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Abstract

One mechanism contributing to insulin resistance is the serine/threonine phosphoryla-
tion of critical proteins involved in insulin signaling, particularly the insulin receptor,
its downstream substrates, and the activation of protein tyrosine phosphatases. These
modifications are associated with decreased insulin signaling, leading to insulin resistance.
Protein kinase C (PKC), a family of serine/threonine kinases activated by lipids and/or
Ca?*, is essential for regulating metabolism and maintaining cellular homeostasis. These
kinases regulate glucose uptake and lipid storage, thereby influencing energy balance
through tissue-specific mechanisms. However, dysregulation of PKC activity is closely
associated with the development of metabolic syndrome (MetS), a cluster of interconnected
physiological and biochemical alterations, including insulin resistance, lipid dysregulation,
chronic inflammation, hypertension, and obesity, all of which increase the risk of cardiovas-
cular disease (CVD) and type 2 diabetes (I2D). Notably, alterations in PKC signaling can
impair insulin’s ability to facilitate glucose uptake and storage and disrupt lipid storage
mechanisms, thereby exacerbating insulin resistance. These dysfunctions significantly
contribute to the pathophysiology of MetS. This review aims to examine PKC activation
under normal physiological conditions, with particular emphasis on its role in insulin
signaling, and to explore how PKC dysregulation participates in the pathophysiology of
insulin resistance and MetS.

Keywords: insulin signaling; insulin resistance; metabolic syndrome; protein kinase C;
protein phosphorylation

1. Introduction

In recent decades, metabolic disorders have become progressively prevalent, with
insulin resistance playing a central role in the pathophysiology of metabolic syndrome
(MetS) [1]. Insulin resistance is characterized by excessive insulin production, which is re-
quired to maintain glucose homeostasis. At the molecular level, it involves the impairment
of signaling pathways downstream of the insulin receptor (InsR) [2,3]. This disruption of
signal transduction from the cell surface to the interior alters physiological responses by
affecting the molecular processes at effector sites. Among the most common alterations
observed in insulin resistance are a reduction in both the number and catalytic activity of
InsRs [4]; an increase in serine/threonine (Ser/ Thr) phosphorylation on InsR [5] and its sub-
strate (IRS) [6]; an increase in the activity of tyrosine phosphatases, mainly protein tyrosine
phosphatase 1B (PTP1B) [7], which contributes to the dephosphorylation of the receptor
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and IRS; a decrease in the activity of phosphatidylinositol 3-kinase (PI3K) and Akt [8]; and
defects in the expression and function of the insulin-dependent glucose transporter type
4 (GLUT4) [9]. These alterations collectively reduce glucose uptake in the muscle, liver,
and adipose tissue, thereby altering metabolism [8,10].

In the context of physiological regulation of the insulin signaling pathway, the ac-
tivation of various isoforms of the protein kinase C (PKC) family has been reported in
different cell types, including insulin-sensitive tissues [11]. Some PKC isoforms positively
regulate insulin action by promoting the translocation of glucose transporters (GLUTs) [12]
or negatively regulating them through Ser/Thr phosphorylation of InsR/IRS [13]. Ser/Thr
phosphorylation is the most common post-translational modification of signal transduction
proteins, particularly those involved in desensitization processes [14]. Phosphorylation of
Ser/Thr residues in key proteins involved in insulin signaling has emerged as a critical
mechanism underlying insulin resistance. Ser/Thr hyperphosphorylation of InsR and IRS
proteins disrupts Tyr phosphorylation and reduces their interaction with essential protein
substrates, thereby impairing insulin signaling [15]. Furthermore, studies have shown that
phosphorylation of Ser/Thr residues in InsR and IRS may accelerate their degradation [16].
Although several protein kinases (e.g., c-Jun N-terminal kinase (JNK), inhibitor of k-B
kinase (IKK), PKC, and Akt/mammalian target of rapamycin (mTOR)/ribosomal S6 kinase
(S6K)) [13] have been identified as key regulators of insulin signaling under the influence
of multiple insulin resistance inducers, PKC has been consistently implicated in the de-
velopment of metabolic disorders, including insulin resistance, MetS, and type 2 diabetes
(T2D). In this review, we examine the key molecular aspects of PKC’s involvement in the
development of insulin resistance and MetS. We also examine current therapeutic strategies
targeting PKC-related pathways and summarize the available evidence from preclinical
studies and clinical trials, highlighting both their potential and limitations as therapeutic
approaches for MetS-related diseases and insulin resistance.

2. PKC Overview

PKC is a member of the Ser/Thr kinase family, which is activated by external signals
and subsequently phosphorylates various target molecules. This PKC-mediated phos-
phorylation is crucial for maintaining cellular homeostasis and regulates processes such
as proliferation, survival, differentiation, apoptosis, and metabolism [17]. PKC was first
identified in the late 1970s by Nishizuka et al. [18], coinciding with the discovery of other
significant protein kinases, including protein kinase A (PKA) and protein kinase G (PKG).
These kinases were later classified as members of the AGC family of kinases [19]. Members
of the AGC kinase family share key structural features, including a highly conserved cat-
alytic domain-containing motif required for ATP/substrate binding and catalysis, as well
as a regulatory domain that keeps the enzymes in an inactive state [17,20].

In mammals, the PKC family consists of 9 genes encoding 10 distinct isoforms. These
isoforms share a common structural organization, featuring a poorly conserved N-terminal
regulatory domain and a highly conserved catalytic domain at the C-terminus, which is
connected by a hinge region [17,21]. They can be classified into three subfamilies based on
their structure, particularly their N-terminal regulatory domains, and functional character-
istics [22]: classical or conventional PKCs (cPKCs), novel PKCs (nPKCs), and atypical PKCs
(aPKCs). cPKCs («, alternatively spliced I, B1I, and ) are activated by diacylglycerol
(DAG) and Ca?* and contain four conserved domains: C1, C2, C3, and C4. The C1 domain
consists of two tandem subdomains rich in cysteines, known as C1A and C1B, which
bind DAG, phorbol esters, and phosphatidylserine. The C2 domain is responsible for Ca®*
binding, whereas the C3 domain contains a sequence that binds ATP. Finally, the C4 domain
contains a substrate-binding site and exhibits phosphotransferase activity (Figure 1) [17,23].
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nPKC isoforms (5, €, 1, and 0) are lipid-dependent kinases that require DAG and phos-
phatidylserine and respond to phorbol esters [17,23]. Furthermore, these isoforms possess
a non-Ca?*-binding C2-like domain at the N-terminus of their C1 domains, enabling them
to function independently of Ca?* (Figure 1). aPCKs, which include ¢ and t in humans
(also known as A in rodents), exhibit the most substantial differences among PKC isoforms,
with a single atypical cysteine-rich C1 domain that contains phosphatidylinositol 3,4,5-
trisphosphate (PIP3) and ceramide-binding domains, thereby facilitating their interaction
with the plasma membrane (PM). Moreover, their C2 domains are substituted with the PB1
(Phox/Bem1) domain, facilitating interactions with specific scaffold proteins to enhance
kinase activation (Figure 1) [17,23,24].
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Figure 1. Classification of the structural characteristics of PKC isoforms. The regulatory domains of
PKC differ among the three subfamilies, while their catalytic domains are largely conserved. Classical
or conventional PKCs (cPKCs) contain an autoinhibitory pseudosubstrate (PS) motif, two tandem
C1 domains (C1A and C1B) that bind diacylglycerol (DAG), and a C2 domain that binds Ca%t. In
contrast, novel PKC isoforms (nPKCs) lack the Ca2+-binding motif and instead include an expanded
N-terminal domain that enables them to receive regulatory signals; however, their activity remains
dependent on DAG levels. Atypical PKC isoforms (aPKCs) exhibit catalytic activity independent
of DAG or CaZ*. Rather, their regulation primarily depends on intracellular localization mediated
by interactions with regulatory proteins and the production of phosphoinositides, such as PIP, and
PIP3, which recruit aPKCs to specific cellular membranes. V1-V5 = variable regions. Created with
BioRender. Olivares-Reyes, J. A. (2026) (https://www.biorender.com/d00n302).

All PKCs possess a pseudosubstrate (PS) domain located immediately before the
C1 domain, which participates in the autoinhibitory mechanism by interacting with the
catalytic site, thereby suppressing kinase activity and substrate phosphorylation [25]. Fur-
thermore, PKCs undergo maturation before activation, a process that requires three critical
phosphorylation steps. Newly synthesized PKCs translocate to the membrane, where
phosphoinositide-dependent kinase 1 (PDK1) phosphorylates the activation loop of the
catalytic domain [17,22]. This is followed by two sequential autophosphorylations in the
turn and hydrophobic motifs of the carboxy-terminal region of the protein. These phospho-
rylations are highly conserved within the PKC family, except for aPKC isoforms, in which
the C-terminal hydrophobic site is substituted with a glutamic acid residue [17,22]. After
maturation, PKCs remain inactive in the cytosol and are ready for activation. Although PKC
maturation was initially considered constitutive, subsequent research identified several
stimuli that can trigger this process [17].

PKC activation is regulated by complex interactions involving second messengers,
scaffold proteins, upstream kinases, and phosphatases at different cellular locations [26].
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According to the classical model, upon activation of Gag-coupled GPCRs, phospholipase
C-B (PLC-B) is stimulated at the PM, which leads to the hydrolysis of phosphatidylinositol
4, 5-bisphosphate (PIP;) to generate DAG and inositol-1,4,5-trisphosphate (IP3). IP3 subse-
quently induces Ca?* release from the endoplasmic reticulum (ER) through activation of IP;
receptors. The resulting presence of Ca?* and/or DAG then facilitates the recruitment of
both cPKCs and nPKCs to the PM, which serves as the primary site of PKC activation [26].
PKC activation through this mechanism is generally transient because enzymes that de-
grade DAG, such as DAG kinase, terminate lipid signaling [27]. Consequently, PKC returns
to an autoinhibited conformation, thereby terminating the signaling cascade after reducing
the second-messenger levels. Moreover, once active, PKCs are susceptible to ubiquitination
and undergo activation-induced degradation [17].

Receptor tyrosine kinases (RTKs), including receptors for epidermal growth fac-
tor (EGFR), platelet-derived growth factor (PDGFR), vascular endothelial growth factor
(VEGFR), and insulin (InsRs), have been shown to activate both cPKCs and nPKCs [28].
This process involves the activation of phospholipase C-y1 (PLC-y1) isozymes by RTKs,
which depends on the physical interaction between them via the SH2 domains of PLC-y1
that recognize phosphotyrosine residues in RTKs. Subsequently, RTKs phosphorylate and
activate PLC-y1, enabling it to hydrolyze PIP; into DAG and IP3 [28].

