‘ @ Check for updates

OPEN ACCESS

Lalit Sharma,
Shoolini University, India

Jahngeer Alam,

Aligarh Muslim University, India
Alexandra Polyzou,

University of loannina, Greece
Aditi Sharma,

Shoolini University, India

Haixiang Ma,
mt863256957@163.com

12 February 2025
30 May 2025
09 June 2025

Ma H (2025) PKC in the perspective of
dopamine receptor signaling.
Acta Biochim. Pol. 72:14488.
doi: 10.3389/abp.2025.14488

© 2025 Ma. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Acta Biochimica Polonica

Acta Biochimica Review
* Polonica

09 June 2025
10.3389/abp.2025.14488

PKC in the perspective of
dopamine receptor sighaling

Haixiang Ma*

School of Pharmaceutical Sciences, Guizhou University, Guiyang, China

Protein kinase C (PKC) is widely distributed in various tissues, organs, and cells.
By catalyzing the phosphorylation of Ser/Thr residues on various proteins, PKC
regulates the metabolism, growth, proliferation, and differentiation of multiple
cells and plays a crucial role in transmembrane signal transmission. In dopamine
receptor signal transduction, PKC regulates numerous physiological functions,
such as dopamine release, internalization of the dopamine transporter,
downregulation of dopamine receptors, etc. In disease conditions,
hyperactivation of PKC can lead to disorders such as schizophrenia and
Parkinson’s disease, while reduced PKC signaling may be associated with
Alzheimer's disease. In the past few decades, researchers have paid
increasing attention to the transduction role of PKC in dopamine receptor
signaling, aiming to identify and discover potential targets for dopaminergic
diseases. This review, from the perspective of signal transduction between
dopamine receptors and PKC, reveals the pivotal hub position of PKC in the
intracellular signal transduction network and its regulation of various
physiological functions, providing ideas for future research on PKC and
therapeutic interventions for dopaminergic diseases.
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Introduction

The protein kinase C (PKC) family, like protein kinase A (PKA), is a class of serine/
threonine kinases. It consists of a single peptide chain with a molecular weight ranging from
67 to 83 kDa. Currently, much evidence has confirmed that there are at least 11 subtypes of
PKC, which are widely distributed in various tissues, organs, and cells. Different PKC subtypes
have different requirements for second messengers and functions. Therefore, they can be
subdivided into three subfamilies: conventional PKC (cPKC), novel PKC (nPKC), and
atypical PKC (aPKC). Members of the conventional PKC (cPKC) family include PKC-q,
PKC-PBI, PKC-BII, and PKC-y. They rely on the coordinated activation of calcium ions and
diacylglycerol (DAG) and participate in important functions such as cell proliferation and
differentiation. Members of the novel PKC (nPKC) family include PKC-8, PKC-¢, PKC-n, and
PKC-0. Unlike cPKC, nPKC is not dependent on calcium ions but is directly activated by
DAG. nPKC is mainly involved in the regulation of inflammatory responses and cell survival.
Atypical PKC (aPKC) includes PKC-{ and PKC-t/A. aPKC is not dependent on calcium ions
or DAG but is regulated by other signal molecules, such as phosphatidic acid (PA), and is
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mainly closely related to cell polarity, metabolism, and embryonic
development (Freeley et al., 2011; Mellor and Parker, 1998; Neve
et al,, 2004; Newton, 2001; Sajan et al., 2021). Due to the wide
distribution of PKC, once activated, it conducts signal transduction
to its downstream substrates. Molecules such as extracellular
regulated protein kinases (ERK) and IxB carry out corresponding
physiological activities. In different cells, PKC participates in
different physiological activities. For example, in smooth muscle
cells, PKC participates in cell contraction and relaxation (Kim et al.,
2013); in cancer cells, PKC participates in cell proliferation and
invasion (He et al., 2022; Su et al,, 2013); in mammalian oocytes,
PKC participates in the fertilization process of oocytes (Halet, 2004);
in immune cells, PKC participates in immune regulation (Gruber
et al, 2009); in nerve cells, PKC participates in the regulation of
mental diseases (Saito and Shirai, 2002).

