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Abstract

obesity and diabetes.

Protein kinase C (PKC) and Protein kinase D (PKD) isoforms can sense diacylglycerol (DAG) generated in the
different cellular compartments in various physiological processes. DAG accumulates in multiple organs of the
obese subjects, which leads to the disruption of metabolic homeostasis and the development of diabetes as well as
associated diseases. Multiple studies proved that aberrant activation of PKCs and PKDs contributes to the
development of metabolic diseases. DAG-sensing PKC and PKD isoforms play a crucial role in the regulation of
metabolic homeostasis and therefore might serve as targets for the treatment of metabolic disorders such as
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Diacylglycerol (DAG) - the structure and sources

Diacylglycerol (DAG) is a neutral lipid involved in vari-
ous metabolic pathways in the cell. It is an important
component of membranes that also acts as a secondary
messenger. It was shown that DAG is involved among
others in multiple processes and pathways, e.g. protein
transport, vesicle secretion, insulin signaling, cell growth,
and proliferation [1-3]. In the cell, DAG can be either
synthesized during de novo lipid biosynthesis or gener-
ated from other intracellular lipid species. Different reac-
tions contributing to the generation of DAG occur in
various subcellular compartments like plasma mem-
brane, Golgi network, endoplasmic reticulum (ER), and
lipid droplets. During de novo biosynthesis of triacyl-
glycerol (TAG) and phospholipid (PL), DAG is produced
as an intermediate by acyltransferases and phosphohy-
drolases [4, 5]. DAG is also generated from TAG stored
in either cytoplasmic and ER-associated lipid droplets in
a reaction catalyzed by lipases or in the plasma
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membrane and Golgi complex from PL by acyltrans-
ferases [6].

DAG consists of two fatty acids chains covalently
bound to glycerol through ester bonds. There are three
different isomeric forms of DAG: sn-1,2, sn-2,3 and rac-
1,3 DAG [7]. It was shown that different enzymes could
discriminate between DAG isomers [3, 8]. Moreover,
proteins interacting with DAG, depending on their func-
tion, are localized in different subcellular compartments.
Thus, it was suggested that DAG stereo/regioisomers
are localized in distinct parts of the cell and play differ-
ent roles in cell signaling [6, 7]. DAG can be generated
from TAG during the first step of lipolysis. During this
process, TAG is hydrolyzed into fatty acid and DAG by
TAG lipases [6]. TAG stored in cytoplasmic and ER-
associated lipid droplets is accessible to different kinds
of lipases. Adipose triglyceride lipase (ATGL) is the pri-
mary enzyme responsible for the hydrolysis of TAG lo-
calized in the cytoplasm. It generates rac-1,3 DAG and is
the only known lipase that can hydrolyze TAG at the sn-2
position. Moreover, in the presence of its activator - com-
parative gene identification-58, ATGL can also hydrolyze
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TAG to sn-2,3 DAG [3]. Another enzyme that can hydrolyze
cytoplasmic TAG is hormone-sensitive lipase (HSL), which
produces sn-2,3 DAG. At the same time, DAG generated on
cytoplasmic lipid droplets is a substrate for HSL and diacyl-
glycerol lipase p (DAGL), which hydrolase it to fatty acid
and monoacylglycerol (MAQG). It was shown that HSL specif-
ically hydrolyzes rac-1,3 DAG and sn-2,3 DAG and shows a
preference for polyunsaturated fatty acids [8, 9]. Cytoplasmic
DAG can be also re-esterified to TAG via diglyceride acyl-
transferase (DGAT2). At ER and Golgi network, DAG is
generated as mentioned above during TAG hydrolysis, but
also through de novo biosynthesis from MAG or phospha-
tidic acid (PA) in reactions catalyzed by monoacylglycerol-O-
acyltransferase (MGAT) and PA phosphohydrolase respect-
ively or as a side product during sphingomyelin synthesis.
The main isomeric form present at ER and Golgi network is
sn-1,2 DAG, which can be metabolized by DGAT1 and
DGAT? to TAG, diacylglycerol kinase (DAGK) to PA or en-
zymes involved in PL formation [3, 10, 11]. At the plasma
membrane, sn-1,2 DAG is generated during sphingomyelin
synthesis or cleavage of phosphoglycerol from glyceropho-
spholipids in a reaction catalyzed by phospholipase C (PLC)
[3, 12]. Phosphatidylinositol-specific PLC (PI-PLC) hydro-
lyzes phosphatidylinositol 4,5-bisphosphate (PIP,) and gener-
ates 1,2-sn DAG, which specifically activates protein kinase
C and subsequently protein kinase D [2, 3, 13].

DAG is not only generated intracellularly but is also
an intermediate of extracellular lipid metabolism and
can be supplied with diet. Extracellular DAG is a prod-
uct of TAG hydrolysis during digestion and in the catab-
olism of lipoprotein-associated TAG in the bloodstream.
Since DAG generated in the digestive system or in circu-
lation is usually immediately hydrolyzed to MAG and
fatty acid, it is probably not involved in the regulation of
signaling pathways.

