig. 2). By using GSK-3β inhibitor (TDZD-8),
the role of NLRP3 inflammasome is attenuated and following by a de-
crease in IL-1β-associated inflammatory responses [89]. Studies in-
dicate that critical NLRP3 phosphorylation site 198 replaced with ala-
nine mutant (NLRP3-S198A corresponding to mouse NLRP3-S194A)
showed an obvious abrogation in inflammasome activation. In contrast,
the constitutive phosphorylated S198 mutants (S198D and S198E)
manifested much higher activity in IL-1β processing. Comparable re-
sults are found from knock-in mice harboring the Nlrp3 S194A allele
(Nlrp3S194A/S194A), accompanying much reduced peritoneal in-
flammation. Further elucidating the kinase responsible for the S194
phosphorylation of NLRP3, showing JNK inhibitor (SP600125) ex-
hibited a robust inhibition of inflammasome activation. Since JNK1 can
phosphorylate mouse NLRP3 at S194 and human NLRP3 at S198 [90].
JNK1 is demonstrated to cooperate with GSK3 for efficient down
streaming proteins phosphorylation [91] (Fig. 2). These evidences in-
dicate S100A8, S100A9/GSK3/JNK1/NLRP3 signaling in IL-1β regula-
tion.

4.1. GSK3β modulation in dilated cardiomyopathy

After acute phase myocarditis-induced inflammatory effects in
heart, the following persisted and altered immune cells are critical for
other complications. There is estimated around 20% of patients with
myocarditis developing dilated cardiomyopathy (DCM) [92]. Studies

indicate that different regulations of monocyte differentiation involve
in the cardiac microenvironment of myocarditis patients [93]. Given
the autoimmune myocarditis animal model and clinical observations,
monocytes and macrophages represent around 75% of migrating cells
surrounding the injured myocardium [94]. From endomyocardial
biopsy with virus-negative patients, altered immune activation with
chronic DCM treated with prednisone and azathioprine are beneficial to
cardiac function [92]. Given the chronic inflammation related cardio-
vascular diseases, M1 and M2 macrophages derived from circulating
monocytes and local tissue-resident macrophages function an important
role [95]. M1 macrophages are originated from the inflammatory
Ly6Chi blood monocyte and M2 macrophages mostly from Ly6Clo sub-
sets [96]. Normally M1 macrophages produce MCP-1, IL-12, IL-23, and
TNF, which are all crucial for defense effect. M2 macrophages stimu-
lated by IL-4 and IL-13, are responsible for anti-inflammatory, wound
healing and tissue remodeling responses through IL-10,arginase I and
chemokines secretion [97] [96] [98]. M2 macrophages are accumu-
lated on collagen rich fields and to be an independent determinant of
cardiac fibrosis [99].

Activated M1 macrophages secrete large amounts of pro-in-
flammatory mediators such as high mobility group protein (HMGB1).
HMGB1 interacts with three receptors (advanced glycation end pro-
ducts, RAGE, TLR2/TLR4) and induces NFκB and ERK1/2 responsive
cytokine production [100]. Soluble MD-2 is a risk factor for survival in
patients with DCM. HMGB1 could interact with MD-2 during dilated
cardiomyopathy [101]. In the parallel evidences reveal IL-17A is re-
sponsible for myocarditis progression to dilated cardiomyopathy but is
dispensable for myocarditis [102]. IL-17A signaling enhances Ly6Chi