Dopamine receptors (DR) are members of the G protein-
coupled receptor (GPCR) family and are a class of
neurotransmitter receptors that regulate motor control,
cognition, emotion, incentive mechanisms, reward, and
endocrine regulation. There are currently five known
subtypes of dopamine receptors (D;R, D,R, D3R, D4R, and
DsR) (Channer et al., 2023; Kawahata and Fukunaga, 2023).
According to the different G protein subunits they couple to,
they are divided into two major categories: D1-like receptors
and D2-like receptors. D1-like receptors are composed of D;R
and DsR. D1-like receptors couple to the Gas protein. Through
the Gas protein, they promote the activity of adenylate cyclase
(AC), increase the intracellular cAMP level, and thus activate
pathways such as PKA, ultimately causing various intracellular
effects, such as gene expression regulation and neural signal
transmission. They are mainly distributed in regions such as the
striatum, frontal lobe, and limbic system (Mishra et al., 2018;
Yang, 2021). D2-like receptors are composed of D,R, D3R, and
D,R. D2-like receptors couple to the Gai protein. Unlike D1-
like receptors, they inhibit the activity of adenylate cyclase
through the Gai protein, reduce the production of cyclic
adenosine monophosphate (cAMP), and thus inhibit the
PKA signaling pathway. The D, receptor also has the
function of regulating potassium and calcium ions and can
directly regulate the excitability of neurons. The D, receptor is
widely present in regions such as the striatum and
hypothalamus, while the D; and D, receptors are mainly
distributed in the limbic system and prefrontal lobe
(Channer et al., 2023; Neve et al., 2004).

Numerous studies have pointed out that dopamine receptors
and PKC have broad application potential in mental diseases
such as Parkinson’s disease, schizophrenia and Alzheimer’s
disease (AD). This review focuses on the signal transduction
between dopamine receptors and PKC (Alam and Sharma, 2019;
Brown et al., 2023; Lin et al., 2023; Lindgren et al., 2010; Liu et al.,
2023; Shanmukha et al., 2024).
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FIGURE 1

Dopamine receptors activate PKC. DA, Dopamine; PLC,
phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate;
DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate; IP3R, inositol
1,4,5-trisphosphate receptor; PKC, Protein kinase C. The

figure was created with MedPeer (medpeer.cn).

The influence of dopamine receptors
on PKC activity

D1-like receptors activate PKC via the
Gaq protein

Among G protein-coupled receptors, G proteins are the core
of the entire signal transduction pathway. According to the
different functions they mediate, they are classified into four
types: Gs, Gi, Gy/13, and Gq. The signal transduction of D1-like
receptors mainly relies on coupling to the Gas protein. The Gas
protein binds to the downstream adenylate cyclase, promoting
the activity of adenylate cyclase. The activated adenylate cyclase
catalyzes ATP in the cytoplasm into cAMP. As a second
messenger, CAMP binds to downstream kinase proteins such
as PKA, activating protein kinases like PKA, thus mediating the
transduction of the signal pathway (Channer et al., 2023; Neve
et al., 2004). In addition, D1-like receptors can also couple to the
Gaq protein to drive the operation of the downstream signal
pathway. When D1-like receptors couple to the Gaq protein
instead of the Gas protein, the Gaq protein binds to
phospholipase C (PLC) and catalyzes the decomposition of
phosphatidylinositol 4,5-bisphosphate (PIP2) into
diacylglycerol and inositol 1,4,5-trisphosphate (IP3). IP3 binds
to the inositol trisphosphate receptor (IP3R), which is a
ubiquitous Ca*'-permeable channel that can mediate the
release of Ca** from the endoplasmic reticulum. Then, DAG
and Ca** jointly activate PKC, as shown in Figure 1 (Jackson
et al., 2005; Paknejad and Hite, 2018).
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FIGURE 2

B

Dopamine receptors inhibit PKC activity. DA, Dopamine; PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; DAG,
diacylglycerol; DGK, diacylglycerol kinase; PA, Phosphatidic acid; PKC, Protein kinase C; GRK2, G protein-coupled receptor kinase 2; PDK1, Pyruvate
dehydrogenase kinase 1. The figure was created with MedPeer (medpeer.cn).