3. PKC in Metabolism
3.1. PKC and Insulin Signaling

Insulin is an anabolic hormone essential for metabolic regulation by promoting nutrient
uptake, storage, and synthesis [29]. Its biological actions are initiated upon binding to InsR, an
integral membrane glycoprotein that belongs to the family of receptors with intrinsic tyrosine
kinase activity. InsR is a tetrameric protein comprising two pairs of x(3-subunits linked by
sulthydryl bonds (Figure 2). The o-subunits are exclusively extracellular and include domains
for insulin-binding, a region rich in cysteines (CRs), and fibronectin type III (FnllI) domains. In
contrast, the 3-subunits are composed of an extracellular domain containing a Fnlll domain,
a transmembrane domain, a juxtamembrane (JM) domain, an intracellular tyrosine kinase
(TK) domain, and a C-terminal tail [30,31]. Upon insulin binding to the InsR x-subunits,
the receptor first undergoes a conformational change in the «-subunit, which is transmitted
to the B-subunit. This change activates the receptor’s intrinsic kinase activity, leading to

1146 Tyr!150 and Tyr!!®! within the kinase regulatory region

trans-autophosphorylation of Tyr
of the adjacent 3-subunit. The increased kinase activity then enables phosphorylation of
additional Tyr residues: Tyr*®® and Tyr*® in the JM domain and Tyr!3!® and Tyr!3?? in the
carboxy-terminal (CT) domain [32,33] (Figure 2).

Phosphorylation sites function as protein recognition motifs that enable high-affinity
interactions with other protein substrates, which subsequently undergo Tyr phosphorylation
to propagate the signal [30]. Among InsR substrates, IRS-1 and IRS-2 are recognized as
the principal mediators of metabolic actions, whereas Shc is primarily associated with the
growth and proliferative effects of insulin. Both IRS and Shc proteins act as adaptor molecules,
organizing molecular complexes that trigger intracellular signaling cascades [29].

The primary metabolic pathway activated by the InsR is the IRS/PI3K/Akt cas-
cade [34]. Activation of this pathway begins with InsR-mediated Tyr phosphorylation
of IRS, which promotes IRS association with and activation of PI3K. PI3K subsequently
phosphorylates PIP; to generate PIP; [35], which recruits Akt and PDK1 [34]. PDK1 phos-
phorylates Akt at Thr®®®, while mTORC2 phosphorylates Akt at Ser*”® [36]. This dual
phosphorylation fully activates Akt, which enhances glucose transport by phosphorylating
AS160 (Rab-GAP) and promotes glucose uptake by translocating GLUT4 vesicles to the
plasma membrane [37,38].
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Figure 2. Structure and domains of the insulin receptor. The receptor consists of two a-subunits and
two B-subunits, which are linked by disulfide bonds that stabilize the dimeric structure. The x-subunits
contain a cysteine-rich region (CR) and fibronectin type III domains (Fnlll-1 and FnlIII-2, shown in
green). The 3-subunits contain fibronectin type III domains (FnllI-2 and FnllII-3, shown in blue), a single
transmembrane (TM) domain, a juxtamembrane (JM) region, a tyrosine kinase (TK) domain, and a
carboxy-terminal (CT) domain. Critical Tyr residues are located within the JM, TK, and CT domains,
where they undergo autophosphorylation and facilitate protein interactions and signal propagation.
Created with BioRender. Olivares-Reyes, J. A. (2026) (https:/ /www.biorender.com/p24w715).

The mitogen-activated protein kinase (MAPK) represents the second major branch
of insulin signaling and mediates the mitogenic effects of insulin [39]. This pathway is
initiated when activated InsR interacts with the Shc protein, leading to recruitment of the
GRB2-SOS complex. This interaction activates the small G-protein Ras, which acts as a
molecular switch. Ras subsequently transduces upstream tyrosine phosphorylation signals
into a serine kinase cascade by sequentially activating MAPKs, including Raf, MEK, and
extracellular signal-regulated kinase 1/2 (ERK1/2). This signaling cascade is critical for
regulating cellular proliferation, division, migration, and apoptosis [29,34].

PKC is another important Ser/Thr kinase that is differentially activated by insulin.
Activated InsR can stimulate multiple PKC isoforms across all three PKC subfamilies
through mechanisms involving the activation of PLC-y1 and PI3K [40]. The SH; domains of
PLC-y1 enhance its interaction with the active InsR, resulting in the hydrolysis of PIP; into
DAG and IP;. IP3-mediated Ca®* release and DAG promote the activation of conventional
PKC isoforms, whereas novel PKC isoforms are activated by DAG in a Ca?*-independent
manner (Figure 3A) [40,41].
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Figure 3. Molecular mechanisms of PKC activation by insulin. (A) Activation of the insulin receptor
(InsR) stimulates phospholipase C-y (PLC-v), leading to the production of inositol trisphosphate
(IP3), which releases Ca?* from the endoplasmic reticulum (ER), and diacylglycerol (DAG). While
DAG and Ca?* are the main activators of classical PKC (cPKC) isoforms, DAG activates novel PKC
(nPKC) isoforms. (B) Atypical PKCs (aPKCs) are activated by increased PIP3, which is generated
via PI3K activation following insulin pathway activation. PIP; binds to the basic arginine residues
in the pseudosubstrate (PS) sequence of the aPKC regulatory domain, facilitating dissociation of
the PS from the catalytic domain. Furthermore, phosphorylation of the aPKC regulatory domain by
3-phosphoinositide-dependent protein kinase-1 (PDK1) further contributes to PKC isoform activation.
Created with BioRender. Cruz-Villarreal, D. E. (2026) (https://www.biorender.com/okm511h).

It has been proposed that, via a mechanism requiring the 3y subunit of the activated
heterotrimeric G protein, InsR activates PI3Ky to generate PIP3 from PIP, [40]. PIP; acts as
a key signal for recruiting the pleckstrin homology (PH) domain of PLC, which binds to
the intracellular surface of the PM. Subsequently, PLC catalyzes the production of IP3 and
DAG from PIPs. IP3 activates its receptor, resulting in the release of Ca®* from the ER [42].
The resulting increase in Ca?* contributes to GLUT4 vesicle trafficking and fusion with the
PM, thereby promoting glucose uptake [42].

Alternatively, aPKC can be triggered downstream of the PI3K/ Akt pathway [43]. Upon
insulin stimulation, PI3K activation increases PIP3 levels, which bind to basic arginine
residues in the PS domain of the aPKC regulatory domain and dissociate the PS from the
catalytic domain (Figure 3B) [44,45]. This dissociation enables target proteins to access
the active sites. Furthermore, PDK1 phosphorylates aPKC at Ser/Thr residues within the
activation loop of the kinase domain, while mTORC2 phosphorylates aPKC at the turn
motif and hydrophobic sites in the C-terminal tail [20]. These modifications stabilize the
active conformation of aPKCs, thereby facilitating their function in GLUT4 translocation
and increasing glucose uptake in response to insulin (Figure 3B) [46].

3.2. PKC and Glucose Transport

One of the most important actions of insulin is the stimulation of glucose uptake
into adipocytes and skeletal muscle (SkM), a process that requires GLUT4 translocation
to the cell membrane and involves two distinct signaling pathways [47]. The former
depends on activation of the IRS/PI3K/Akt pathway, whereas the latter operates through
the CAP/Cbl/TC10 protein complex (Figure 4) [37,41,47]. The PI3K/ Akt signaling cascade
facilitates glucose uptake by inactivating TBC1D1 and AS160 (Rab GAPs) through Akt-
mediated phosphorylation, thereby promoting the translocation of GLUT4-containing
vesicles to the PM (Figure 4) [47-49]. The second mechanism involves the phosphorylation
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of Cbl, which recruits the adaptor protein CrkIl and guanine nucleotide exchange factor
(GEF) C3G. Upon phosphorylation of Cbl by InsR, the Cbl-CAP-CrkII-C3G complex
translocates to the lipid raft microdomain, where TC10 is located. Once recruited, C3G
functions as a GEF for TC10, catalyzing the exchange of GDP for GTP (Figure 4) [47].
Together, these two insulin-activated pathways promote GLUT4 vesicle translocation, a
process mediated by membrane trafficking systems [47,48].

CAP/Cbl/TC10 Pathway IRS/PI3K/Akt Pathway
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Figure 4. Insulin signaling pathways involved in GLUT4 translocation and the regulatory roles
of PKC isoforms. Insulin stimulates GLUT4 translocation to the plasma membrane through the
IRS/PI3K/Akt and CAP/Cbl/TC10 pathways. Atypical PKCs (aPKCs), particularly PKC( and
PKCM, act as positive regulators of insulin-stimulated GLUT4 translocation. In contrast, conventional
(cPKCs) and novel (nPKCs) PKCs have been implicated as negative regulators of insulin signaling
and glucose uptake. The isoform-specific roles of PKCs contribute to the regulation of insulin
sensitivity and glucose transport in skeletal muscle and adipocytes. cPKCs and nPKCs negatively
regulate GLUT4 translocation and glucose uptake by inhibiting IRS and Akt signaling. Green arrows
represent activation or positive regulation, while red blunt-ended lines denote inhibition mediated
by PKC isoforms. Black arrows indicate the canonical processes of each pathway, whereas dashed
lines indicate GLUT4 translocation. Created with BioRender. Hernandez-Gonzalez, K. D. (2026)
(https:/ /www.biorender.com /bf6861v).

PKC isoforms play key roles in regulating GLUT4 translocation and glucose up-
take in insulin-sensitive tissues, thereby influencing metabolic homeostasis. Of these,
aPKC isoforms are downstream effectors of the PI3K pathway and are consistently asso-
ciated with insulin-stimulated GLUT4 translocation to the PM, particularly in SkM and
adipocytes (Figure 4) [50-54]. Despite extensive research, the molecular mechanisms un-
derlying aPKC activation, GLUT4 vesicle trafficking, and PM fusion remain unclear [50,55].
Nonetheless, emerging evidence suggests that aPKCs may require TC10 activation for
insulin-stimulated GLUT4 translocation, likely because they contribute to microtubule and
cytoskeletal remodeling [56]. Supporting this, overexpression of constitutively active PKCA
in adipocytes [52,56] or wild-type PKCC in muscle in vivo [57] increases both basal and
insulin-stimulated glucose transport. Conversely, overexpression of a dominant-negative
mutant of PKCA or PKC( abolishes insulin-stimulated glucose transport and GLUT4 translo-
cation in adipose and muscle cells [52,58,59]. Of note, experimental evidence suggests that
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PKCA and PKCC( isoforms may function interchangeably, with the overexpression of one
isoform compensating for the inhibitory effects of a dominant-negative mutant of the other
on insulin-stimulated GLUT4 translocation [60]. This functional redundancy suggests a
coordinated regulatory mechanism in which both PKC( and PKCA contribute significantly
to insulin-mediated glucose transport [50]. Collectively, these findings suggest that im-
paired activation of PKC( and PKCA contributes to insulin resistance, highlighting their
importance in metabolic regulation. In contrast, cPKC isoforms generally act as negative
regulators of the insulin signaling pathway, which promotes GLUT4 translocation to the
cell surface in muscle and fat cells. For instance, global deletion of PKCa has been shown
to enhance insulin-stimulated glucose transport in SkM, whereas PKCf knockout increases
both basal and insulin-stimulated glucose uptake in isolated soleus muscle, indicating
the inhibitory roles of these classical isoforms [61]. Mechanistically, PKCx and PKCf can
phosphorylate IRS-1 at inhibitory sites, thereby attenuating insulin signaling, while PKCx
may additionally promote PP2A activation and stability, favoring Akt dephosphorylation
and further suppressing downstream signaling [62—64]. This implies that cPKC isoforms,
particularly PKCa and PKCf3, may act as negative regulators in the complex interplay of
insulin-mediated glucose metabolism [11].