monocyte chemotaxis and neutrophil infiltration, worsening dilated
cardiomyopathy outcomes [103] [104] (Fig. 2). A recent study in-
dicated that IL-17 and HMGB1 could aggravate the cardiomyocyte
apoptosis and autophagy. Extracellular HMGB1 was reported to cause
cardiac remodeling, hypertrophy, reperfusion injury and myocardial
fibrosis [92,93]. Since autophagy is regulated by autophagy-related
proteins, such as, LC3-II/LC3-I and Beclin-1 [105], the increased ratio
of LC3-II to LC3-I and the Beclin-1 expression are of significance in H/R
group. Thus, it reveals that HMGB1/IL-17A/autophagy signaling is in-
volved in cardiomyocytes injury [106]. Many studies have focused
canonical wnt/β-catenin pathway on myocardial infarction and cardiac
fibrosis [107]. The dilated cardiomyopathy is reported to associate with
atrial fibrosis [108]. Canonical wnt/β-catenin pathway could induce
several types of MMPs via modulation of the Axin, APC, and GSK3β
protein complex after cardiac injury [109] [110]. The activation of the
GSK3β/β-catenin pathway was ever reported to contribute to HMGB1-
induced chondrocyte expression of matrix metalloproteinases (MMPs)
[111]. The increased phosphorylated inactive GSK-3 has participated in
the cytoplasmic accumulation and translocation of β-catenin into the
nucleus, resulting in the expressions of downstream target genes [112].
In murine macrophage RAW264.7 cells, GSK3 participates in LPS-in-
duced MMP-9, IL-1β and IL-6 gene expression [113]. Extracellular
HMGB1 also induces EMT involved Akt phosphorylation, GSK3β in-
activation, nuclear translocation of β-catenin and expression of receptor
for RAGE [49]. These studies reveal a mechanism of extracellular
HMGB1 in EMT through Akt/GSK3β/β-catenin/MMP/RAGE signaling
pathway in cardiac remodeling. However, emerging evidences report
that intracellular HMGB1 has an additional functions since attenuation
of nuclear HMGB1 result in the detrimental conditions [114–116]
(Fig. 2). Intriguing, studies found cardiac nuclear HMGB1 inhibited
phosphorylation of ATM and subsequent activation of ERK1/2 and NF-
κB signaling [117]. Excessive DNA damage causes phosphorylation of
ATM and patients by using left ventricular assist device decreased the
expression of p-ATM in cardiomyocytes [118], indicating a different
aspect of protective axis by nuclear HMGB1/ATM/ERK/NF-κB sig-
naling.

Neutrophils play a critical role for cardiac inflammation in the ex-
perimental autoimmune myocarditis (EAM), indicating relevant
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features of post-viral heart disease [119,120]. The sustained cardiac
inflammation results in tissue remodeling and eventually DCM. Neu-
trophils slow rolling on venule of inflamed sites require lymphocyte
function-associated antigen 1 (LFA-1) and the macrophage 1-antigen
(Mac-1) [121]. After neutrophils adhesion, NETs formation participates
in myocarditis and targeting NETs may considered as rational treatment
[122]. However, recent results appear that blocking LFA-1 by its neu-
tralized antibody enhances infiltration of CD11b + monocytes, F4/
80+ macrophages, CD4+ T cells, Ly6G+ neutrophils, and CD133+
progenitor cells on the model of EAM, accompanied with an increased
heart weight/body weight ratio [123]. It has been found that more
specific monoclonal antibody is critical for integrin-based anti-in-
flammatory therapy [124] since LFA-1 and Mac-1 have common β2-
subunit (CD18) and its deficiency causes recurrent infection and leu-
kocytosis [125]. This compensatory elevated leukocytes could in part
explain the phenomena associated with LFA-1 neutralized antibody. In
addition, activation of LFA-1 by chemokines allows neutrophils and
other leukocytes to undergo arrest, resulting in firm adhesion on en-
dothelia [126]. Previous studies showed that endothelial cells GSK3β
activation participated in leukocytes recruitment via reduction in Ser-
21/9 and increase in Tyr-279/216 GSK3α/β. The activated GSK3 in
endothelial cells led to NF-κB activation and then modulated the ex-
pression of endothelial adhesion molecules P- and E-selectins and
ICAM-1 [127].

4.2. GSK3β role on cholinergic signaling in heart

The role of the parasympathetic nervous system in modulating in-
flammation has been recently established and considered as cholinergic
antiinflammatory pathway. Stimulation of vagal efferent in the spleen
results in the local release of acetylcholine that inhibits the release of
proinflammatory cytokines by macrophages [128,129]. In general,
there are two major sources of cholinergic signaling in heart: neuronal
cholinergic signaling mediated by the release of acetylcholine from the
vagus nerve, and the nonneuronal cholinergic system. The later one has

been described recently and it is mediated by the release of acet-
ylcholine by cardiomyocytes [130,131]. Physostigmine is a rapid and
short-acting inhibitor of acetylcholinesterase. It appears that the low
dose (0.1 mg/kg) of physostigmine administration results in rapid in-
creases of both phospho-Ser21-GSK3α and phospho-Ser9-GSK3β in the
hippocampus, cerebral cortex, and striatum, with a maximal effect
occurring after 15 min [50]. Acetylcholine is released by cardiomyo-
cytes attenuates the detrimental effects, such as oxidative stress, and
modulates energy metabolism by enhancing glucose utilization in the
heart [132]. Moreover, the immunomodulatory role of cholinergic
signaling resulted in increased recruitment of anti-inflammatory cells to
the heart and that the increased influx of FOXP3+ Tregs resulted in
macrophage polarization toward M2 cells [133].