Intracellular changes in DAG level are affecting vari-
ous signaling pathways and processes. For instance, an
elevated level of DAG in many tissues is correlated with
impaired cell metabolism and pathogenesis of metabolic
disorders like insulin resistance. Additionally, a high-fat
diet (HFD) feeding in animal models leads to the devel-
opment of metabolic disorders accompanied by an in-
creased level of DAG in peripheral tissues [14]. ATGL-
deficiency in mice that leads to decreased DAG level
and increased TAG content, protects from HFD-induced
insulin resistance and glucose intolerance [15]. This
finding supports the statement that DAG can disrupt in-
sulin signaling in peripheral tissues. The described
phenomenon is caused by DAG acting as a secondary
messenger through interactions with several proteins in
the cell. It was shown that DAG can interact with pro-
teins containing the C1 domain that represents the rec-
ognition motif for DAG and phorbol esters. C1 domain
was found among others in protein kinases C (PKCs),
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protein kinases D (PKDs), DAGKs, Rac GTPase-
activating proteins (Rac-GAPs), Ras guanyl nucleotide-
releasing  proteins  (RasGRPs), and mammalian
uncoordinated-13 proteins (Muncl3s) [16—20]. Different
proteins within the families containing the C1 domain
differ in affinity to DAG and phorbol esters. However,
DAG is involved in the regulation of various signaling
pathways through interaction with these proteins. Due
to a large amount of information available up to date
about different classes of DAG-sensing proteins involved
in regulation of various physiological processes, this re-
view is focused only on DAG-dependent PKCs and
PKDs kinases which DAG directly activates, and their
function in the regulation of lipid and glucose metabol-
ism in various tissues.

PKC isoforms - structure and classification
PKCs are a family of serine/threonine kinases involved
in various processes in cells including proliferation, dif-
ferentiation, cell survival, and apoptosis [21, 22]. More-
over, PKC plays a vital role in the pathogenesis of such
diseases like diabetes or cancer [23, 24]. PKC family is
composed of three different subgroups: conventional
(cPKC), the novel (nPKC) and atypical (aPKC). PKCa,
B1, B2, and y belong to cPKC, PKCS, €, n and 6 are
nPKC, whereas aPKC comprises of PKC{ and A/1. All
PKCs consist of the N-terminal regulatory region and C-
terminal catalytic region (kinase domain) [1]. The regu-
latory region of all PKCs contains an autoinhibitory
pseudosubstrate segment. Binding of secondary messen-
gers or proteins scaffolds to specific modules in the
regulatory region controls the position of the pseudo-
substrate segment in or out of the substrate-binding site.
Therefore it regulates the activity of the PKCs [1]. All of
the PKCs contain at least one C1 domain with different
affinity for DAG. Both ¢PKC and nPKC contain two Cl1
domains: C1A and C1B. However, it was shown that the
C1B in nPKC has a much higher affinity to DAG than
C1B in cPKC [25]. In both subgroups, C1B is considered
as a primary DAG sensor [26]. Thus, nPKC respond to
an increase in DAG content alone, whereas ¢cPKC needs
additional increase in intracellular Ca** to be fully acti-
vated [25]. The C1 domain of aPKC has no affinity to
DAG and acts as a part of the autoinhibitory segment
[27]. cPKC and nPKC are activated specifically via 1,2-sn
DAG, usually generated by PLC [7]. cPKC also contains
Ca**-sensing C2 domain, which binds PIP, in the plasma
membrane. Similarly, C2 domain is present in nPKC.
However, this domain cannot sense Ca®>* and bind PIP,
[1]. aPKC contains the PB1 domain, which mediates bind-
ing to protein scaffolds [27].

PKCs are physiologically activated by various extracel-
lular signals transduced by hormones, growth factors,
cytokines or antigens [28]. ¢cPKC and nPKC respond to
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the elevation of intracellular DAG, which binds to PKCs
and causes their activation and translocation to the
membranes. Ca**-dependent signals lead to rapid activa-
tion of cPKC, whereas nPKC may also be activated at
the Golgi network and other cellular membranes in a
more sustainable manner [29]. The presence of activated
PKCs on internal membranes leads to the phosphoryl-
ation of various interacting proteins. For instance
in vitro studies and experiments performed in cells ex-
pressing insulin receptor showed that PKCs phosphoryl-
ate specific serine/threonine residues of insulin receptor
and its intracellular substrates belonging to the family of
insulin receptor substrates (IRSs), causing impairment of
insulin signaling pathway [30-35]. Abundance and role
in metabolism regulation of different members of the
PKC family differ depending on the type of tissue and
will be further discussed below.

PKDs - downstream effectors of PKCs and DAG
Similarly to PKCs, PKDs are DAG-activated family of
serine/threonine kinases involved in various processes and
pathways in the cell. However, substrate specificity varies
between PKCs and PKDs and they play different roles in
cell signaling. PKDs are calmodulin-dependent kinases
and they regulate such processes as vesicle trafficking, cell
differentiation, motility and apoptosis [36—38]. PKD family
is composed of three isoforms: PKD1, PKD2, and PKD3.
All PKDs consist of N-terminal regulatory domains (C1
domains and autoinhibitory PH domain) and the C-
terminal catalytic region (kinase domain). PKDs contain
two DAG-binding C1 domains: Cla and Cl1b, but DAG
preferably binds to the Cla domain [39]. At N-terminus
PKD1 and PKD2, but not PKD3 contain additionally
hydrophobic Ala(/Pro)-rich region, which potentially can
be inserted into the membranes [40]. Moreover, at C-
terminus PKD1 and PKD2 contain a PDZ-binding motif
with an autophosphorylation site [41].