In the case of nPKC isoforms, particularly PKCe and PKCn, they have also been impli-
cated in insulin resistance by phosphorylating IRS proteins, thereby impeding downstream
signaling events necessary for proper glucose uptake [65]. This differential involvement
highlights the complex isoform-specific roles of PKC in the regulation of insulin sensitivity
and glucose transport [55,66].

3.3. PKC and Lipid Metabolism

PKC isoforms play significant roles in lipid metabolism, including adipogenesis,
lipolysis, and lipogenesis [67]. The predominant PKC isoforms identified in adipocytes
are PKCp, PKCy, and PKCg, and a significant association between insulin signaling and
these enzymes has been documented in adipose cells (Figure 5A) [68]. In the context of
adipogenesis, reports indicate that PKCp is one of the most highly expressed genes during
3T3-L1 adipocyte differentiation [69]. Studies using a dominant-negative form of PKCfI
have shown that it inhibits adipogenesis [70]. Other isoforms, such as PKCy and PKCe,
are essential for preadipocyte differentiation [71]. PKCe knockdown inhibits 3T3-F442A
cell differentiation without affecting clonal expansion, maintenance, or phenotype [72].
Interestingly, inhibition of PKCe reduces adipocyte differentiation, supporting its role in
cell growth regulation. In contrast, overexpression of PKCe (but not other isoforms) drives
multipotent NIH-3T3 cells toward adipogenic differentiation in response to hormonal
inducers [72]. Additionally, PKCe has been implicated in several metabolic functions,
including short-term hepatic lipid accumulation, (3-cell lipid partitioning, and regulation of
fatty acid (FA) release during fasting [73].

PKC has also been implicated in the regulation of lipolysis in mature adipocytes. For
instance, phorbol ester-mediated PKCI activation in rat adipocytes inhibits the canoni-
cal lipolytic pathway (AMPc/PKA /hormone-sensitive lipase (HSL)/perilipin), presumably
through negative regulation of 3-adrenergic receptor signaling [74,75]. Similarly, stimula-
tion of InsRs induces sustained activation of cPKC-dependent antilipolytic effects in rat
adipocytes (Figure 5B) [74]. Contrary to expectations, PKC activation induces lipolytic effects
independent of PKA, potentially via MAPK/ERK1/2-mediated activation of HSL through a
PKCe-dependent mechanism [76-78]. This hypothesis is supported by the observation that
PKCe can mediate phorbol ester-dependent inhibition of the antilipolytic effect of insulin [79].
Additionally, the participation of PKC in the activation of PKA-dependent lipolysis cannot
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be ruled out, as PKC can induce adenylate cyclase (AC) activity in rat adipocytes, with a
subsequent increase in cAMP- and PKA-dependent activation of lipolysis [80,81].

A Participation of PKC isoforms in adipogenesis
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Figure 5. Insulin-dependent PKC activation regulates lipid metabolism. (A) PKCf3, PKCy, and PKCe
are involved in adipocyte differentiation. (B) PKCBI mediates antilipolytic effects by negatively
regulating 3-AR/cAMP/PKA signaling. (C) In skeletal muscle, PKCBII promotes lipid accumulation
by increasing SREBP-1c activity and reducing the activity of regulators of fatty acid oxidation. (D) In
the liver, PKCb promotes lipogenesis through SREBP-1c activity and upregulation of FAS and ACC
expression. AC, adenylyl cyclase; ACC, acetyl-CoA carboxylase; ACOX, acyl-CoA oxidase; 3-AR, (3-
adrenergic receptor; cAMP, cyclic adenosine monophosphate; FA, fatty acid; FAS, fatty acid synthase;
HSL, hormone-sensitive lipase; InsR, insulin receptor; PGC-1f3, peroxisome proliferator-activated
receptor y coactivator 1f3; PKA, protein kinase A; PPARS, peroxisome proliferator-activated receptor
delta; SREBP-1¢, sterol regulatory element-binding protein 1c. Black dashed lines indicate different
stages of the biological differentiation process. Black dashed arrows indicate intermediate steps
of activation/stimulation, whereas red dashed blunt-ended lines indicate intermediate steps of
regulation/inhibition. Green upward arrows indicate an increase in the corresponding process or
protein expression, whereas red downward arrows indicate a decrease in protein expression. Created
with BioRender. Cruz-Villarreal, D. E. (2026) (https:/ /www.biorender.com/n18f1u9).

Studies have demonstrated that insulin-induced PKCBII activation, both in vitro and
in vivo, maintains de novo lipogenesis by regulating the expression and activity of sterol
regulatory element-binding protein 1c (SREBP-1c), a key modulator of lipid biosynthesis.
Specific overexpression of a constitutively active PKCBII mutant in mouse SkM revealed its
effects on the regulation of several genes implicated in lipid metabolism [67,82], decreasing the
expression of transcriptional regulators of genes involved in FA oxidation (such as peroxisome
proliferator-activated receptor-6, PGC-13, and acyl-CoA oxidase) and lipolysis (including
HSL), but enhancing the expression of SREBP-1c in SkM. Both effects are associated with
reduced lipid oxidation and increased lipid accumulation in the muscle cells (Figure 5C) [82].

PKC5 is another isoform that is associated with lipogenesis. Studies conducted in
PKCb-deficient mice showed reduced expression of SREBP1c and its downstream targets,
including FA synthase and acetyl-CoA carboxylase [83,84]. In contrast, overexpression of
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PKC5 in the liver increased the expression of these proteins, consistent with the previously
reported lipogenic actions of PKC5 [83]. Previous research has demonstrated that insulin
increases PKC$ activity and promotes its Tyr phosphorylation (Figure 5D) [85].

4. Regulation of Insulin Signaling

Two regulatory mechanisms control insulin’s metabolic effects and its ability to pro-
mote cell growth and proliferation. The first is homologous regulation, where enzymes
activated by insulin pathways suppress the activity of key signaling proteins. The second
is heterologous regulation, which involves homeostatic molecular processes unrelated to
insulin activation that inhibit insulin signaling pathways [31]. Together, these mechanisms
play an important role in maintaining cellular balance, thereby influencing the extent and
duration of insulin signaling and its effects [31,86].

The key mechanisms identified in insulin regulation include: (a) Ser/Thr phosphory-
lation of receptors and IRS proteins, which disrupt protein interactions or promote their
degradation [5,32,87,88]; (b) endocytic trafficking of receptors, resulting in a reduced num-
ber of InsRs on the cell surface [89]; (c) InsR/IRS association with specific proteins, such
as SOCSs and PC-1 [90,91], which inhibit the formation of insulin signaling complexes;
(d) dephosphorylation of phospho-Tyr and phospho-Ser/-Thr residues on activated pro-
teins in the insulin signaling pathway, including InsR, IRS, and Akt [92,93]; and (e) genetic
regulation of proteins involved in insulin signaling, such as GLUT4 and InsRs [94,95].

Among the mechanisms described above, phosphorylation at Ser/Thr residues constitutes
the triggering mechanism for pathway regulation. For instance, through Akt-mediated activa-
tion of the mTORC1 complex, homologous desensitization is achieved by phosphorylation of
Ser/Thr residues in IRS proteins, thereby decreasing Tyr phosphorylation by InsR [96].

Another mechanism in which phosphorylation of Ser/Thr residues plays a key role
is receptor internalization, or endocytosis. Endocytosis is essential for maintaining InsR
availability on the cell surface and for modulating downstream signaling pathways [97].
The endocytic trafficking of InsR determines whether the receptor is degraded or recycled
back to the plasma membrane, thereby influencing both receptor availability and the
duration of signaling. It has been well established that the kinase activity of InsR is essential
for receptor internalization, indicating that InsR endocytosis usually occurs after receptor
activation [89]. InsR endocytosis can occur via both clathrin-dependent and clathrin-
independent mechanisms. In clathrin-dependent endocytosis, ERK1/2 activation leads to
its subsequent recruitment to IRS-1 through specific Tyr-phosphorylated residues (Tyr®'?,
Tyr®32, and Tyr®? within YXX® motifs, where X denotes any amino acid and ® represents
hydrophobic amino acids). This process facilitates subsequent Ser phosphorylation of
IRS-1 by ERK1/2 (at Ser®16, Ser®3 and Ser®®, which are located immediately after the
YXX® motifs). These phosphorylations generate sites for the Tyr phosphatase SHP2. SHP2-
mediated dephosphorylation of the pYXX® motifs results in a switch from phospho-Tyr to
phospho-Ser/Thr. Only IRS proteins containing phospho-Ser/Thr can interact with AP2
and trigger clathrin-dependent IR endocytosis (Figure 6A) [97-99].

Clathrin-independent endocytosis is characterized by the phosphorylation of caveolin
at Tyr'* by activated InsR, which promotes internalization through a clathrin-independent
pathway. Caveolin, functioning as a scaffold protein, interacts with InsR and induces
membrane curvature within microdomains composed of lipid rafts enriched in cholesterol
and sphingolipids, thereby facilitating caveolar endocytosis [89].

Alternative mechanisms involve protein tyrosine phosphatases (PTPs), which mod-
ulate insulin signaling by dephosphorylating the active form of InsR during endocyto-
sis [100]. Furthermore, Ser/Thr phosphatases, such as protein phosphatase 2A (PP2A)
and PH domain and leucine-rich repeat protein phosphatases (PHLLP), are involved in
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the dephosphorylation of Akt, thereby diminishing its activity [101]. Lipid phosphatases,
including PTEN and SHIP2, act on PIP3, converting it back to PIP, (Figure 6B) [102,103].

Endocytosis of InsR via clathrin-dependent Ser/Thr kinases and phosphatases in insulin
regulation

Insulin
(o]

InsR

N N T

Rl Lo
(ﬁu{(@ \ I > \ ‘ ﬁé@/’ l y\ mTORC

Insulin-induced "
InsR endocytosis

InsR proteolytic IRS proteasomal
degradation degradation

Figure 6. Regulation of insulin signaling by feedback mechanisms. (A) Activated insulin receptors
(InsRs) undergo internalization via clathrin-coated pits mediated by adaptor proteins such as AP2
and dynamin. Once the receptor-ligand complex is internalized into early endosomes, it can follow
the recycling pathway, in which the receptor is dephosphorylated and returned to the plasma
membrane, allowing further insulin binding and sustained signaling. Alternatively, in the degradation
pathway, the receptor is directed to lysosomes, where it undergoes degradation, thereby reducing
receptor availability and attenuating insulin signaling. (B) Besides these trafficking events, Ser/Thr
phosphorylation of key proteins, such as IRS, plays a crucial role in modulating the signaling pathway.
Activation of protein phosphatases (PHLPP and PP2A) and lipid phosphatases (PTEN and SHIP1),
which dephosphorylate Akt and PIP3, respectively, further modulate the insulin signaling cascade.
Black solid arrows indicate a series of steps, whereas black dashed arrows indicate intermediate steps
or events not shown in the activation/stimulation pathway. Red blunt-ended lines indicate inhibition,
whereas red solid arrows indicate Ser/Thr phosphorylation. Created with BioRender. Cruz-Villarreal,
D. E. (2026) (https:/ /www.biorender.com /r74a597).