4.3. GSK3β modulated in cardioprotective effect

Since activated M1/HMGB1/IL17 axis involves in cardiomyocyte
injury, the modulation of M1 macrophage is conceived as a rational
target for treatment. Propofol is a clinical approved medicine for an-
esthetic indication. In addition to its anesthetic properties, propofol has
been found to suppress the production of IL-6, IL-1β, and TNF-α by
several types of cells. These effects indicate that propofol prevents in-
flammatory responses during polarization of human M1 macrophages
by suppressing the expression of IL-6 and IL-1β through the GABAA
receptor and the Nrf2-mediated signal transduction pathway [134].
Propofol (25 and 50 μM) could increase the levels of GSK-3β phos-
phorylation at the serine residue, Ser9 and reduce infarct size [135]
(Fig. 2). Converging these results indicate that GABAA receptor/GSK-
3β/Nrf2/IL-6/IL-1β signaling pathway functions as an active role in
propofol cardioprotective effects.

From a clinical study with chronic congestive heart failure patients,
berberine (1.2 to 2.0 g/day for 8 weeks) improved quality of life and
decreased ventricular premature complexes of electrocardiogram
[136]. Similar cardiac protection effects by berberine could be found on
autoimmune myocarditis model [137], myocardial infarction [138] and

Fig. 2. The role of GSK3β on myocarditis and dilated
cardiomyopathy. Coxsackievirus B3 (CVB3) infec-
tion induces myocardial expression of S100A8/
S100A9 and leads to activation of NLRP3 in-
flammasom/caspase-1/IL-1β signal pathway. GSK3β
cooperates with JNK1 to trigger NLRP3 in-
flammasom-related myocarditis. Activated M1 mac-
rophages secreting HMGB1 may involve in dilated
cardiomyopathy. Propofol inhibits GSK3β by phos-
phorylation and prevents M1 macrophage polariza-
tion. Berberine protects myocytes via AMPK activa-
tion or Nrf2 mediated inhibition of M1 macrophages.
Berebrine triggers M2 macrophage polarization,
MDR1 expression and anti-inflammatory response.
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doxorubicin-induced cardiac injury [139]. Moreover, AMPK and Nrf2
pathways is considered to be required for anti-inflammatory effect of
berberine in LPS-stimulated macrophages [140] (Fig. 1). Nrf2 inhibits
the transcriptional induction of a subset of M1-induced genes (such as
IL6 and IL1β) without going through ARE modulation [141]. As a re-
sult, the in vivo underlying mechanism of inhibitory response of ber-
berine could attribute to inhibit M1 polarization by Akt1/AMPK/Nrf2/
NF-κB signaling pathway [142]. Interestingly, it has found that M2
macrophages appear higher level expression of MDR1 than M1 mac-
rophages [143]. Nrf2 is involved in upregulation of MDR1 and anti-
inflammatory after berberine treated DSS-Induced Colitis [144]. Po-
larized M2 macrophages were appeared after a regiment of berberine
administration (100 mg/kg/d for 16 weeks) in adipose tissue [145].
Thus, the Nrf2-mediated transcriptional inhibition is controlling a
suppressive role for M1 macrophages polarization. In contrast, GSK3/
Nrf2/MDR signaling facilitates M2 macrophages skewing [141] (Fig. 2).

Many studies appear GSK-3 signaling in cardiac myocyte prolifera-
tion since GSK-3 phosphorylates four glycogen synthase regulatory
serine residues (Ser641, Ser645, Ser649, and Ser653) and results in
inhibiting glycogen synthase activity [146]. Glycogen synthesis in
cardiac muscle is critical for normal heart development and its im-
pairment leads to congenital heart defects and death [147]. Inhibition
of GSK-3 by BIO promotes proliferation in mammalian cardiac myo-
cytes. Employing sustained delivery hydrogel of BIO and IGF-1, it en-
hanced the proliferation of cardiac myocytes, promoted revasculariza-
tion at the injury site and improved cardiac function.