D2-like receptors activate PKC via the
Gpy subunit

Unlike D1-like receptors, the signal transduction of D2-
like receptors mainly depends on coupling to the Gai protein.
The Gai protein binds to the downstream adenylate cyclase to
inhibit the activity of adenylate cyclase, thus preventing
adenylate cyclase from catalyzing adenosine triphosphate
(ATP) in the cytoplasm into cyclic AMP. Interestingly, the
activation of PKC by D2-like receptors is mediated by the Gpy
subunit. In the D2-like receptor signal pathway, except for the
different subtypes of G proteins, the pathways for activating
PKC in the D1-like and D2-like receptor signal pathways are
the same. The Gg, subunit first binds to PLC and then
catalyzes the decomposition of PIP2 into DAG and IP3.
Since the IP3R is a ubiquitous Ca**-permeable channel,
after IP; binds to IP5R, it can mediate the release of Ca**
from the endoplasmic reticulum. Finally, DAG and Ca®*
jointly activate PKC, as shown in Figure 1 (Channer et al,,
2023; Neve et al., 2004).
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Dopamine receptors inhibit PKC activity
via B-arrestin

In the dopamine receptor signal pathway, when PKC is over-
activated, it will affect physiological activities and even lead to
diseases. Therefore, in a healthy system, the dopamine receptor
pathway dynamically inhibits the activity of PKC to prevent
diseases caused by over-activation of PKC. Research has shown
that when PKC is activated by PMA, it binds to PDK 1 and
undergoes membrane translocation. When dopamine stimulates
D,R, P -arrestin 2 inhibits the binding of PDK1 to PKC, thereby
suppressing the translocation and activation of PKC. This
process involves GRK 2 and 14-3-3 n. Among them, the
phosphorylation of the dopamine receptor by GRK 2 is a key
step in inhibiting PKC activation. And 14-3-3 n dissociates PKC
from Pyruvate dehydrogenase kinase 1 (PDK1) by inhibiting the
phosphorylation of PDK 1-S241. This process belongs to
heterologous regulation, as shown on the right side of
Figure 2 (Zhang et al., 2020). Another study shows that -
arrestin activates diacylglycerol kinase (DGK), and then DGK
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mediates the conversion of DAG to phosphatidic acid (PA).
Through this pathway, the activity of PKC is inhibited, thus
suppressing the regulatory pathways mediated by PKC, this
process belongs to homologous regulation, as shown on the
left side of Figure 2 (Nelson et al., 2007).

PKC regulates the release and
reuptake of dopamine

Dopamine, as an endogenous agonist of dopamine receptors,
activates dopamine receptors upon binding and initiates
downstream signal transduction pathways. PKC indirectly
regulates the downstream signal transduction of dopamine
receptors by modulating the release and reuptake of dopamine
(Sulzer et al., 2016).

Dopamine release

In dopaminergic neurons, dopamine is stored in vesicles at
the axon terminals. PKC promotes the fusion of synaptic vesicles
with the cell membrane by phosphorylating synaptic proteins
such as synapsin and syntaxin, thus enhancing dopamine release.
The release of dopamine depends on the phosphorylation
modification by PKC (Harsing et al., 2022). Some studies have
demonstrated that PKC affects dopamine release by regulating
calcium channels and related proteins of synaptic vesicles in
presynaptic neurons (Luderman et al., 2015; Shoji-Kasai et al.,
2002; Xue et al., 2009). Meanwhile, the release of dopamine relies
on the structural change of membrane proteins, which allows
Ca™ influx, and the fusion of vesicles with nerve terminals or
dendrites, releasing dopamine into the synaptic cleft through
exocytosis. In this process, PKC phosphorylates calcium channel
proteins, increasing the opening frequency of calcium channels
and enhancing the influx of calcium ions, thereby promoting the
release of dopamine vesicles (Herlitze et al., 2001). PKC not only
regulates the release of vesicular dopamine but also participates
in the regulation of non-vesicular dopamine release (Harsing
et al, 2022). In addition, when treated with various PKC
inhibitors (such as calphostin C, chelerythrine, and Ro31-
8220), the amphetamine-induced dopamine release is
inhibited, which conversely proves that PKC plays a crucial
role in dopamine release (Gnegy, 2003).