Signaling pathways activated by insulin are regulated through feedback loops, with
Ser/ Thr kinases playing crucial roles in this process. IRS-1 and IRS-2 are key proteins in insulin
signaling and primary targets of regulation [87]. Phosphorylation of IRS-1 at Ser residues,
mediated by kinases such as Akt (Ser265, Ser?67, Ser302 Serd25 Ser58 Ser®22 Sert12) [104,105],
PKCC (Ser*®®, Ser°”0) [105,106], ERK1/2 (Ser?®’, Ser®12, Ser®32) [87,105], mTOR (Ser?®”, Ser®?7,
Ser®18, Ser®12, Ser®32, Ser®2, Ser”31) [104,105], and S6K (Ser?®®, Ser302, Ser3%7, Ser522) [87,107],
attenuates IRS signaling and promotes its proteasomal degradation (Figure 6B).

5. PKC in Metabolic Syndrome

MetS comprises a cluster of conditions that includes insulin resistance, hypertension,
dyslipidemia, and central obesity [1]. MetS is associated with an increased risk of developing
T2D, cardiovascular diseases (CVDs), and other adverse health outcomes [108,109]. The
increasing prevalence of MetS is driven by multiple factors, particularly a sedentary lifestyle
and a high-calorie diet. Several studies have shown a significant role of PKC in the patho-
physiology of MetS, particularly through its involvement in insulin resistance, obesity, and
inflammation [110-113]. PKC isoforms can detect the DAG generated in different cellular com-
partments during various physiological processes [67]. DAG accumulates in multiple organs
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of individuals with obesity, thereby disrupting metabolic homeostasis and contributing to the
development of MetS and associated disorders [60]. Research indicates that abnormal PKC
activation plays a significant role in the onset of metabolic disorders. Thus, ¢/nPKC isoforms,
which respond to Ca?*/DAG and DAG, respectively, may represent potential therapeutic
targets for treating several of the conditions associated with MetS [61].

5.1. PKC in Insulin Resistance

Insulin resistance is defined as the diminished responsiveness of cells to insulin. It
is characterized by three main effects: (a) reduced insulin-stimulated glucose transport
and metabolism in the SkM, (b) reduced insulin-mediated suppression of lipolysis in
adipose tissue, and (c) impaired ability of insulin to store glucose and inhibit its production
in the liver [31,114,115]. At the molecular level, insulin-deficient signaling results from
several alterations, including mutations and/or post-translational modifications in the
InsR, IRS, and downstream effectors. Insulin resistance is commonly associated with
several alterations, including a reduction in both the number and catalytic activity of
InsRs, increased Ser/Thr phosphorylation in InsR and IRS, and elevated Tyr phosphatase
activity, particularly PTP1B, which contributes to the dephosphorylation of receptors and
IRS [7,31,60]. Additionally, there is a decrease in PI3K and Akt kinase activity, as well as
impairment in GLUT4 expression and function [31]. These modifications diminish insulin-
mediated metabolic responses, affecting glucose, amino acid, and lipid metabolism and
resulting in significant metabolic alterations [114]. Several insulin resistance inducers have
been identified, including hyperinsulinemia, pro-inflammatory cytokines [116], free fatty
acids (FFAs) [117], ER stress, oxidative stress [118,119], and obesity [114]. In every instance,
Ser/Thr phosphorylation of critical insulin signaling proteins, particularly the InsR and IRS
proteins, has been implicated as a common mechanism that negatively regulates signaling,
thereby contributing to the development of insulin resistance [120].

In the 1990s, multiple research groups conducted comprehensive analyses of potential
phosphorylation sites on InsR, identifying several Ser/Thr residues within the cytosolic
region of the receptor 3-subunit. Most of these sites were implicated in receptor regulation
and were found to influence insulin signaling [121-127]. In this context, evidence indicates
that Ser/Thr phosphorylation of InsR modulates its autophosphorylation and kinase
activity following insulin binding, a modification commonly observed in obesity and
glucose toxicity in both rodents and humans. While several Ser/Thr kinases, such as
PKA, JNK, and p38 MAPK, have been shown to phosphorylate InsR and reduce its activity,
studies have identified PKC as the primary kinase responsible for receptor phosphorylation,
targeting various intracellular regions of the 3-subunit [32,121,122,127,128].

IRS-1 and IRS-2 have been identified as principal targets of multiple Ser/Thr kinases
implicated in insulin resistance. Ser/Thr phosphorylation of IRS proteins is a critical regu-
latory mechanism in insulin signaling in both physiological and pathological contexts [129].
More than 50 potential Ser/Thr phosphorylation sites have been proposed for these pro-
teins, and phosphorylation at these sites functions as a negative feedback mechanism in
insulin signaling [130,131]. In this context, previous studies revealed that the IRS-1 protein
specifically contains 40 Ser/Thr residues; in contrast, the IRS-2 protein contains 19 Ser/Thr
residues that can be phosphorylated by the action of several Ser/Thr kinases, including
mTOR/S6K1, IKK, MAP kinases, JNK, GSK3, AMPK, and several PKC isoforms [129,131].
Increased phosphorylation of IRS proteins at specific Ser/Thr residues has been observed in
models of insulin resistance and T2D [132,133]. From these studies, it has been established
that elevated Ser/Thr IRS phosphorylation may inhibit insulin signaling by several mech-
anisms: (1) downregulation of IRS protein levels via ubiquitination [86], (2) inhibition of
the interaction between Tyr-phosphorylated InsR and the phosphotyrosine-binding (PTB)
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domain of IRS-1 [129], or (3) interference with the insulin-stimulated interaction between
IRS-1 and the p85 regulatory subunit of PI3K [106,134].

Given the distinct roles of PKC isoforms in cellular regulation and their established
association with metabolic dysregulation, it is crucial to elucidate their specific actions in
major metabolic tissues. Table 1 summarizes the effects of classical, novel, and atypical
PKC isoforms on SkM, liver, and adipose tissue. It delineates their mechanisms of action in
these tissues, emphasizing their contributions to impaired insulin signaling, altered lipid
metabolism, and disrupted glucose uptake, thereby providing insights into their roles in

metabolic homeostasis and the pathogenesis of insulin resistance and T2D.

Table 1. Roles of PKC isoforms in insulin resistance across specific tissues.

Family Adipose Tissue (AT) Liver (L) Skeletal Muscle (SkM) Reference
Activation of PKCa/ B PRCais increased under
leads to increased Ser/Thr  PKCpI and BII are associated with a ffei?iﬁndlllsigsIeRucotr;§glcv)\?}fi,1e
phosphorylation of IRS-1,  diet-induced hepatic steatosis and PKgC% is dramr;ticalll
while PKCpII associates insulin resistance, while PKCx and lated in the SKM fy b AT: [5,135,136]
Classical with the InsR. Moreover, a PKCp increase their membrane uprgg; abet' m t'e ¢ I\(T) tobfse L: [137-140]
deficiency in PKCf translocation in obese NIDDM aI?KC é?kiézlfoaultegisc.e esheilbi? SkM: [110,141,142]
reduces lipid subjects and reduce resistance to HFD-induced
accumulation and hepatic vacuolation. besitv and show i t
enhances glucose uptake. ODESILy and ShOw umprovemen
in insulin sensitivity.
Activation of PKCs
increases Ser/Thr PKCe increases lipid-induced I;Egr? ?nis{)slcfg;t:rdeits};?or?;?
phosphorylation of IRS-1, insulin resistance by decreasing wi thgliy id-induced insulin
impairing insulin Tyr phosphorylation on IRS-1 and resistarr)lce in humans and
signaling, while cross-linking with p70S6K. By rodents. with PKCO beine the AT: [143-145]
Novel overexpression of PKCS binding to NLRP3, PKCe also most a’bun dantly expre i od L:[73,83,111,146-148]
has been reported in obese ~ promotes de novo lipogenesis and isoform in SKM: i t}; COEtel’lt and SkM: [149-153]
tissues. In contrast, PKCe hepatic steatosis. Similarly, PKCd activity are inc,rease d in SKM
KO models show promotes de novo lipogenesis from yatients with diabetes
protection against and hepatosteatosis. P - -
glucose intolerance. compared to non-diabetics.
Overexpression of PKC( and
PKCA/ has been associated with PKCC( activation, triggered by
hepatic insulin resistance. ceramide synthesis from
. Specifically, aPKCs impair insulin palmitate, is associated with
PliociCn zﬂﬂi\_g tli;?:lllt;:gte signaling, reduce IRS-1 expression,  reduced insulin-stimulated Akt
glucose uptake; however and attenuate insulin-stimulated activation .and impaired glucose
their dvsre ullation is ! Akt activation. In hepatocytes transport in L6 rat muscle cells.
ysreg . derived from individuals with In this cell model, depleting . )
. more ?losel'y ass.oc1at.ed T2D, PKCvt is both overexpressed PKCA increases insulin AT: [112,154]
Atypical with impaired insulin L: [155,156]

signaling, particularly
through abnormal IRS-1
phosphorylation and
phosphoinositide
production.

and overactive, further supporting
the pathogenic involvement of
aPKCs in hepatic insulin resistance.
Moreover, PKC( and PKCA
modulate hepatic lipid
accumulation and systemic insulin
sensitivity through activation of
SREBP-1c and NF-«B under
obese conditions.

sensitivity and enhances glucose
uptake. Ceramides trigger a

PKC(-dependent pathway that
disrupts insulin-induced Akt

activation in both human muscle

cells treated with palmitate and

in muscle cells from individuals

with T2D.

SkM: [157-159]

Abbreviations: FFA, free fatty acid; HFD, high-fat diet; InsR, insulin receptor; IRS-1, insulin receptor
substrate 1; NF-«B, nuclear factor kB; NIDDM, non-insulin-dependent diabetes mellitus; NLR, NOD-
like receptor; NLRP3, NLR pyrin domain containing 3; p70S6K, p70 ribosomal protein S6 kinase;
SkM, skeletal muscle; SREBP-1c, sterol regulatory element-binding protein.

5.1.1. Regulation of the Insulin Receptor and IRS by PKC

Numerous protein targets, including those involved in insulin signaling, have been
identified as substrates for PKC phosphorylation. Studies have shown that c/nPKCs are
associated with InsR and IRS Ser/Thr phosphorylation under insulin resistance, leading to
decreased insulin activity (Figure 7) [83,122,152,160].
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Figure 7. PKC isoforms and phosphorylation sites involved in the regulation of insulin signaling.

)

Isoforms from the conventional, novel, and atypical PKC families phosphorylate key components
of the insulin signaling pathway, including the InsR and IRS-1. The figure displays selected phos-
phorylation sites and their corresponding PKC isoforms, highlighting major inhibitory mechanisms,
including PKCe-mediated phosphorylation of InsR at Thr!160/1150 and PKC(-mediated phosphory-
lation of IRS-1 at Ser®?3/318, Overall, these modifications predominantly impair insulin signaling
and contribute to insulin resistance. The region within human IRS-1, located immediately after
the phosphotyrosine binding (PTB) domain (Ser®”, Ser®?, Ser?!%, and Ser3?3), is phosphorylated
by kinases associated with inflammation, stress, and obesity in models of insulin resistance and
T2D. Atypical PKC(, a downstream target of PI3K, inhibits the interaction between InsR and IRS-1
during prolonged insulin stimulation by phosphorylating human/mouse IRS-1 at Ser®?3/318, which
affects its downstream interaction with PI3K. Red blunt-ended lines indicate inhibition mediated by
PKC isoforms, and dashed arrows indicate indirect regulation. Black phosphorylation sites indicate
potential PKC phosphorylation sites identified in all three domains of InsR. Created with BioRender.
Hernandez-Gonzalez, K. D. (2026) (https:/ /www.biorender.com/iz7mbav).