PKDs are activated by extracellular signals transduced
by hormones, growth factors, cytokines, and neurotrans-
mitters [38]. DAG in cell membranes recruits PKD
through its Cl1 domains and induces conformational
changes that abrogate PKDs autoinhibitory mechanism,
leads to autophosphorylation at C-terminus of PKD1
and PKD2, and subsequently activates PKDs [2, 42].
Next, DAG-activated PKC phosphorylates serine resi-
dues in the PKDs activation loop located in the kinase
domain, which in turn causes further conformational
changes resulting in the maximal increase of catalytic ac-
tivity of PKDs [38]. PKC phosphorylates Ser738 and
Ser742, Ser706 and Ser710, Ser731 and Ser735 in human
PKD1, PKD2 and PKD3, respectively [2]. Both ¢PKC and
nPKC can activate PKDs, however, it was shown that
PKDs are phosphorylated mainly by nPKC [43, 44]. Pro-
longed presence of extracellular stimuli leads to
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autophosphorylation of a serine residue in the PKDs ac-
tivation loop, therefore to PKC-independent activation
of PKDs and induction of long-term effects of PKD on
cell signaling [45, 46]. PKDs can be found in different
cell compartments, including Golgi and plasma mem-
branes, nucleus, cytoplasm, and mitochondria. Their ac-
tivity depends on the availability of local DAG. PKDs are
widely expressed in mammals but their level and specific
role in cell signaling can vary between tissues, which will
be further discussed below.

DAG-evoked activation of PKCs and PKDs
suppresses insulin signaling in hepatocytes

Liver plays a central role in metabolic homeostasis by
regulating glucose, lipid and protein metabolism. Under
physiological conditions such as feeding, hepatic insulin
stimulation promotes glucose uptake, lipogenesis and in-
hibits gluconeogenesis. Conversely, upon fasting, gluca-
gon stimulates glycogenolysis, gluconeogenesis and
inhibits lipogenesis. Hepatic response to insulin and glu-
cagon is dysregulated in subjects with insulin resistance
and type 2 diabetes [47]. Of note, a plethora of preclin-
ical data and human studies suggests that abnormal ac-
cumulation of lipidic molecules and their byproducts
such as triglycerides, ceramides, DAGs and long-chain
fatty CoA molecules are mechanistically linked to the
development of insulin resistance and non-alcoholic
fatty liver disease (NAFLD) [48-50]. At the molecular
level, lipid sensing in the liver requires a complex regula-
tory network. As mentioned above; this review describes
a DAG-sensitive PKC and PKD isoforms and their role
in the regulation of metabolism.

The PKC family is the most studied in the context of
hepatic metabolism. PKCe was proposed as a DAG sens-
ing kinase functionally linked to the insulin signaling in
the liver. It was shown that the accumulation of sn-1,2-
DAG activates PKCe. However, exact mechanisms lead-
ing PKCe activation in the liver are still under debate
[51, 52]. Upon activation, PKCe induces phosphorylation
of insulin receptor substrate 1 (IRS1) at Ser1101, which
blocks insulin signaling. A number of studies using gen-
etic approaches to suppress PKCe signaling by using
antisense oligonucleotides or by the targeted deletion in
the whole body of mice have shown that inactivation of
PKCe protects against insulin resistance induced by
short and long term high-fat diet feeding [49, 53, 54].
Nevertheless, Brandon and colleagues have shown that
liver-specific inactivation of PKCe does not affect insulin
signaling in this organ. By contrast, the specific inactiva-
tion of PKCe in the adipose tissue might be involved in
crosstalk with the liver, which elicits changes at hepatic
gene expression level affecting metabolic fitness in this
organ [55]. In addition, further research has suggested
that PKCe deletion in the liver promotes ketogenesis
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and paradoxically suppresses gluconeogenesis [56].
Therefore, the relevance of PKCe in hepatic insulin sig-
naling must be interpreted cautiously. Although there is
plenty of evidence that suggests a clear biological role of
different lipid species in the development of insulin re-
sistance and NAFLD, PKCe signaling in this context re-
quires further investigation [57].

Despite the fact that PKCe is the best characterized PKC
isoform in the liver, other isoforms also seem to play a
role in the regulation of hepatic metabolism. PKCO is
highly induced in the hepatic cell line, HepG2, upon insu-
lin and glucose stimulation, which correlates with the deg-
radation of the IRS-1 leading to impaired insulin signaling.
Moreover, genetic inactivation of PKCO with siRNA ame-
liorates insulin resistance in cells [58]. Additionally, PKC8
is activated by Ca®* signaling upon hypoxic stress in hep-
atic stellate cells, triggering autophagy [59]. However, the
physiological contribution of PKC8 in vivo is still contro-
versial as deletion of PKCB in whole body of mice leads to
higher susceptibility to develop obesity, insulin resistance
and lower energy expenditure [60]. Therefore, to clearly
delineate the function of PKCB in the regulation of hepatic
metabolism, the generation of animals carrying a liver-
specific deletion of PKC8 would be required.