Dopamine reuptake

The reuptake of dopamine mainly depends on the dopamine
transporter (DAT) (Mulvihill, 2019). After dopamine is released
into the synaptic cleft through exocytosis, the dopamine
transporter is activated to reduce the dopamine concentration
in the synaptic cleft. PKC plays a key role in this process (Magee
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FIGURE 3

Dopamine reuptake. DAT, dopamine transporter; PKC, Protein
kinase C; Ackl, activated Cdc42 (cell division cycle 42)-associated
tyrosine kinase 1. The figure was created with MedPeer (medpeer.cn).

etal., 2021). PKC controls the expression level of DAT on the cell
membrane by regulating its internalization and recycling, thus
controlling the reuptake of dopamine (Foster and Vaughan,
2017; Julku et al, 2021). The reuptake function of DAT
requires  the of phosphorylation  and
palmitoylation modifications (Julku et al., 2021). When the
phosphorylation of DAT-Ser7 is low and the palmitoylation of
DAT-C580 is high, the reuptake ability of DAT for dopamine is
enhanced, and the PKC-mediated downregulation of DAT
internalization is  reduced. = Conversely, the
phosphorylation of DAT-Ser7 is high and the palmitoylation
of DAT-C580 is low, the reuptake ability of DAT for dopamine is
weakened, and the PKC-mediated downregulation of DAT
internalization is increased (Moritz et al, 2015). PKC can
phosphorylate DAT, promoting its endocytosis and reducing
the number of DAT expressed on the membrane surface, thereby
decreasing the reuptake rate of dopamine and increasing the
dopamine concentration in the synaptic cleft (Luis-Ravelo et al.,
2021). In this process, when the amino acid residue at position
547 of DAT is mutated, the PKC-mediated phosphorylation of
DAT is inhibited, indicating that the amino acid site at position
547 of DAT is the phosphorylation site of PKC (Quizon et al.,
2016). Meanwhile, the PKC-mediated internalization of DAT
depends on Ackl and activated clathrin pits (Underhill and
Amara, 2021). Interestingly, the activation of clathrin pits
requires activated Cdc42 (cell division cycle 42)-associated
tyrosine kinase 1 (Ackl), and PKC needs to inactivate
Ackl and dissociate it from clathrin before mediating the
dissociation of DAT-Rit2 to accelerate DAT internalization
(Fagan et al, 2020). In this process, the PKC-mediated

co-regulation
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The relationship between PKC and downregulation of dopamine receptor. IR, insulin receptor; MDM2, Mouse doubleminute 2 homolog; ub,

ubiquitin. The figure was created with MedPeer (medpeer.cn).

internalization of DAT depends on its binding to Rit2, and the
residues from position 587 to 596 of DAT are the sites that attract
Rit2 binding (Fagan et al., 2020). At the same time, the residues
from position 587 to 591 of DAT are the essential sites for PKC-
induced accelerated internalization of DAT (Boudanova et al.,
2008). By stimulating D3R with pramipexole, it was found that
under short-term treatment, DAT translocates to the cell
membrane under the mediation of PI3K and MAPK to
reuptake dopamine in the synaptic cleft; while under long-
term treatment, DAT on the cell membrane is phosphorylated
and ubiquitinated, thus accelerating its internalization, reducing
the expression of DAT on the cell membrane, and reducing the
reuptake of dopamine by DAT. This process is PKCB-dependent,
as shown in Figure 3 (Luis-Ravelo et al., 2021). Conversely, when
the activity of PKC 1is inhibited, the PKC-mediated
internalization effect of DAT is also inhibited. PKC regulates
the presynaptic dopamine release and phosphorylates the DAT
to control the reuptake of dopamine, affecting the signal
transmission and duration of dopamine, and ultimately
downstream transduction  of

influencing  the signal

dopamine receptors.