Additionally, research indicates that PKC isoforms can regulate protein transcription,
thereby affecting the expression and subcellular localization of critical proteins, includ-
ing InsR and GLUT4 [55,56,113]. In most cases, PKC activation under insulin resistance
depends on DAG generation, which is triggered by increased FA levels in obese and
insulin-resistant models [161]. Upon activation by FA, PKCx, PKCf, and PKC$ directly
participate in the inhibitory phosphorylation of InsR/IRS or activate JNK or IKK, leading
to the subsequent Ser/Thr phosphorylation of IRS, while FA-activated PKCe translocates to
the nucleus, where it suppresses the transcription of InsRs by phosphorylating and inhibit-
ing HMGALI [113]. Conversely, excessive activation of aPKCs in the liver promotes hepatic
glucose production, lipid synthesis, and the expression of inflammatory mediators, which
can lead to insulin resistance [162]. In this context, research has demonstrated that under
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T2D conditions, PKC becomes hyperactivated, and hyperglycemia-induced intracellular
and extracellular alterations result in modifications in signaling pathways [162].

Regulation of Insulin Receptor

Multiple research groups reported initial evidence of PKC involvement in InsR phos-
phorylation and regulation of insulin signaling in the 1980s [163-166]. Their investigations
demonstrated that phorbol esters triggered InsR phosphorylation of Ser/Thr residues while
simultaneously inhibiting insulin-induced receptor autophosphorylation, InsR Tyr kinase
activity, and insulin action [163-165]. To date, several potential PKC phosphorylation sites
have been identified in all three domains of InsR: JM (Ser944, Ser?®”  and Ser968), catalytic
(Ser?*, Ser!06 Serl035 Gerl037 and Thr!1®0), and C-terminal domains (Ser!?88, Ser!305,
Ser!3% Ser!321 Ser!327 and Ser!348) (Figure 7) [32,167,168].

Research suggests that DAG-induced activation of PKCe and the subsequent inhibition
of InsR kinase activity contribute to hepatic insulin resistance. However, the specific molec-
ular interaction between PKCe and InsR remains unclear [169,170]. Petersen et al. [171]
demonstrated that DAG-dependent activation of PKCe leads to phosphorylation of hu-

1160

man InsR at Thr***” within the kinase activation loop, thereby destabilizing its active

conformation and inhibiting InsR kinase activity (Figure 7). In vitro and cellular stud-

ies have established that phosphorylation at Thr!1

is both necessary and sufficient for
PKCe-mediated inhibition of InsR kinase activity. The physiological significance of this
mechanism is further supported by the finding that phosphorylation of InsR Thr!'!*’, the
corresponding residue in mice, is essential for acute lipid-induced hepatic insulin resis-
tance [171]. These results offer mechanistic insights into the controversial relationship
between hepatic lipids and insulin resistance [171,172].

Furthermore, a recent study by Xu et al. reported that inhibition of de novo ceramide
synthesis, either through myriocin treatment (a potent, non-specific inhibitor of serine
palmitoyltransferase) or knockdown of dihydroceramide desaturase, conferred protection
against lipid-induced hepatic insulin resistance independently of C16 ceramide concentra-
tion [160]. These ceramide synthesis inhibitors prevent the accumulation of the sn-1,2-DAG
stereoisomer in the plasma membrane, thereby avoiding PKCe activation and protecting
against lipid-induced hepatic insulin resistance through the plasma membrane sn-1,2-DAG-
PKCe-InsR-Thr!'!*® phosphorylation pathway [160].

Regulation of IRS

The regulation of IRS-1 and IRS-2 involves multiple mechanisms, including Ser/Thr
phosphorylation in their tail regions [87,173]. Among the kinases crucial to this regulatory
process, PKC has been identified as a key regulator. Isoforms such as PKCa, PKCf3,
PKC9, PKCe, PKC6, and PKCC have been consistently implicated in both homologous and
heterologous regulation of IRS proteins [87,129].

Woo et al. recently identified a region within human IRS-1, located immediately after

7 12
307 Gerd12,

the PTB domain, that contains several Ser phosphorylation sites, specifically Ser
Ser3!>, and Ser®?3. These sites are phosphorylated by kinases associated with inflammation,
stress, and obesity in models of insulin resistance and T2D (Figure 7). This region is termed
the PTB-phosphorylation insulin resistance (PIR) domain (PTB-PIR domain) [16]. The
study demonstrated that the IRS-1 PTB-PIR domain interacts with InsR in the absence of
Ser phosphorylation, whereas this interaction is disrupted upon phosphorylation. Surface
plasmon resonance analyses confirmed that the PTB-PIR domain displayed increased
binding affinity to InsR compared to the PTB domain alone. Phosphorylation of Ser3”’,
Ser312, Ser31%, and Ser®?® within the PTB-PIR domain inhibits binding to InsR (Figure 7) [16].

Insulin-responsive cells expressing IRS-1 mutants in which all four Ser residues were
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substituted with glutamates to simulate phosphorylation showed reduced phosphorylation
of Akt, IRS-1, and InsR compared to wild-type IRS-1 [16]. Hydrogen—deuterium exchange
mass spectrometry experiments indicated that the PIR domain interacts with the N-terminal
lobe and hinge regions of the InsR kinase domain, suggesting that the IRS-1 PIR domain
protects InsR dephosphorylation by PTP1B [16].

Previous research has shown that PKC phosphorylates Ser®” and Ser®!® within the
PTB-PIR domain. For instance, elevated plasma FA levels increase intracellular DAG and
fatty acyl-CoA concentrations, which activate PKCBO. This results in increased phospho-
rylation of IRS-1 at Ser’”, leading to reduced Tyr phosphorylation of IRS-1 and IRS-1-
associated PI3K activity. This sequence of events causes diminished insulin-stimulated
glucose transport [174]. Furthermore, atypical PKC(, a downstream target of PI3K, in-
hibits the interaction between InsR and IRS-1 during prolonged insulin stimulation by
phosphorylating human/mouse IRS-1 at Ser®? /318 (Figure 7) [106,175].

5.2. PKC Involvement in Lipid-Induced Skeletal Muscle Insulin Resistance

Insulin resistance in SkM is a fundamental step in the metabolic dysregulation as-
sociated with physical inactivity and obesity, which contributes to the development of
MetS. Current evidence indicates that insulin resistance in SkM is mainly due to lipid
accumulation in muscle cells, particularly via intermediate metabolites, such as DAG and
ceramides. These two lipid metabolites are essential activators of PKC. DAG is generated
by the breakdown of phospholipids, especially PIP,, through PLC or by de novo synthesis
through the esterification of excess long-chain fatty acyl-CoA into glycerol-3-phosphate.
DAG acts as a precursor for triacylglycerides (TAGs) and serves as a significant second
messenger in cellular signaling. DAG activates both classical and novel PKC isoforms by
interacting with the C1B domain. Elevated concentrations of DAG at the plasma membrane
increase the fraction of PKC bound to the membrane and enhance the enzyme’s catalytic
rate constant [176,177].

Research conducted in vitro in rodents and, more recently, in humans has shown
that increased DAG accumulation can activate PKC, which, in turn, triggers a Ser/Thr
kinase cascade, resulting in phosphorylation of Ser/Thr residues on InsR and IRS-1/2.
This process reduces InsR/IRS-mediated PI3K activation, ultimately decreasing GLUT4
translocation to the cell membrane. Consequently, increased DAG concentrations may
impair insulin-stimulated glucose transport and metabolism, causing insulin resistance in
SkM cells [153,172,174,178]. Multiple PKC isoforms have been identified in SkM, including
PKCe, PKCf3, PKC3, PKCO, and PKCe, with PKCB being the most abundantly expressed
and the main isoform sensitive to DAG in this tissue [61,179]. In this regard, several studies
have shown that during acute lipid overload or high-fat diet (HFD) feeding, DAG-mediated
PKCO activation is the leading cause of insulin resistance in SkM [151,174,178,180-183].
Studies in PKCO knockout mice have shown protection against lipid-induced insulin
resistance during lipid infusion-glucose clamp studies [184,185]; however, the PKC6 targets
responsible for this phenotype have not been fully elucidated. One of the critical substrates
of PKCO that is consistently identified as a target in insulin resistance is IRS-1, which

is phosphorylated at Ser!1%! [

152]. Current evidence further supports the role of PKCO
activation in the pathogenesis of lipid-induced SkM insulin resistance in humans. This is
associated with a transient increase in total and cytosolic DAG content, which correlates
with PKCB activation, increased IRS-1 Ser!'1%! phosphorylation, and inhibition of insulin-
stimulated IRS-1 Tyr phosphorylation and Akt activation in the muscles of patients with
T2D compared with non-diabetic subjects [151].

Recent research underscores the importance of the subcellular localization of DAGs

in PKC activation and the development of insulin resistance [150,186,187]. Specifically,
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the accumulation of plasma membrane-associated sn-1,2-DAG stereoisomers, rather than
total DAG content, demonstrated the strongest association with the activation of PKCe and
PKC6, as well as with insulin resistance in SkM from mice fed a HFD [187]. Furthermore,
the study observed an increase in InsR-Thr!!*° phosphorylation (mediated by PKCe) and
a decrease in insulin-stimulated InsR-Tyr!!®2 phosphorylation and IRS-1-associated PI3K
activity (mediated by PKC0) (Figure 8) [187].
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Figure 8. Contribution of PKC isoforms to insulin resistance and metabolic syndrome. Excessive
DAG production and altered phospholipid metabolism result in abnormal PKC activation, which
exacerbates inflammatory and metabolic disorders. Adipose tissue, liver, and SkM are the primary
tissues affected by obesity. In these tissues, dysregulated PKC induces Ser/Thr phosphorylation of
InsR and IRS, leading to insulin resistance and MetS. In the liver, insulin resistance is predominantly
associated with PKCe; in SkM, it is linked to PKCO; and in adipocytes, PKCx and PKCJ are the main
contributors to insulin resistance. Additional PKC isoforms may inhibit InsR/IRS and downstream
signaling proteins in each tissue type. As illustrated, PKC isoforms regulate distinct processes across
these tissues. In adipose tissue, PKC activity increases inflammation and lipolysis, promoting FA
release to other tissues, including the liver and SkM. Elevated FA levels subsequently increase DAG
concentrations in the liver and SkM, further activating PKC in these tissues. In the liver, this activation
enhances hepatic glucose production and de novo lipogenesis, increasing the risk of hepatic steatosis.
In SkM, PKC activation reduces glucose uptake and glycogen synthesis. DAG, diacylglycerol; InsR,
insulin receptor; IRS, insulin receptor substrate; MetS, metabolic syndrome; FA, fatty acid; PKC,
protein kinase C; SkM, skeletal muscle. Black solid arrows represent direct activation/stimulation,
whereas black dashed arrows indicate intermediate steps in the activation/stimulation pathway. Red
dashed blunt-ended lines indicate intermediate steps of inhibition. Black upward arrows indicate an
increase in the corresponding process, whereas black downward arrows indicate a decrease in the
corresponding process. Created with BioRender. Cruz-Villarreal D. E. and Hernandez-Gonzalez, K.
D. (2026) (https:/ /www.biorender.com/gkrtisz).