4.4. GSK3β, MIF and MCP-1 in autosomal dominant polycystic kidney
disease

Autosomal dominant polycystic kidney disease (ADPKD) is a genetic
disease, characterized by renal cysts and numerous extra-renal mani-
festations [148]. Modulation of GSK3β has been considered as a ra-
tional mechanism to reduce renal cyst expansion. The abrogation of

GSK3β activity could be accompanied with decreased c-Myc/p-ERK/
Cyclin D1 and elevated β-catenin expression [149] (Fig. 3). In cyst fluid
and kidney epithelial cells of ADPKD patients, high level accumulation
of macrophage migration inhibitory factor (MIF) was founded [150].
MIF may activate PI3K/Akt pathway and subsequently inhibit GSK3β
[151]. In a parallel observation, MIF stimulates cyst initiation and ex-
pansion via p-ERK/mTOR mediated cell proliferation pathway [150].
Thus, PI3K/Akt/p-ERK/mTOR axis participates a crucial role for poly-
cystic kidney formation [152]. To view another aspect, young ADPKD
patients with normal blood pressure and renal function exhibit early
vascular changes and bi-ventricular diastolic dysfunction [153,154].
From clinical studies reveal that ADPKD has higher association with
hypertension, left ventricular hypertrophy and cerebral aneurysms
[155,156]. Mutations in PKD1 and PKD2 genes are known to account
for ADPKD. PKD1 mutations account for ~85% and PKD2 mutations for
~15% of cases [157]. PKD1 and PKD2 encode the polycystin-1 (PC1)
and polycystin-2 (PC2), respectively. PC1 interacts with PC2 and
function as non-selective calcium-regulated cation channel [158].
Polycystic kidneys contain higher level of macrophages. Given the po-
tential signal for increased macrophage numbers in cystic kidneys,
animal studies show that MCP-1 is highly upregulated as cyst expansion
in PKD1 and PKD2 knockout mice [159]. Moreover, tubular cell is re-
ported to be the major source of MCP1 [160] and converted M2 mac-
rophages could initiate renal cysts and tubule epithelial cells pro-
liferation. However, M1 macrophages reveals limited proliferation
promotion effects [161]. Moreover macrophages also participate MCP-1
production in an activated Akt and phosphorylated GSK3β-dependent
manner [14] (Fig. 3).

4.5. GSK3β in aneurysm

Polycystin 1 and polycystin 2, two essential protein products of
PKD1 and PKD2 respectively, are expressed in vascular smooth muscle
and endothelium. Thus, interactions of these proteins with a hereditary