The relationship between PKC and
downregulation of
dopamine receptor

Endocytosis is not merely a simple process of taking up
extracellular substances. It also occurs during the signal
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transduction of G protein-coupled receptors (GPCRs) (Zhang
and Kim, 2017). In the endocytosis of GPCRs, it can be classified
into two categories: one depends on the protein pathways such as
GRK/arrestin, and the other requires second messenger-
dependent kinases, like PKC(Kim, 2023). In the GRK/arrestin
pathway, the B-arrestin2-mediated endocytosis of GPCRs
depends on ubiquitination. Mouse doubleminute 2 homolog
(Mdm2) is the After
Mdm?2 translocates from the nucleus to the cytoplasm and

ubiquitin ligase for [-arrestin2.

modifies B-arrestin2
translocates to the cell membrane to bind to GPCRs, initiating
endocytosis. This process can be blocked by autophosphorylated
PKCBII. PKCBII inhibits the binding of mdm2 to B-arrestin2,
blocking the ubiquitination modification of B-arrestin2, thus
inhibiting the endocytosis of GPCRs, as shown on the left side
of Figure 4 (Zheng et al., 2015). In the protein kinase pathway
such as that of PKC, the activated PKCPII phosphorylates D3R.
Among them, the lysine residue at position 371 of PKCPII plays a
crucial role in its kinase activity, which is the basis for its
mediating the phosphorylation of D;R. The serine residues at
positions 229 and 257 of D3R are potential phosphorylation sites
of the receptor mediated by PKC. When these sites are mutated
(such as S229/257A-D3R), D3R cannot undergo PKC-mediated
phosphorylation, endocytosis, desensitization, and degradation.

B-arrestin2  through ubiquitination,

Receptor phosphorylation is a sufficient condition for
endocytosis (Zhang et al., 2016). After the insulin receptor
(IR) is activated during heterologous regulation, it promotes
the ubiquitination of PKCPII mediated by Mdm2 through
activated PKCPII  then

heterologous  regulation. The
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phosphorylates D;R. Knocking down the clathrin heavy chain
(CHC) inhibits the PKC-mediated endocytosis of D3R, indicating
that clathrin is involved in this process, and the interaction
between PKC and clathrin is necessary for the endocytosis of
DsR, as shown on the right side of Figure 4 (Zeng et al., 2024).

The PKC-mediated endocytosis is also related to other
proteins. For example, PKCPII interacts with actin, and this
interaction affects its intracellular localization and function,
which may further affect the endocytosis process of the
receptor (Min et al, 2023a). The endocytic process of
GPCR
phosphorylation. In homologous regulation, PKC modulates

receptors is  fundamentally  dependent on
GPCR endocytosis by inhibiting receptor phosphorylation,
whereas in heterologous regulation, PKC facilitates this
process by promoting GPCR phosphorylation. Generally
speaking, PKC modulates GPCR endocytosis by regulating

their phosphorylation status.

The relationship between PKC and
dopaminergic diseases

PKC and Parkinson's disease

In Parkinson’s disease patients and various animal models,
the activity of PKC in the nigrostriatal pathway shows significant
abnormalities (Lin et al., 2023; Liu et al., 2023). In the early stage,
the PKC activity may increase compensatorily. It attempts to
resist the damaging factors such as oxidative stress and
mitochondrial dysfunction that neurons are facing, and
maintain the normal function of dopaminergic neurons by
activating a series of intracellular anti-apoptotic signaling
pathways. These include upregulating the expression of the
anti-apoptotic protein B-cell lymphoma-2 (Bcl-2), inhibiting
the
enhancing mitochondrial stability to reduce the production of