The novel PKCS has also been linked to the onset of
insulin resistance. Acute elevation of free fatty acids
(FFAs) by an intra-venus infusion of lipids and heparin
activates the axis of PKC8 — NADPH oxidase increasing
oxidative stress which suppresses insulin signaling [61,
62]. In line with these findings, it has been proposed that
PKCS deletion in hepatocytes upregulates the antioxi-
dant system in the liver [63]. Consistently, deletion of
PKCS in the whole body of mice revealed a reduced ex-
pression of key pro-apoptotic genes and caspase 9 in a
model of nonalcoholic steatohepatitis induced by a
choline-deficient diet (MCD). However, the authors did
not find significant differences in pro-fibrotic genes ex-
pression after 8 weeks of MCD diet in PKC8-deficient
mice compared to the control littermates [64]. In the
genetic models of obesity, mice carrying inactivation
mutation in the leptin receptor (so-called db/db mice)
and in Zucker rats, PKCJ deficiency prevents hepatic tri-
glyceride accumulation [65, 66], promotes insulin signal-
ing by restoring AKT as well as glycogen synthases
kinase B (GSK3p) activity and induces glucose uptake
[65, 67]. Moreover, increased genetic susceptibility to
develop diabetes in C57BL/6] compared to $S129S6/Sv
strain of mice [68] could be partially related to changes
in the locus activity of the gene encoding PKC§ [69]. In
line with these findings, liver-specific overexpression of
PKCS$ aggravates diabetes and promotes hepatosteatosis.
Moreover, hepatic mRNA levels of PKCS correlate posi-
tively with fasting glucose and circulating triglycerides in
obese people [69].
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Another essential hallmark in the onset of fatty liver
disease is dysregulation of cholesterol metabolism. PKCp
is a major regulator of cholesterol and fatty acid metab-
olism in the liver [70]. High-fat diet and high cholesterol
diets increase PKCp expression [71, 72]. Mechanistically,
PKCpB phosphorylates and controls the nuclear trans-
location of Farnesoid X receptor (FXR) a master regula-
tor for cholesterol removal through its conversion into
bile acids in the liver [73]. Conversely, full inactivation
of PKCP in mice promotes diet-induced gallstone dis-
ease [74]. On the other hand, PKCp-deficient mice are
protected against diet-induced obesity, insulin resistance
and ectopic accumulation of fat in the liver [75]. Fur-
thermore, it has been shown that PKCp activation, both
in vitro and in vivo with insulin sustains de novo lipo-
genesis by regulating the expression and activity of sterol
regulatory element-binding protein 1c (SREBP-1c) an es-
sential regulator of the lipogenic machinery [76].

PKD isoforms represent another group of DAG sensing ki-
nases in hepatocytes. Moreover, PKC isoforms can activate
PKDs in multiple cell types [77]. Recently, it was shown that
out of three PKD isoforms described (PKD1, PKD2, PKD3)
only PKD3 is significantly expressed in hepatocytes. PKD3
can be activated in hepatocytes in response to the elevation
in DAG content in the hepatocytes and livers of mice fed
HFD [14]. Moreover, it was demonstrated that PKD3 sup-
presses insulin signaling in mice fed HFD, but the exact mo-
lecular mechanisms need to be identified. Hence, mice with
liver-specific deletion of PKD3 present better insulin sensitiv-
ity and consequently glucose handling [14]. However, activa-
tion of insulin signaling in mice deficient for PKD3 is
associated with enhanced lipogenesis and consequently leads
to the accumulation of triglycerides and cholesterol in the
liver [14]. Interestingly, the deletion of PKD3 in immune cells
promotes liver fibrosis by activating the production of trans-
forming growth factor  (TGEP), a classical pro-fibrotic cyto-
kine, by hepatic macrophage [78]. On the other hand, the
deletion of PKD1 specifically in adipocytes protects the de-
velopment of od liver steatosis evoked by HFD feeding [79].

In conclusion, a number of PKC and PKD isoforms in the
liver present a spectrum of non-redundant functions in the
regulation of hepatic metabolism. Generally, PKCs and
PKD3 block insulin signaling at different levels contributing
to the development of insulin resistance and regulate hepatic
lipogenesis contributing to the development of liver steatosis.

PKCs and PKDs regulate differentiation and
function of adipocytes

Mammalian adipose tissue possesses a remarkable cap-
acity to expand and to adapt to the fluctuations in nutri-
ents supply. Thus, adipocytes have a major role in
preventing the ectopic accumulation of fat in organs such
as liver, skeletal muscle, heart, and pancreas [80]. Adipose
tissue regulates energy storage, adaptive thermogenesis,
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endocrine function, food intake and provides fuels to per-
ipheral organs. Adipocytes are classified into three types,
based on their main features; white, beige, and brown adi-
pocytes. Of note, beige adipocytes can emerge from white
adipocytes or adipogenic precursors [81, 82]. Importantly,
all of adipocytes types can store fat and produce adipo-
kines, however, only beige and brown adipocytes can dissi-
pate energy in the form of heat. For this reason, targeting
beige and brown adipocytes represents a promising strat-
egy to counteract obesity and type 2 diabetes.