Fig. 3. The role of phosphorylated GSK3β
on polycystin-1/2 mutation of polycystic
kidney disease. MIF stimulates cyst initia-
tion and expansion via p-ERK/mTOR
mediated cell proliferation pathway. GSK3β
inhibitor (TDZD-8) or berberine may de-
crease renal cell proliferation and cyst ex-
pansion via p-ERK/p70-S6/c-Myc/Cyclin-
D1/β-catenin modulation. From the mac-
rophage aspect, high level of MIF in cyst
modulate PI3K/Akt/GSK3β/MCP-1 axis and
promotes renal tubule cell proliferation and
cyst expansion. Phosphorylated GSK3β (in-
active form) results in MCP-1 production
and β-catenin activation during the process
of vascular remodeling and aneurysm. M1/
M2 macrophages participates in different
stages of aneurysm development. Long-term
lithium treatment may influence podocyte
cell cycle and renal function by GSK3β
suppression (phosphorylated form). GSK3β
degradation by microRNA-92a triggers po-
docyte re-entry cell cycle and renal failure
via Ajuba and YAP/TAZ signal pathway.
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pathological pathway might be the underlying mechanism involved in
the early development of vascular remodeling and aneurysms in ADPKD
[162,163]. This could be explained for why many extrarenal manifes-
tations, especially in those of cardiovascular and cerebrovascular ab-
normalities, are found in associated with ADPKD. Intracranial an-
eurysm, a cerebrovascular disorder with weakness cerebral vessel, leads
to a localized dilation or ballooning of this vessel. Because macrophages
are universal finding in human intracranial aneurysm samples, the in-
filtration of macrophages secrete proinflammatory cytokines and
MMPs. This aneurysm localized effect could recruit additional in-
flammatory cells and destroy extracellular matrix of arterial vessel wall
[98]. In addition, abdominal aortic aneurysm tissue is also indicated
accumulating macrophages has been considered as an important source
of matrix-degrading proteases and to degrade the extracellular matrix.
The role of MMPs in preclinical models of abdominal aortic aneurysm is
well established [164] and in human abdominal aortic aneurysm as
well [165]. In general there are two primarily sources of endogenous
elastases (neutrophils and macrophages). The neutrophil elastase is an
intracellular, granule-associated enzyme and macrophage elastase ap-
pears to be a secretory enzyme. Unstimulated macrophages secrete very
little elastase activity but can be triggered to secrete higher levels of this
enzyme by phagocytosis [166] [167]. By utility of elastase-induced
abdominal aortic aneurysm, it appears that M1 macrophages pre-
dominate in early stages of aneurysm development while M2 macro-
phages accumulate at late stage [168] [169] (Fig. 3). Further analysis,
IL-23 blockade inhibits the expansion of macrophages and profoundly
reduced the expression of macrophage-associated inflammatory med-
iators. The primarily source of IL-23 is derived from macrophages and
dendritic cells [170]. The IL-12/IL-23 axis participate in human ab-
dominal aortic aneurysm and this signal transduction is conceived as a
potential therapeutic pathway [171]. In angiotensin II–induced aortic
aneurysm, the suprarenal aortas samples appear higher phosphoryla-
tion of GSK3β and activated Wnt signaling (Fig. 3). Moreover sclerostin
is an inhibitory molecule of the Wnt/β-catenin signaling pathway [172]
and sclerostin reduction is observed in aortic aneurysm. Sclerostin may
protect AngII-infused mice from macrophage infiltration [173]. Of
particular higher phosphorylated GSK3β leading to β-catenin activation
is found on aneurysm [173]. Thus, inhibition of GSK3β by lithium has
been shown to activate Wnt pathway and promote endothelial cell se-
nescence [174]. It is also the evidence of arterial aging that Wnt/β-
catenin activation is involved in vascular smooth muscle cells resting
transformation [175]. From the anti-sclerostin antibody (Romoso-
zumab) clinical trial for osteoporosis, it indicates high risk of cardio-
vascular events and remodeling, implying Wnt/β-catenin activation
[176]. This could explain the role of sclerostin reduction in aortic an-
eurysm, where Wnt/GSK3β/β-catenin might promote the senescent
phenotypes of arterial cells.

4.6. GSK3β in renal cells

Specifically deletion of GSK3 in podocytes of mice could result into
a spectrum of kidney disease, ranging from albuminuric mesangial
hyper-cellularity to glomerulosclerosis, severe hypertension and renal
failure. The rationale of crescentic glomerulopathy is the mature po-
docyte to re-enter the cell cycle and proliferate. Some evidences in-
dicate that terminally differentiated podocytes can re-enter the cell
cycle in response of inflammatory glomerulonephritis [177] and HIV
activated pathway of Wnt signaling in nephropathy [178]. Since po-
docytes may prevent albuminuria and preserve renal function, its well
differentiated phenotypes are of significance [179,180]. On the disease
setting, podocytes initiate mitosis with incompletely division by mitotic
catastrophic mechanism. This insult may lead to crescentic rapidly
progressive glomerulonephritis (RPGN) [181]. In addition, much higher
level expression of GSK3β and phosphorylated form have linked to
progression of albuminuria and diabetic kidney injury. Further analysis,
renal glomeruli and tubules manifest higher phosphorylated

GSK3β(Tyr216) [182] Since there are many comorbidities associated
with diabetes, the function of GSK3β in kidney could be conceived with
more attention during disease or therapy-related renal function inter-
ference [183,184]. Particularly, recent approach using detection of
GSK3β activity in urinary exfoliated cells for early evaluation renal
function in diabetic patients [182].