activation of the pro-apoptotic protein Bax, and
reactive oxygen species (ROS) (Roshdy et al., 2024). However, as
the disease progresses continuously, the long-term stress
stimulation deteriorates the intracellular environment, and the
activation pattern of PKC becomes disordered, with over-
activation or abnormal translocation. Instead of playing its
protective role, it may exacerbate the damage to neurons. For
example, abnormally activated PKC may over-phosphorylate
certain key proteins, such as tau protein, promoting its
aggregation into neurofibrillary tangles, which destroys the
cytoskeleton
transport, thus affecting the normal metabolism and function

structure of neurons and disrupts axonal
maintenance of dopaminergic neurons. At the same time,
changes in PKC activity will also feedback-regulate the
function and expression of dopamine receptors, weakening the
efficiency of dopamine signal transduction, further reducing the
synthesis and release of dopamine, forming a vicious cycle and

accelerating the disease progression (Kim and Kornberg, 2022).
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PKC and schizophrenia

PKC also plays an important role in the pathological process of
schizophrenia. Research shows that the activity and expression levels
of PKC in regions such as the cerebral cortex and hippocampus of
schizophrenia patients are changed, and over-activation of PKC is
relatively common (Arnsten, 2011; Pandey et al, 2020). This
abnormal activation may stem from the continuous stimulation
caused by hyperactivity of the dopamine system. Because the
enhancement of dopaminergic signals can increase the production
of DAG through the activation of a series of upstream signal
molecules, such as PLC, and then over-activate PKC (Dean et al.,
1997; Yabuki et al, 2019). The over-activated PKC will further
exacerbate the disorder of the dopamine system. For example,
PKC phosphorylates the D3 receptor, changing its coupling
efficiency with the G protein, weakening the inhibitory effect of
the D3 receptor on AC, causing an abnormal increase in intracellular
cAMP levels, disrupting intracellular signal homeostasis, forming a
vicious cycle, and continuously promoting the progression of the
disease, affecting multiple functional dimensions such as the patient’s
cognition, emotion, and behavior (Min et al., 2023b; Zeng et al., 2024).

PKC and Alzheimer's disease

In the AD model of 5XFAD mice, PKCn is specifically
enriched in reactive astrocytes in the cortex and hippocampus,
and regulates neuroinflammation through a negative feedback
mechanism. Mechanistic studies have shown that the PKCn-
mTOR-PP2A  signaling axis inhibits the NF-kB-mediated
inflammatory response through the following pathways: (1)
mTORC2 mediates the phosphorylation and activation of
PKCn at the T655 site; (2) The activated PKCn enhances the
activity of Protein phosphatase 2 (PP2A); (3) PP2A inhibits the
of by
them, the
transcription of pro-inflammatory factors such as Interleukin-

nuclear  translocation NF-kB-related  proteins

dephosphorylating thereby  downregulating
6 (IL-6). This regulatory pathway significantly alleviates the
neuroinflammatory the AD
(Muraleedharan et al., 2021). Another study has shown that
the protein level of PKCa in the brains of AD patients is

response  in model

significantly increased (by approximately 20%), and the
phosphorylation level of its substrate synapse-associated
protein 97 (SAP97) is increased by fourfold. PKCa remodels
the brain phosphoproteome through enhanced catalytic activity
(such as the M489V variant) or upregulated expression, leading
to synaptic degeneration, a decrease in dendritic spines, and a
decline in cognitive function. Its effect is independent of amyloid
B-protein (AP) and synergizes with AP to accelerate the
pathological process of AD. This indicates that the excessive
activation of the PKCa signaling pathway may be a common
feature of AD (Lordén et al., 2022). Meanwhile, some scholars
have pointed out that PKC is activated by A oligomers through
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an integrin p1-dependent pathway, and then phosphorylates the
NR2B subunit, increasing its density and function in synapses,
resulting in calcium signaling disorders and synaptic damage.
This mechanism may manifest as a compensatory response in the
early stages of AD, but with the progression of the disease, it
ultimately exacerbates neuronal damage (Ortiz-Sanz et al., 2022).
Bryostatin-1, as an agonist of PKC§ and PKCe, has entered
clinical trials for the treatment of AD due to its favorable effects
in animal models. Bryostatin-1 inhibits the accumulation of AP
by activating PKC, thereby improving the symptoms of AD (Tian
et al.,, 2023).