Classical reports from the early 90s proposed a pos-
sible link between insulin signaling and PKCs in adipo-
cytes and identified PKCf, PKCy and PKCe as the main
PKC isoforms in adipocytes [83, 84]. Over the last two
decades, significant advancements were made in the field
of PKCs and their relevance in adipose tissue biology
and obesity [85]. Importantly, the inactivation of PKCy
and PKCe impairs adipose differentiation in 3 T3-L1
cells by affecting the expression of PPARy and CEBPq,
essential adipogenic markers, while other PKC isoforms
do not influence differentiation process [86]. However,
other PKCs might influence other aspects of adipocytes
biology. For instance, PKCp deletion in the whole body
of mice protects against diet-induced obesity. These ani-
mals present reduced adiposity, higher energy expend-
iture, increased expression of oxidative genes, improved
mitochondrial fitness, higher levels of adrenergic recep-
tors to sustain fat mobilization [87, 88]. Consistently, ro-
dent models of obesity present higher levels of PKCp in
adipose tissue [87]. In line with this, human data have
shown that activation of PKC[B by antipsychotic drugs
promotes adiposity [89] and single nucleotide polymor-
phisms in the PKCB promoter correlate negatively with
insulin sensitivity [90]. Deletion of another isoform,
PKCe, in adipose tissue results in protection from diet-
induced insulin resistance and glucose intolerance [55].
Moreover, PKCe might promote glucose uptake in adi-
pocytes while PKCBO inhibits adiponectin expression
[91-95].

PKDs in adipocytes are activated by DAGs and extra-
cellular purines [77]. Recently, it was demonstrated that
PKD1 deletion in adipocytes protects against obesity and
diabetes, by inducing thermogenic adipocytes (beige
cells) and promoting the expression of genes activating
energy dissipation by adipocytes such as uncoupling pro-
tein 1 (UCP1), PR-domain containing 16 (PRDM16) or
peroxisome proliferator-activated receptor gamma coac-
tivator la (PGCla) [79]. Moreover, the deletion of
PKD1 in adipocytes promotes mitochondrial fragmenta-
tion and biogenesis. Finally, it was shown that PKD1 reg-
ulates adipocyte’s function by targeting and suppressing
the activity of AMP-activated protein kinase (AMPK), as
all the phenotypes observed in mice deficient for PKD1
in adipocytes were reversed by AMPK inactivation [79].
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However, the impact of other PKD isoforms, PKD2 and
PKD3 on adipose tissue function needs to be investi-
gated in future.

Therefore, PKCs and PKDs regulate adipocytes’ acqui-
sition and multiple aspects of their function.

PKCs and PKDs regulate insulin secretion in
pancreatic B-cells

The main function of pancreatic B-cells found in the
endocrine part of pancreas — pancreatic islets, is to pro-
duce and release insulin in response to the elevated glu-
cose level in blood. Transport of glucose into B-cells is
followed by the closing of the ATP-sensitive potassium
channel and depolarization that leads to calcium influx
via voltage-gated calcium channel [96]. Subsequently,
the calcium influx activates PLC, which in turn hydro-
lases PIP, and generates DAG [97]. Moreover, PLC in -
cells can also be activated through G-protein-coupled re-
ceptor pathways [98, 99]. An elevated level of DAG in B-
cells causes activation of PKCs and PKDs and is associ-
ated with increased insulin secretion [96]. However, pro-
longed accumulation of intracellular lipids can be toxic,
may promote B-cell failure, and contribute to type 2 dia-
betes development [100]. Moreover, sustained fatty acid
overload results in the synthesis and accumulation of
DAG in B-cells, which is correlated with impaired insu-
lin secretion [101].

Several studies proved that treatment with an unspe-
cific PKC activator, phorbol 12-myristate 13-acetate
(PMA), stimulates insulin secretion in p-cells [102, 103].
PMA does not mediate intracellular calcium influx,
nevertheless, it potentiates sensitivity of B-cells to cal-
cium, decreasing the concentration of calcium needed to
promote insulin exocytosis [103]. The effect of PMA was
first linked to activation of PKCs, nevertheless, this
agonist was also shown to activate PKDs [104]. PKCa,
PKCBI, PKCPII, PKCS8, PKCO, PKCn, and PKCe are
expressed in pancreatic p-cells [105, 106]. Several studies
showed that PKCs inhibitors strongly attenuate insulin
secretion. Ro 31-8220, a non-selective PKC inhibitor
partially reduced glucose-induced insulin secretion
[107]. Moreover, G66976, an inhibitor of cPKCs signifi-
cantly reduced the second phase of glucose-induced in-
sulin secretion but not the initial one [108]. It was also
observed that alike PMA, glucose and potassium-driven
depolarization can cause translocation of PKCs to the
plasma membrane [109-114]. Translocation dynamic
upon DAG elevation in the plasma membrane differs de-
pending on the isoform of PKC [105]. Interestingly,
Yedovitzky et al. showed that glucose stimulation in-
duces translocation of PKCa and PKCe to the periphery
but PKCS to the perinuclear site [110]. Furthermore, in-
hibition of PKCa and PKCe translocation reduces
glucose-induced insulin release [110]. P-cells treatment
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with calcium-free buffer results in decreased transloca-
tion of PKCq, but not PKCg, and is associated with par-
tially abolished insulin response [110]. Several studies
showed the importance of PKCa in glucose and
potassium-induced insulin granules secretion. However,
Mendez et al. showed that after glucose treatment PKCe,
but not PKCa, associates with insulin granules, which is
essential for insulin exocytosis [112].