4.7. GSK3β in podocyte cell re-entry

Among the patients diagnosed with crescentic RPGN, elevated miR-
92a is observed in kidney biopsies, particularly the field with podo-
cytes. As a results, by means of specific abrogating miR-92a in podo-
cyte, it reduces albuminuria and kidney failure [185]. (Fig. 3). As a
result, podocyte exhibits cell cycle arrest mediated by p57kip2 reg-
ulation after inhibiting miR-92a. It is noticed that GSK3β appears to act
as a direct target of miR-92a and triggers downstream β-catenin acti-
vation [186,187]. Furthermore, attenuated GSK3 results in the ex-
pression of Ajuba and accordingly nucleus YAP/TAZ accumulation
contributes cell cycle re-entry and mitotic catastrophe [188] (Fig. 3). It
is believed that inhibiting podocyte GSK3β activity exhibits beneficial
renal diseases treatment [189]. Lithium is a prescribed medicine for
bipolar disorder and is found to inhibit estimated 25% of GSK3 activity
at the bio-available dose [190]. For long term administration of lithium
on patients or animal models, renal side effects could be observed, such
as diabetes insipidus, and an increased principal cell proliferation [191]
[192,193].

4.8. GSK3β in renal protection

Given certain therapy-induced kidney adverse effects, podocyte
dysfunction has been regarded as a critical role. Adriamycin elicits
prominent oxidative stress and alters the activity of redox-sensitive
kinases in target organs, such as kidneys. It reports that glomerular
staining of podocyte marker (podocin and WT-1) decreased following
adriamycin injury. Adriamycin exposure consistently diminished pro-
tein expression levels of podocin and WT-1, suggesting podocyte in-
fluence. The adriamycin-induced podocyte injury was followed by
overactivity of GSK3β in the glomerulus [189]. By using GSK3βinhi-
bitor, TDZD-8 reduces the adriamycin-elicited GSK3β overactivity and
increased expression of podocin and WT-1 in glomerulus [161,194].
Attenuation of GSK3 has been shown to reduce proteinuria, podocyte
injury and glomerulosclerosis in the experimental model of diabetic
nephropathy [195], podocytopathy elicited by adriamycin and LPS
treatment [189,196]. GSK3β was found to phosphorylate serine 467 of
NFκB and then involves in transcription of podocyte cytoskeleton re-
arranged genes (MCP-1, B7-1, and cathepsin L) [196,197].

Berberine reduces cell growth in autosomal dominant polycystic
kidney disease (ADPKD) cystic cells by cell cycle G0/G1 arrest and p-
ERK/p70-S6 reduction (a downstream kinase of mTOR) [198]. Fur-
thermore, berberine attenuates macrophages infiltration in intracranial
aneurysms [199]. Previous reports have demonstrated the berberine
anti-inflammatory effects are mediated by inhibiting several key sig-
naling pathways involved in macrophages infiltration, such as Nrf2 and
MAPK/JNK/p38/ERK pathway [72,200] and SRC-FAK pathway [201].
FAK/PYK2 may phosphorylate GSK3β(Tyr216) and to stabilize β-ca-
tenin [202]. Phosphorylation of GSK3β(Tyr216) is required for GSK3β's
full kinase activity [203]. Berberine may inhibit FAK phosphorylation
in macrophages [199,204]. Converging all these evidences, it reveals
that berberine inhibits cyst and macrophage infiltration via FAK/
GSK3β(Tyr216)/β-catenin modulation (Fig. 3).

5. Concluding remarks

GSK3 activity is required in physiological settings and interfering its
function is associated in many diseases. Here we describe macrophages
participating on acute respiratory distress syndrome by GSK3β
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activation and differently regulated transcription factor NFκB or CREB-
mediated M1 macrophage pro-inflammatory or M2 macrophage anti-
inflammatory responses, respectively. In the setting of myocarditis,
GSK3β cooperates with JNK1 to trigger NLRP3/caspase-1/IL-1-related
inflammation. As for the chronic inflammation in heart, secreted
HMGB1 induces MMP9-related cell remodeling and highly MDR1 ex-
pression on M2 macrophages involve in dilated cardiomyopathy. For
inherited genetic disturbance of polycystin-1/2 on polycystic kidney
disease, Akt/GSK3β axis modulation results in MCP-1 production in
macrophages. M2 macrophage enhances renal tubule cell proliferation.
The polycystin-1/2 mutations manifested vascular remodeling and an-
eurysm could involve high phosphorylated GSK3β (inactive form) and
β-catenin activation. Particularly for an excessive GSK3β suppression, a
reciprocal modulation of GSK3β should be considered and of sig-
nificance to prevent podocyte re-entering cell cycle and glomerular
function reduction.
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