Discussion

This review systematically and in-depthly explores the role of
PKC in dopamine receptor signal transduction. It focuses on
investigating the mechanism of PKC in dopamine receptor signal
transduction. It is found that PKC is closely linked to the D1-like
receptor signal pathway. It can not only respond to the activation of
D1 receptors but also has a complex interaction with the D2-like
receptor signal pathway to regulate the function of D2-like receptors.
It further reveals the crucial role of PKC in related diseases such as
Parkinson’s disease and schizophrenia. In Parkinson’s disease, the
change in PKC activity is closely related to the degeneration and death
of dopaminergic neurons. It is compensatorily activated in the early
stage and becomes disordered in the later stage. It is involved in the
regulation of anti-apoptotic signals and exacerbates neuron damage
due to abnormal activation, providing a potential target for treatment.
In schizophrenia, the hyperactivity of the dopamine system leads to
the abnormal activation of PKC, forming a vicious cycle to promote
the progression of the disease. Typical antipsychotic drugs indirectly
regulate the activity of PKC to relieve symptoms, and the research and
development of new drugs focus on the multi-target synergy of PKC,
which is expected to break through the limitations of traditional
drugs. Furthermore, studies have demonstrated reduced DAT uptake
in patients with Parkinson’s disease and schizophrenia, with the
degree of DAT reduction correlating positively with disease
severity (Sampedro et al, 2021; Yang et al,, 2024). In Alzheimer’s
disease, the activities of different PKC subtypes play opposite roles.
For example, the enhanced activity of PKCa exacerbates the
symptoms of AD, while the enhanced activities of subtypes such
as PKCn, PKCS and PKCe reduce the accumulation of AP and
improve the symptoms of AD. The role of PKC in AD is complex and
subtype-specific. Future research needs to deeply analyze its molecular
mechanism and develop precise treatment strategies targeting specific
PKC subtypes.

Future directions

Although current research has revealed the role of PKC in
dopamine receptor signal transduction, many specific molecular
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mechanisms remain unexplored. For instance, in D1-like receptor
signaling, it primarily couples with Gas rather than Gaq. However,
PKC activation requires the involvement of Gaq protein, and the Goq
family has not yet been thoroughly studied (Kamato et al., 2017). In
the activation process of PKC, it is negatively regulated by p-arrestin,
while in p-arrestin-mediated receptor internalization, PKC also exerts
an influence. The molecular mechanisms underlying this mutual
regulation remain unknown. Under pathological conditions, PKC
dysfunction may contribute to diseases such as schizophrenia,
Parkinson’s disease, and Alzheimer’s disease. However, research on
PKC in dopaminergic disorders remains insufficient, and no novel
drugs specifically targeting PKC have been developed.

In summary, future research could focus on the following
directions: First, conducting detailed studies on Gaq proteins to
elucidate their roles in cellular signaling and cell biology. Second,
investigating the molecular mechanisms of the mutual regulation
between PKC and B-arrestin, exploring their functions in cellular
signal transduction and cell biology, and delving deeper into their
interactions. Third, further exploring the role of the PKC protein
family in the pathogenesis of dopaminergic disorders to provide a
theoretical basis for targeted therapies. Finally, the PKC family holds
significant research value as a drug target. The discovery and
application of specific PKC activity biomarkers will greatly
advance the development of therapeutic drugs based on PKC
regulatory pathways. Additionally, establishing more optimized
drug development strategies and

strengthening ~ systematic

preclinical research evaluations are crucial steps to advance this field.
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