Overall, increased PKCs activity potentiates glucose-
induced insulin secretion enhancing the second phase of
insulin granule exocytosis. Based on the data obtained
also from other cell types, it was proposed that PKCs
regulate cortical actin rearrangement that facilitates in-
sulin secretion and that the effect of PKCs is dependent
on such exocytotic proteins as synaptotagmin, the mam-
malian homolog of UNC-18 (Muncl8) and synapto-
somal nerve-associated protein 25 (SNAP-25) [96].
However, the exact molecular mechanism of PKCs ac-
tion on insulin release process in P-cells is not fully
known yet and needs further studies. Pathways poten-
tially involved in this phenomenon are discussed in de-
tail elsewhere [96].

Additionally, PKCs are also involved in non-glucose-
stimulated insulin release in p-cells. PKCs are shown to
be effectors of glucagon-like peptide 1 (GLP-1) [115].
Shigeto et al. showed that GLP-1 activates PLC, which
in turn leads to PKCs activation and subsequently mem-
brane depolarization and insulin release [115]. The
PKCs-mediated effect of GLP-1 is dependent on the ac-
tivation of Na'-permeable transient receptor potential
ion channels (TRPM) 4 and 5 [116]. It was also observed
that PKCs inhibitors partially attenuate fatty-acid-
induced enhancement of insulin secretion [117-119].
Moreover, using several inhibitors it was shown that
nPKCs mediate the signal from non-nutrient secreta-
gogues and enhance mitochondrial respiration and sub-
sequently potentiate insulin release in INSIE cells and
human pancreatic B-cells [120].

Several studies showed that fatty acid-treatment in-
creases PKCs activity in p-cells [121-123]. Since elevated
lipid level is known to induce B-cell dysfunction, PKCs
were linked to the development of metabolic disorders
[124]. Mice with global deletion of PKCe present en-
hanced insulin secretion upon fatty acids treatment and
improved glucose tolerance when fed with HFD [124].
Genetic and functional ablation of PKCe results in an in-
creased insulin secretion ex vivo in islets derived from
diabetic mice deficient for the function of leptin receptor
(db/db mice) which were pretreated with lipids. It was
also observed that PKCe deletion restores the balance
between lipid esterification and oxidation altered by fatty
acid treatment in pancreatic islets [124]. Moreover, using
PKCe-inhibitory peptide improves glucose-induced insulin
release and glucose tolerance in diabetic db/db mice

Page 6 of 15

[124]. Similarly, overexpression of kinase-negative PKC3
in mice protects from HFD-induced glucose intolerance,
increases insulin level and pancreatic islets size, and de-
creases apoptosis marker cleaved caspase-3 in B-cells in
comparison to control animals [125]. Furthermore, over-
expression of kinase-negative PKCS protects isolated islets
and INSI1E cells from palmitic acid-induced apoptosis and
mitochondrial dysfunction [125]. However, -cell-specific
overexpression of wild type PKC8 does not influence glu-
cose tolerance, insulin plasma level or islet size in mice
fed both, standard laboratory diet and HFD [126]. More-
over, insulin content and glucose-induced insulin secre-
tion in INS1E cells overexpressing wild type PKCS were
similar to control, which shows that increased level of
PKCS did not impair B-cell function [126]. This data indi-
cate that PKCS§ and PKCe are important players in lipid-
induced fB-cell dysfunction and pathogenesis of type 2 dia-
betes, however PKCS§ upregulation in B-cells is not suffi-
cient to induce diabetic phenotype.

Streptozotocin treatment induces type 1 diabetes and
this model is widely used to study autoimmune distruc-
tion of B-cells [127]. Global deletion of PKC§ delays the
onset of hyperglycemia in streptozotocin-treated mice,
confirming the importance of this PKC isoform in the
pathogenesis of type 1 diabetes [128]. Furthermore, it
was shown that the deletion of PKCS in pancreatic islets
protects from cytokine-induced apoptosis, NO gener-
ation, and also disrupts toll-like receptor 2 (TLR2) sig-
naling, which activation contributes to the development
of type 1 diabetes [128-130]. GLP-1 analog exendin-4
can suppress apoptosis and protects against oxidative
damage in B-cells. By using specific inhibitor Kim et al.
showed that the effect of exendin-4 on the expression of
antioxidant genes mediated by nuclear factor erythroid
2-related factor 2 (Nrf2) in p-cells upon stress is
dependent on PKCS activity [130]. Apoptosis in B-cells
is also regulated via transcription factor forkhead box
protein O1 (FOXOL1), that in dephosphorylated form in-
creases expression of pro-apoptotic genes. It was shown
that PKCS8 regulates nuclear retention of FOXOL1 in B-
cells via phosphorylation of 14-3-3( chaperone [126].
Under non-stress conditions, both, INS1 overexpressing
PKCS and islets derived from mice with B cell-specific
overexpression of PKCS are characterized by increased
accumulation of phosphorylated form of FOXOL1 in the
nucleus but do not display increased apoptosis [126].
Taken together, these data indicate an important role of
PKCS in the regulation of B-cell death and progression
of type 1 diabetes development.