Besides PKCO, other nPKC isoforms have been identified as playing important roles in
insulin resistance in SkM. In this context, Jani et al. found that male rats fed an obesogenic
high-fat sucrose-enriched (HFS) diet caused DAG and ceramide accumulation and activation
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of PKCb and PKC6. This was accompanied by increased expression of cytokine receptors
and inflammatory mediators, including nuclear factor-«B (NF-«B), toll-like receptor 4 (TLR4),
and tumor necrosis factor-a (TNF-x), along with glucocorticoid signaling in a muscle fiber-
type-specific manner [178]. Although similar results on the activation of PKC6 and PKC6
and insulin resistance were found in muscle fibers from female rats under the same HFS
diet, a significant difference was identified: no increase in ceramide levels was observed,
possibly due to an increase in DGAT?2 expression that prevented ceramide synthesis [188].
Furthermore, in rats fed an HFD, SkM showed translocation of PKCe and PKCB0, but not
PKCoa or PKC(; this study also found a positive correlation between the content of muscle
TAGs and DAG and the translocation of PKCO [181]. Subsequent studies identified PKC8
and PKCe translocation in obese SkM [189], insulin-resistant [153,190], and/or diabetic rat
muscle [161]. In human studies, translocation of both PKC8 and PKCe was elevated in the
muscle of individuals with T2D compared to lean controls (Table 1) [149-151].

Ceramide is another critical intermediary of FA metabolism that contributes to PKC
activation and insulin resistance, particularly through inhibition of Akt. However, their
contribution is more variable and may depend on factors such as muscle fiber type, inflam-
matory signaling, and the balance of lipid metabolism [178,188]. Ceramides accumulate
in cells via two main pathways: hydrolysis of cell membrane sphingomyelin by sphin-
gomyelinase or de novo synthesis from long-chain saturated FAs, such as palmitic acid,
which involves a multi-step biosynthetic process occurring in the ER [117]. Several studies
have shown that dietary palmitate increases myocellular ceramide levels and decreases
insulin sensitivity in SkM cells [191,192]. The increase in ceramide levels is associated with
PKC( activation and promotes its translocation, thereby inhibiting Akt translocation by
phosphorylating Thr* in the PH domain [157,193]. Furthermore, ceramides indirectly
suppress Akt activity by enhancing the expression and activation of PP2A, a cytosolic
Ser/Thr phosphatase that dephosphorylates Akt [191,194]. Conversely, increased ceramide
levels in the plasma membrane inhibit PKCax, PKCe, and PKC8 [195-197].

5.3. PKC in Hypertension and Vascular Dysfunction

Hypertension is a multifactorial disorder characterized by sustained elevations in
systolic blood pressure exceeding 140 mmHg and diastolic blood pressure exceeding 90
mmHg [198]. The regulation of vascular function and blood pressure is mediated by cal-
cium signaling, the nitric oxide (NO)/NO-sensitive guanylate cyclase/cGMP pathway,
and vascular remodeling [199]. Vascular smooth muscle (VSM) cells are central to the
regulation of vasoconstriction and vasodilation by modulating cytosolic Ca?* concentra-
tion. Upon vasoconstrictive stimulation, Ca?* is mobilized from intracellular stores or the
extracellular space, resulting in increased cytosolic Ca?* levels [200]. The binding of Ca?*
to calmodulin activates myosin light chain kinase (MLCK), which promotes contraction.
Conversely, dephosphorylation of myosin light chain (MLC) by MLC phosphatase leads
to vasodilation [201]. Beyond this regulatory process, contraction is further modulated by
calcium sensitization mechanisms, including the PLC/DAG/PKC pathway [199].

Under physiological conditions, PKC promotes the growth, proliferation, and contrac-
tion of VSM; however, studies have demonstrated that alterations in the expression or ac-
tivity of specific PKC isoforms, including PKCo, PKC{1/BII, PKC$, and PKCe, can disrupt
one or more of the physiological control mechanisms that regulate blood pressure, resulting
in persistent increases in blood pressure and, consequently, hypertension [202-205]. The
relationship between PKC and hypertension is associated with alterations in the vascular
endothelium, extracellular matrix (ECM), and matrix metalloproteinase-mediated vascular
remodeling. It may also involve oxidative stress and free radicals, renal hemodynamics, the
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renin—-angiotensin system (RAS), neuronal changes, increased sympathetic activity, vascular
inflammation, interactions with inflammatory cytokines, and other metabolic factors [202].

Overactivation of PKC isoforms in the VSM can induce abnormal vasoconstriction and
vascular remodeling, thereby increasing vascular resistance and promoting hypertension. In
this regard, PKCx overexpression in A7r5 VSM cells has been shown to increase cell prolif-
eration [206]. Furthermore, increased PKCx activity has been shown to promote efficient
VSM contraction, contributing to hypertension [205,207]. In addition, PKCe enhances the

myofilament force sensitivity to [Ca%*);

in VSM and promotes vasoconstriction associated with
hypertension [205,208]. PKCe is further implicated in the molecular mechanisms underlying
hypoxia-induced pulmonary vasoconstriction, a process implicated in pulmonary hyperten-
sion in mice [209]. The cytoskeletal localization of PKCS suggests a role in vascular remodeling
during hypertension [210,211]. Moreover, activation of PKC3 can trigger cardiomyocyte necro-
sis and functional impairment following ischemia-reperfusion, thereby impairing cardiac
recovery, whereas its overactivation can promote adaptive cardiac hypertrophy [212]. PKCS
is also implicated in pulmonary hypertension, as elevated PKC5 mRNA and protein levels
have been observed in VSM cells from spontaneously hypertensive rats (SHRs), suggesting
that PKC6 may enhance contraction by modulating BK channels [203]. Inhibition of PKC$ has
been shown to restore BK channel activity in SHRs [213].

PKC also plays a key role in regulating blood pressure through the RAS. Within
this signaling pathway, angiotensin II (Ang II) induces vasoconstriction through the AT
receptor, whereas Ang 1-7 mediates vasodilation and lowers blood pressure through the
Mas receptor [214]. In rats with salt-induced hypertension, increased expression of the
AT receptor and PKC has been observed. Infusion of losartan, an AT; receptor antagonist,
reduces PKCy levels and lowers blood pressure. Similarly, RN Ai microinjection produces
effects comparable to those of losartan [215]. In hypertensive individuals, PKC inhibitors
such as chelerythrine and calphostin C have been shown to mediate the effects of Ang II
partially [216]. In rats with ventricular hypertrophy, hypertension induced by constriction
is associated with increased activity of PKCe and PKC{1/ 11 [202,217]. In endothelial cells,
PKC can also influence NO synthase (NOS) activity by decreasing NO production through
phosphorylation at Thr% [218]. Additional studies demonstrate that PKCa and PKC$
inhibit endothelial NOS (eNOS) via phosphorylation at Ser!!”” [219].

Vascular dysfunction is characterized by increased vascular permeability, dysregulated
vascular tone, impaired angiogenesis and vascular repair, altered ECM production, and
endothelial dysfunction, all of which contribute to the development of CVDs [220]. Several
PKC isoforms have been implicated in vascular dysfunction, particularly in diseases such
as diabetes and hypertension. For instance, administration of a PKC inhibitor has shown
that PKCBI and PKCRII are associated with vascular dysfunction in diabetic rats [221].
Additionally, hyperglycemia activates several PKC isoforms in retinal tissues, including
PKao, PKCB, PKC9, and PKCe [162,221,222], resulting in retinal vascular dysfunction
by altering the enzymatic activities of endothelial cells and pericytes [162,223]. In T2D,
chronic hyperglycemia promotes DAG synthesis and activates both classical and novel
PKC isoforms in VSM and aortic endothelial cells, leading to altered expression of growth
factors such as VEGF and PDGF [224], which contributes to vascular dysfunction. In
diabetic vasculopathy, activation of PKC«, PKCf, PKC$, and PKCe isoforms [225] has
been identified in VSM cells [162,226]. Elevated glucose levels have been shown to increase
membrane expression of PKCf and PKC9, and overexpression of PKCRII reduces insulin-
stimulated activation of vascular cells [227].

In the context of MetS and T2D, PKC6 and PKCe play central roles in the development
of insulin resistance [228]. Conversely, PKCp and PKC? contribute to vascular compli-
cations resulting from metabolic disturbances and are considered potential therapeutic
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targets for diabetic vascular complications [229]. PKCJ} is the predominant isoform and has
broader effects in T2D, including promoting vascular dysfunction and diabetic atheroscle-
rosis [221,224,230]. While PKCf mediates both vascular dysfunction/hypertension and
MetS-related vascular complications, PKCo is more specifically involved in vascular and
cardiac contractility and blood pressure regulation, with an association with heart fail-
ure [231]. PKCO/PKCe remain more specific to metabolic insulin resistance, whereas PKCo
is particularly implicated in diabetic vascular disease and atherosclerosis.

5.4. PKC, Obesity, and Inflammation

Obesity is defined by increased body mass resulting from excessive fat accumulation
and is associated with complications characteristic of MetS [232]. Because PKC regulates
energy balance and lipid metabolism, including adipocyte differentiation, lipolysis, and
lipogenesis, alterations in its activation have been associated with the harmful effects of
excess lipids on glucose homeostasis, thereby contributing to insulin resistance, a central
feature of obesity [61,233]. Consequently, changes in PKC activity and expression are
implicated in obesity and related metabolic disorders [61,113,234].

Obesity-induced metabolic dysfunction, particularly insulin resistance, is largely
mediated by aberrant activation of specific PKC isoforms [139]. This activation primarily
results from lipotoxicity, where excessive lipid accumulation elevates levels of bioactive
lipids, especially DAG and ceramides, which serve as potent PKC activators [108]. PKC
activation in the context of obesity disrupts metabolic homeostasis by phosphorylating key
insulin signaling proteins on Ser/Thr residues instead of Tyr residues, thereby leading to
insulin resistance in hepatic, muscular, and adipose tissues [113]. In SkM, elevated DAG
levels, often resulting from increased FA uptake, chronically activate novel PKC isoforms,
particularly PKC® [185]. This activation induces inhibitory Ser/Thr phosphorylation of
IRS proteins, thereby uncoupling them from InsR [3]. Consequently, downstream insulin
signaling, including Akt activation, is impaired, reducing glucose uptake, decreasing
glycogen synthesis, and inducing mitochondrial dysfunction [3,51,113,235]. In the liver,
obesity-associated lipotoxicity activates other PKC isoforms, predominantly PKCf, PKCe,
and PKC5? [139,236-238]. Notably, hepatocyte-specific impairment of PKCf has been
associated with reduced obesity in aged mice, indicating that PKCf expression exacerbates
the body’s diminished ability to metabolize fat, resulting in the progressive accumulation
of visceral adiposity [237]. PKCe activation, driven by DAG, directly contributes to hepatic
insulin resistance by phosphorylating IRS-2 at inhibitory Ser residues, thereby disrupting
insulin signaling, enhancing gluconeogenesis, and inducing steatosis (Figure 8) [236].

PKC activation in adipose tissue promotes fat accumulation, decreases inhibition
of lipolysis, and increases inflammation. Overactivation of PKC modifies adipokine
secretion, including leptin and adiponectin, which are critical for appetite regulation
and energy balance [137]. PKC5? is notably associated with adipocyte inflammation and
apoptosis. Inhibition of PKC? activity enhances metabolic function in adipocytes from
obese individuals by reducing inflammation and apoptosis and improving mitochondrial
metabolism [143]. Therefore, PKCb dysregulation in adipocytes contributes to inflammation
and insulin resistance in obesity. Remarkably, PKCO and PKCe are also implicated in insulin
resistance, a defining feature of obesity and T2D [113].

Obesity is associated with chronic low-grade inflammation, which substantially con-
tributes to insulin resistance, 3-cell dysfunction, and T2D [239,240]. Chronic inflammation
in obesity increases cytokine production, contributing to insulin resistance and compli-
cations including non-alcoholic fatty liver disease (NAFLD), retinopathy, cardiovascular
disease, and nephropathy [241,242]. The underlying mechanisms involve hypertrophic
adipocytes and infiltrating immune cells, particularly macrophages, which together drive
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chronic low-grade inflammation by releasing a cascade of pro-inflammatory cytokines such
as TNF-«, IL-1$3, IL-6, IL-12, and MCP-1 [242]. In this regard, it has been suggested that
PKC plays a significant role in exacerbating insulin resistance and inflammation during
chronic low-grade inflammation [243]. PKC isoforms, including PKC6 and PKCeg, which
are activated under an inflammatory environment caused by an excess of lipids, phos-
phorylate Ser!'%! and Ser®” on IRS-1 directly and indirectly through PKC-mediated JNK
and IKKp activation [113,244,245]. These Ser phosphorylations reduce IRS-1 phospho-Tyr
levels, which are associated with decreased Akt/AS160/GLUT4 signaling and impaired
glucose uptake in muscle cells [244]. PKCS also activates the IKK{ /IxkBx/NF-«B pathway,
leading to NF-kB-mediated expression of pro-inflammatory genes, such as TNF-«, IL6,
IL-1B, and MCP-1 [244,246]. The secretion of these cytokines impairs insulin-stimulated
glucose uptake through both autocrine and paracrine mechanisms, thereby contributing
to insulin resistance and metabolic disorders. Consequently, PKC-mediated intracellular
inflammatory processes perpetuate a cycle of chronic inflammation and metabolic stress,
further impairing insulin signaling and promoting insulin resistance [247,248].

Obesity induces systemic oxidative stress and increases reactive oxygen species (ROS)
levels in adipocytes [249]. Increased intracellular oxidative stress promotes PKCf acti-
vation, likely by altering the zinc-finger conformation in the C1 domain, which relieves
autoinhibition and results in a catalytically active enzyme, even in the absence of phos-
pholipids and Ca?* [234]. Activated PKC promotes phosphorylation of p66°'¢, a redox-
sensitive protein that regulates oxidative stress and mitochondrial function, thereby leading
to ROS generation, which reduces mitochondrial oxygen uptake and increases triglyceride
accumulation [249,250]. Oxidative stress can also activate several additional PKC isoforms.
Thus, the administration of PKCa and PKCp inhibitors reduces adiposity and improves
metabolic parameters in animal models of obesity-induced T2D [139]. In hepatic tissue,
PKCb and PKCe activation enhances gluconeogenesis and lipid accumulation, contributing
to metabolic dysfunction in obesity, which is frequently associated with low-grade chronic
inflammation and oxidative stress, both of which activate PKC isoforms (Figure 8) [238,251].
Once activated, PKC further increases inflammation and oxidative stress, creating a harmful
cycle that exacerbates metabolic dysfunction [234,252]. Consequently, targeting specific
PKC isoforms has been proposed as a potential therapeutic strategy for obesity-associated
metabolic disorders. However, developing PKC inhibitors is challenging because isoforms
have diverse roles across tissues [61]. Despite these challenges, studies in animal models
and humans suggest that modulating PKC activity can enhance insulin sensitivity and
reduce obesity-related complications [61,137]. Further research is required to elucidate the
specific roles of individual PKC isoforms and their therapeutic potential.

Experimental evidence, including genetic knockout studies (e.g., PKCO in muscle [185]
and PKCe in the liver [236]) and therapeutic interventions with specific PKC inhibitors [253],
consistently demonstrates the critical role of these isoforms in mitigating diet-induced
insulin resistance and metabolic dysfunction [108,139]. Ongoing research further clarifies
the complex relationship among lipid metabolism, PKC activation, and metabolic diseases,
thereby identifying PKC isoforms as important therapeutic targets [235].

In summary, PKC plays a significant role in the pathophysiology of obesity, primar-
ily through its effects on insulin signaling, adipose tissue function, and inflammation.
Understanding the specific mechanisms by which PKC affects obesity may facilitate the
development of new therapeutic strategies for managing obesity and related metabolic
disorders, especially MetS (Figure 8).
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6. PKC in Type 2 Diabetes

Hyperglycemia in individuals with diabetes and obesity results from insufficient in-
sulin production by 3-cells and the development of insulin resistance in target tissues and
organs. Additionally, elevated blood glucose levels can further exacerbate insulin resis-
tance [131]. Under these hyperglycemic or diabetic conditions, levels of dihydroxyacetone
phosphate, an intermediate product of glycolysis, increase and are subsequently reduced
to glycerol-3-phosphate, thereby promoting de novo synthesis of DAG and enhancing the
activation of both classical and novel PKCs [162].

Multiple studies have evidenced the involvement of different PKC isoforms in patho-
logical changes associated with T2D, particularly regarding the etiology of 3-cell dys-
function [254,255]. In this regard, the PKCe isoform has been identified as an important
regulator of glucose-stimulated insulin secretion, whose inhibition selectively enhances
insulin-amplifying pathways, particularly under conditions of lipid excess [255]. While
deletion of PKCe does not disrupt basal glucose-induced insulin secretion, it amplifies
secretory responses in islets exposed to exogenous fatty acids [256,257].

On the other hand, in diabetic animal models, elevated DAG levels in the heart, aorta,
vasculature, and renal glomeruli are correlated with increased activity of cPKC («, 31, and
BII) and nPKC (6 and ¢) isoforms [51,226]. In vascular tissues, PKCf is upregulated in the
endothelium of individuals with diabetes, which directly impairs endothelial insulin sig-
naling, reduces NO bioavailability, and increases oxidative stress [258]. Inhibition of PKCf3
restores insulin-mediated eNOS activation and reduces inflammatory signaling such as
NF-«B activation, thereby ameliorating endothelial dysfunction, a central factor in diabetic
vascular complications [259]. Elevated PKCf activity specifically disrupts endothelial in-
sulin signaling and alters eNOS activation in diabetes [260]. In diabetic retinopathy, PKCf3
activation leads to increased vascular permeability, thickened basement membranes, and
neovascularization [3,162,261]. In diabetic nephropathy, PKCf impairs glomerular blood
flow, induces albuminuria, and promotes extracellular matrix expansion, contributing to
kidney damage [261,262]. Concurrently, the PKCb isoform promotes endothelial apoptosis
and oxidative modification of low-density lipoproteins, exacerbating vascular permeability
and reducing nitric oxide bioavailability [225].

Interestingly, Considine et al. [140] reported that PKCx, PKCe, and PKC( levels are
significantly elevated in the livers of diabetic patients and diabetic rats compared with
their non-diabetic counterparts. Furthermore, diabetic rats showed significantly elevated
PKCp levels in hepatic tissue compared with normoglycemic rats. The study further
revealed that diabetic rat livers contain higher levels of DAG than their normoglycemic
counterparts. Recent studies have also identified a correlation between elevated hepatic
DAG and PKCe levels [226,263]. Consequently, DAG modulates PKC activation and
synthesis in the diabetic state. These PKC alterations contribute to a cycle of insulin
resistance, increased hepatic glucose output, dyslipidemia, endothelial dysfunction, and
the progression of microvascular and macrovascular complications [222,229,259,264].

7. Therapeutic Strategies and Clinical Trials
7.1. Therapeutic Strategies

Multiple studies indicate the high feasibility of therapies targeting PKC, given its
central role in essential cellular metabolism. Altered PKC activity and expression are con-
sistently observed in insulin resistance and in metabolic and vascular disorders associated
with metabolic syndrome and T2D. These observations have led to the development of
therapeutic strategies targeting PKC isoforms to inhibit their activation or expression to
improve insulin sensitivity, particularly in cases of obesity-induced insulin resistance [162].
Many of these strategies have progressed to different phases of clinical trials [3,162]. Fur-

https://doi.org/10.3390/kinasesphosphatases4030025


https://doi.org/10.3390/kinasesphosphatases4030025

Kinases Phosphatases 2026, 4, 25

23 of 39

thermore, distinct isoforms within each PKC subfamily demonstrate therapeutic potential
for treating insulin resistance and diabetic complications [162,265].

Current therapeutic strategies targeting PKC isoforms focus on selective inhibition.
For instance, dual inhibition of PKCx and PKC@ shows potential for obesity-driven
T2D [266,267]. In obese rat models, the dual inhibitor compound 1 (CMPD1) reduces
inguinal white adipose tissue mass, decreases inflammatory markers, and restores [3-
adrenergic signaling [139]. However, the efficacy of PKC inhibition for renal protection
is variable: whereas PKCx and PKCf contribute to decreased nephrin expression and
ECM synthesis [268], PKCS contributes to interlobar artery dysfunction [139]. Moreover,
general PKC inhibitors, such as PKC412, have shown limited clinical success due to poor
tolerability, highlighting the importance of isoform selectivity [162,266]. The tissue-specific
actions of PKC isoforms present challenges, as individual isoforms may have distinct
functions in different tissues [229,258]. Consequently, future therapies should prioritize
enhanced isoform selectivity, tissue-specific delivery, and targeting of phosphorylation
states. Ruboxistaurin (RBX, LY333531), which has demonstrated safety and efficacy in
diabetic retinopathy, serves as a foundation for the continued development of PKCf in-
hibitors [269,270]. At the same time, indirect approaches targeting lipid synthesis offer
promising options to address PKCe-mediated hepatic insulin resistance [3,271]. Experimen-
tal models for PKC inhibitor evaluation include cell culture systems (hepatocytes [146] and
adipocytes [5]) and tissue-specific knockout mouse and animal models (ZSF1 obese rats,
db/db mice, and HFD models). Clinical investigations have primarily focused on diabetic
retinopathy, with ongoing trials assessing indirect PKC-targeting approaches for metabolic
disorders [162,261]. Integrating isoform selectivity, tissue specificity, and targeted strategies
will be essential to advancing safe and effective PKC-based therapies for metabolic and
vascular diseases (Table 2) [272,273].

Atypical isoforms (PKCt/A and PKC() present potential therapeutic targets due to
their distinct roles in the metabolic and vascular complications associated with T2D. In hep-
atocytes from individuals with T2D, PKCt exhibits increased activity, which promotes the
expression of gluconeogenic, lipogenic, and proinflammatory genes, thereby worsening in-
sulin resistance and metabolic dysregulation. Selective inhibition of hepatic aPKC through
small-molecule inhibitors, genetic deletion, or expression of inhibitory forms has reversed
these abnormalities in preclinical models and ex vivo human hepatocytes. This strategy
has been shown to improve glucose tolerance, reduce hepatic steatosis, and normalize lipid
profile. Despite these promising results, clinical translation is hindered by the requirement
for isoform- and tissue-specific inhibition to prevent off-target effects, since aPKCs are also
critical for insulin-stimulated glucose uptake in muscle and adipose tissue. Furthermore,
the development of highly selective inhibitors with favorable pharmacokinetics and safety
profiles remains a significant challenge [274,275].