All the PKD isoforms are expressed in pancreatic is-
lets, nevertheless, PKD1 is a dominant isoform [131—
133]. PKD1 promotes granule secretion and fission of
vesicles destined for exocytosis from the trans-Golgi net-
work (TGN) [134]. It was shown that PKD1 plays an
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important role in the regulation of insulin secretion and
the survival of P-cells in the pathogenesis of diabetes
mellitus [132]. In B-cells, PKD1 activity is regulated at
multiple levels. PKD1 is activated by the neurotransmit-
ter derived from the parasympathetic nervous system,
acetylcholine, and inhibited by mitogen-activated protein
kinase (MAPK) p388 (which directly phosphorylates
PKD1) upon oxidative stress. Consistently, deletion of
p385 in mice leads to elevated PKD1 activity, enhanced
insulin granule secretion, better glucose tolerance and
protects against pancreatic p-cell failure [132]. More-
over, PKD1 is also a downstream effector of fatty acid
receptor 1 (GPR40), which promotes the second phase
of fatty acid-induced insulin release, and controls actin
cytoskeleton remodeling in B-cells [135]. On the mo-
lecular level, PKD1 controls the biogenesis of insulin
granules at the TGN by phosphorylating a BAR-domain-
containing protein Arfaptin-1 at serine 132 [136].
Arfaptin-1 prevents the premature fission of the
secretory granules from the TGN. PKD-dependent phos-
phorylation of Aprfaptin-1 allows fission of the insulin
granules TGN and consequently its secretion [136].

Recently, PKDs were found to mediate adaptation to nu-
trient availability in B-cells. Upon feeding, PKDs block
starvation-induced nascent granule degradation (SINGD),
therefore promoting insulin granule secretion. De-
activation of PKDs during nutrient deprivation allows the
fusion of insulin granules with lysosomes and their subse-
quent degradation. This leads to the activation of the
mechanistic target of rapamycin (mTOR) and subse-
quently autophagy suppression, which is required to in-
hibit insulin secretion during nutrient deprivation [137].
Another study showed that PKD prevents SINGD, par-
tially in the CD63-dependent manner. Inhibition of PKD
induces SINGD, which contributes to the -cells failure in
diabetic BTBR®™°® mice [131]. Mice carrying p-cell-
specific inducible deletion of PKD1 present similar glucose
tolerance and insulin levels as control animals when fed a
standard diet. However, when fed with HFD mice with
PKD1 deletion in B-cells were characterized by glucose in-
tolerance and impaired glucose-induced insulin release
[138]. This suggests that PKD1 is involved in B-cell adap-
tation to increased insulin demand upon HFD and pro-
tects against B-cell dysfunction [138].

Xiao et al. for over 3 years studied a cohort of rhesus
monkeys with spontaneous metabolic syndrome. They
observed that monkeys with hyperinsulinemia, which is
a condition implicated in the pathogenesis of insulin re-
sistance and type 2 diabetes, were characterized by
highly reduced expression of PKD2 due to nonsense mu-
tation (K410X) [133]. It was also shown that at a young
age global PKD2 knockout mice are characterized by in-
creased fasting insulin level and decreased fasting glu-
cose level in comparison to control animals [133].
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Moreover, adult mice with PKD2 deficiency exhibit in-
creased basal and glucose-stimulated insulin secretion,
which is associated with augmented L-type calcium
channel-dependent calcium influx in response to mem-
brane depolarization induced by potassium chloride and
glucose in those animals. Adult PKD2 knockout mice
are also characterized by improved glucose tolerance
and slightly decreased insulin tolerance [133].

Taken together, PKCs and PKDs play an important
role in the regulation of insulin secretion and the sur-
vival of pancreatic p-cells.

PKCs suppress insulin sensitivity in skeletal
muscle while PKDs are required for their function
Skeletal muscle is an organ that accounts for approxi-
mately 45% of the human body and is mainly responsible
for body movement [139]. Since skeletal muscle is a
highly metabolically active tissue responsible for up to
90% of glucose disposal in the postprandial state, it is
considered to play a crucial role in maintaining whole-
body energy homeostasis and development of metabolic
disorders, for instance, insulin resistance and glucose in-
tolerance [140]. Increased accumulation of DAG is in-
versely correlated with insulin sensitivity and is one of
the factors causing the development of insulin resistance
in skeletal muscle [141]. Moreover, elevated DAG level
in muscles is associated with activation of PKCs and
PKDs [142-145].

PKCa, PKCP, PKCS, PKCH, and PKCe are expressed in
skeletal muscle. However, PKCB is recognized as a domin-
ant isoform of DAG-sensing PKCs in this tissue [146].
Several studies have shown profoundly altered expression
levels and activity of PKCs in skeletal muscle of obese hu-
man patients and rodent models of diabetes in compari-
son to healthy and lean controls [142, 143, 147-149]. In
1997, Bandyopadhyay et al. showed that PKC{, but not
DAG-dependent PKCs, is involved in insulin-stimulated
glucose uptake in L6 myotubes in PI3K dependent man-
ner [150]. However, Itani et al. observed increased trans-
location of PKCp, PKCS, and PKCO from the cytosol to
the membrane after insulin treatment in human skeletal
muscle indicating its increased activation [148]. Moreover,
insulin treatment causes alternative splicing of PKC[ pre-
mRNA in favor of the PKCBII isoform and its activation is
mediated by PI3K in skeletal muscle cells. In turn, acti-
vated PKCBII promotes glucose transportation via phos-
phorylation of its substrate myristoylated alanine-rich C-
kinase substrate (MARCKS) [151].