The main challenges in therapeutically targeting PKC isoforms include achieving
isoform and tissue specificity to prevent disruption of physiological PKC functions in
non-target tissues [162,226,265]. Additional concerns include off-target effects and com-
pensatory mechanisms within the PKC family, which may result in adverse outcomes in
patients. Clinical trials, particularly those evaluating PKCf{3 inhibitors, have demonstrated
limited efficacy, with benefits observed in microvascular complications but inconsistent
effects on metabolic endpoints. Moreover, long-term safety data are still required, as chronic
PKC inhibition may impact a wide range of cellular processes beyond glucose metabolism.
However, recent kinome-wide approaches can accurately predict kinase-substrate relation-
ships based solely on the amino acid sequence surrounding phosphorylation sites, which
could help better define the specific PKC isoform involved [276]. Moreover, polypharma-
cology may provide opportunities for drug repurposing, as comprehensive profiling of
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approved kinase inhibitors has revealed broader kinase-target activity than previously
recognized [277]. This strategy could facilitate the identification of compounds targeting
dysregulated kinases, including specific PKC isoforms, in metabolic disorders.

In summary, although preclinical and early translational studies provide a strong
rationale for targeting specific PKC isoforms, particularly hepatic aPKC and PKCe, in
the context of insulin resistance, clinical translation remains limited by issues related to
selectivity, safety, and efficacy. Current research efforts are directed toward developing
more selective inhibitors and clarifying the precise roles of individual PKC isoforms in
metabolic tissues.

7.2. Clinical Trials

Pharmacological modulation of PKC activity has demonstrated efficacy in preclinical
models and is considered a promising therapeutic strategy for treating metabolic disorders.
However, clinical trials of PKC modulators have yielded inconsistent results, with several
trials reporting only modest or no improvement in disease endpoints [265,277]. These
limited outcomes are primarily attributed to unforeseen adverse reactions, insufficient ther-
apeutic efficacy, and inadequate isoform selectivity of the inhibitors employed [261,278].
For instance, non-isoform-specific PKC inhibitors frequently induce off-target effects by
interacting with other ATP-binding kinases, resulting in toxicity [61,162]. Furthermore, the
rapid in vivo metabolism of certain selective inhibitors, such as RBX, into less selective
compounds, such as desmethylruboxistaurin, complicates the interpretation of clinical
trial outcomes by making it unclear whether the intended isoform-specific mechanism
was effectively tested [139]. Although RBX has demonstrated safety and tolerability in
long-term human studies and has shown efficacy in reducing vessel permeability and
improving retinal conditions in diabetic retinopathy, it has not consistently delayed dis-
ease progression. These findings highlight the need for more selective, efficacious, and
mechanistically validated PKC modulators to fully realize PKC’s therapeutic potential in
metabolic disorders [224,227]. Table 2 provides an overview of PKC inhibitors evaluated in
preclinical and clinical studies, including their isoform selectivity, therapeutic indications,
and reported outcomes.

Clinical trials investigating PKCf inhibitors have demonstrated efficacy in treating
diabetic non-proliferative retinopathy, nephropathy, and endothelial dysfunction. Among
these, RBX has been the subject of extensive clinical evaluation [162,229]. The PKC Diabetic
Retinopathy Study (PKC-DRS) and PKC-DRS2 trials reported that RBX reduced the risk of
visual loss and slowed the progression of macular edema in patients with diabetic retinopa-
thy; however, it did not prevent progression to advanced retinopathy. Subsequent larger
phase 3 studies, the MBDL/MBCU trials, also reported a reduced risk of vision loss [279].
Mechanistically, PKC3 modulates endothelin-1 production and VEGF-induced hyperper-
meability, both of which contribute to retinal dysfunction [260]. Inhibition of PKC( by RBX
reduces endothelin-1 production and VEGF-induced hyperpermeability, thereby improving
circulation and preventing microvascular dysfunction in diabetic retinopathy [162,260].
Furthermore, PKCRII activation has been associated with diabetic cardiovascular complica-
tions by impairing insulin-mediated PI3K/Akt/eNOS signaling and promoting vascular
inflammation [230,259,280]. Preclinical studies with specific PKCII inhibitors, such as
CGP53352 and CGP53353, have demonstrated potential to reduce vascular cell adhesion
molecule-1 (VCAM-1), an important inflammatory marker. Elevated VCAM-1 levels in
patients with diabetes are recognized as a diagnostic biomarker for microvascular compli-
cations, including retinopathy, neuropathy, and nephropathy (Table 2) [281].

PKCe represents a significant therapeutic target, particularly in the context of hepatic
insulin resistance associated with nonalcoholic fatty liver disease (NAFLD). Activation of
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PKCe through DAG accumulation in hepatocytes leads to its membrane translocation, a
critical event in lipid-induced hepatic insulin resistance. This process is associated with
InsR/IRS Ser/Thr phosphorylation, which subsequently inhibits receptor tyrosine kinase
activity and downstream signaling [251]. Current therapeutic strategies focus on indirectly
targeting the PKCe-DAG pathway by inhibiting hepatic lipid synthesis [261]. For instance,
inhibitors of acetyl-CoA carboxylase 1/2 (ACC1/ACC2) and DAG O-acyltransferase 2
(DGAT?2) are currently in phase I/1I clinical trials for T2D and non-alcoholic steatohepatitis
(NASH), and have demonstrated reduced hepatic DAG content and improved insulin
sensitivity in preclinical models [261]. Additionally, the interaction between NOD-like
receptor (NLR) family pyrin domain-containing 3 (NLRP3) protein and PKCe has emerged
as a novel therapeutic target, as hepatocyte NLRP3 promotes hepatic insulin resistance
and NAFLD by interacting with and promoting PKCe [146]. Inhibiting NLRP3 with agents
such as MCC950 [282], or oridonin [283], or through AAV8-mediated NLRP3 knockdown
has shown significant metabolic benefits in preclinical models, including improved glucose
homeostasis and reduced NAFLD [146]. Further strategies to modulate PKCe activity
include the development of peptides that target the substrate-binding region of PKCe. Ad-
ministration of these peptides in animal models of T2D has prevented disease development,
protected muscle IRS-1 from PKCe-induced Ser phosphorylation, and eliminated insulin
resistance (Table 2) [284].

A further therapeutic approach to enhance insulin sensitivity involves reducing ec-
topic lipid and DAG accumulation in tissues. For instance, silencing DGAT2, the enzyme
responsible for the final step of triglyceride synthesis from DAG, has been shown to de-
crease hepatic DAG levels, ameliorate diet-induced hepatic steatosis and insulin resistance,
and lower PKCe levels at the plasma membrane [285]. Pharmacological agents targeting
ACC1, ACC2, and DGAT2 are currently undergoing phase II clinical trials for the treatment
of T2D and nonalcoholic steatohepatitis [3].

Table 2. PKC inhibitors in clinical trials and animal models.

PKC Isoform Inhibitor Study Type Model Findings Reference
Diabetic
General PKCs PKC412 Clinical Trial retinopathy Reduced macular edema but [286]
. with significant side effects.
patients
CMPD1 Reduced adipose tissue
PKCa/p3 L Preclinical ZSF1 obese rats mass and improved [139]
(dual inhibitor) 8
renal function.
Ruboxistaurin .. . 252 patients, 36-46 Reduced visual loss risk in
PKCpB (LY333531) Clinical Trial months diabetic retinopath [287]
(PKC-DRS) abetic retinopathy
Ruboxistaurin 685 patients, 36 Reduced vision loss, laser
PKCpB (LY333531) Clinical Trial months treatment need, macular [288]
(PKC-DRS2) edema progression
40-50% reduction in
Ruboxistaurin .. . 1028 patients .
PKCpB (LY333531) Clinical Trial (MBDL/MBCU) sustal.ned moderate [279]
visual loss.
Ruboxistaurin Normalized
PKCpB Clinical Study Healthy subjects endothelium-dependent [289,290]
(LY333531) .
vasodilation
Cell Inhibited
PKCpB CGP53353 Preclinical culture/HAECs hyperglycemia-induced [281]

VCAM-1 expression
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Table 2. Cont.
PKC Isoform Inhibitor Study Type Model Findings Reference
173 patients/13
weeks . .
(i:;(ircei 0 iﬁ?fitmr Clinical Trial ~ Phase I/1I for T2D, Eeﬁ‘r‘f“ﬁ lxer [271]
ors NASH, and patients.
Obesity
Reduced production of ROS
Tissue-specific .. Liver-specific in the presence of palmitate.
PKCe knockout Preclinical KO mice Ameliorates diet-induced [256]
glucose intolerance.
. o . s Improved glucose tolerance
PKCe Tissue-specific Preclinical Adip ose-sp ecific through inter-tissue [236]
knockout KO mice
crosstalk
NLRP3 tareetin Improved glucose
PKCe seUng Preclinical HFD mice homeostasis and reduced [146]
(MCC950) . .
hepatic steatosis
NLRP3 targeting
PKCe (AAVS Preclinical db/db mice Enhanced glucose tolerance [146]
and insulin sensitivity
knockdown)
Animal models
P;’Ele;ts ;/ch; Preventing ECM
PKCs Rottlerin Preclinical pn Y accumulation and [291,292]
diseases and improving renal function
transplanted P & '
kidneys

DGAT2, diacylglycerol O-acyltransferase 2; ECM, extracellular matrix; NASH, non-alcoholic steato-
hepatitis; HAECs, human aortic endothelial cells; NLR, NOD-like receptor; NLRP3, NLR family
pyrin domain containing 3; HFD, high-fat diet; VCAM-1, vascular cell adhesion molecule-1.

8. Conclusions

Abnormal activation of PKC isoforms is a major contributor to the pathophysiology of
MetS. Progression of MetS increases the risk of developing T2D, CVD, and other metabolic
disorders that have a significant impact on global health. PKC isoforms are central to
the molecular mechanisms underlying these conditions by phosphorylating Ser and Thr
residues on regulatory proteins, which disrupts insulin signaling and metabolic home-
ostasis in multiple organs. Insulin signaling is critical for maintaining metabolic balance,
particularly in regulating lipid and glucose metabolism, and is frequently impaired in
individuals with MetS. PKCs contribute to this impairment by phosphorylating the insulin
receptor InsR and IRS-1 at specific serine residues, altering insulin signaling. PKC isoforms
also promote the expression of genes involved in lipid storage, activate additional PKC
isoforms, and modulate key kinases such as ERK1/2 and mTOR, further disrupting in-
sulin signaling. These molecular disturbances exacerbate insulin resistance and metabolic
dysregulation, perpetuating the pathological cycle of MetS. Pharmacological targeting
of PKC isoforms offers therapeutic potential; however, clinical translation is limited by
challenges in achieving isoform- and tissue-specific effects and avoiding disruption of es-
sential metabolic functions. Prioritizing the design of selective inhibitors with appropriate
pharmacokinetic properties and safety profiles is essential to fully realize the therapeutic
potential of PKC-targeted interventions.
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