Lack of PKCO protects skeletal muscle from lipid-
induced insulin resistance [152]. HFD-fed mice with skel-
etal muscle-specific PKCO deficiency are characterized by
decreased intracellular lipid accumulation and increased in-
sulin sensitivity in skeletal muscle, decreased fasting glucose
level, and lower daily calorie intake followed by lower weight



Kolczynska et al. Lipids in Health and Disease (2020) 19:113

gain in comparison to control mice [153]. Moreover, it was
shown that activation of PKCO induces inhibitory phosphor-
ylation of IRSs at several residues, e.g. pSerl101 and
pSer307, which is associated with disruption of insulin sig-
naling pathway and decreased PI3K and AKT activity [154,
155]. Global deletion of PKCa increases insulin-stimulated
glucose transport in skeletal muscle in mice whereas knock-
out of PKCp increases both basal and insulin-stimulated glu-
cose uptake in isolated soleus muscle [156, 157]. PKCe is
also implicated in regulating skeletal muscle metabolism.
Administration of PKCe abrogating peptides protect skeletal
muscle from diet-induced insulin resistance and decreases
phosphorylation of IRS-1 [158]. Interestingly, skeletal
muscle-specific knockout of PKCS improves age-related de-
cline in whole-body insulin sensitivity and glucose tolerance,
and also increases insulin sensitivity of skeletal muscle in
older mice but does not protect from HFD-induced insulin
resistance. Moreover, skeletal muscle with deficiency of
PKCS is characterized by decreased metabolic rate and
lower level of OXPHOS proteins, indicating an important
role of PKCS in the regulation of mitochondria homeostasis
at an older age [159]. The data published up to date indicate
that all studied DAG-sensing PKCs regulate insulin path-
ways by providing a negative feedback loop, subsequently
decreasing insulin-stimulated glucose uptake and other
insulin-dependent processes in muscle cells. Overall, PKCs
play a crucial role in DAG-induced insulin resistance in
skeletal muscle.

Exercise is found as an effective treatment of insulin re-
sistance in peripheral tissues. Rao et al. showed that phys-
ical training decreases the level of PKCp but not of other
PKC isoforms in skeletal muscle of HFD-fed mice. Knock-
out of PKCP protects mice from HFD-induced insulin re-
sistance in skeletal muscle in a similar way to exercise.
Moreover, physical training does not influence skeletal
muscle insulin sensitivity in PKCP deficient mice fed with
HFD. This data suggests that exercise protects against
HFD-induced insulin resistance in skeletal muscle at least
partially through the downregulation of PKCp [160].

Moreover, it was shown that PKCO regulates myoblast
differentiation in C2C12 cells. PKCO knockdown reduced
inhibitory IRS-1 phosphorylation, increased extracellular
signal-regulated kinase (ERK) 1/2 phosphorylation, en-
hanced myoblast differentiation and cell fusion, and in-
creased protein synthesis [161]. Also, PKCe in skeletal
muscle is involved in the differentiation of muscle cells
and myofiber regeneration. During differentiation, PKCe
localizes in the nucleus and blocks Hmgal gene expres-
sion to promote myoblast formation [162].

In skeletal muscle PKCe and PKCp1 are also involved
in transmitter release at the neuromuscular junction
[163, 164]. It was shown that both PKCe and PKCP1 are
localized in the motor nerve terminals of the neuromuscu-
lar junction. Expression and phosphorylation level of those
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PKCs in the synaptic membrane is increased in response
to electrical stimulation and muscle contraction via the
brain-derived neurotrophic factor (BDNF)-mediated tyro-
sine kinase receptor B (TrkB) signaling [163, 164]. Add-
itionally, it was shown that muscle contraction regulates
PKCP1 phosphorylation in the synaptic membrane
through phosphoinositide-dependent kinase 1 (PDK1)
[164]. PKCe causes phosphorylation of MARCKS involved
in neurotransmission-related actin cytoskeleton remodel-
ing [163]. Using a specific inhibitor it was also shown that
PKCe is involved in the regulation of acetylcholine release
in the neuromuscular junction [163].

PKCs are involved in saturated fatty acid-induced pro-
inflammatory signaling in skeletal muscle. Palmitic acid
treatment increases intracellular DAG and subsequently
induces PKC-dependent Ser153 phosphorylation of Raf-
kinase inhibitor protein (RKIP) that results in RKIP-Rafl
dissociation and activation of ERK signaling pathway
[165]. It is known that inflammation plays an important
role in the pathogenesis and progression of skeletal
muscle disorders, for instance, insulin resistance and
Duchenne Muscular Dystrophy (DMD). DMD is a severe
muscle disease caused by a mutation in the dystrophin
gene. It was shown that knockout of PKCB in the mouse
model of DMD (mdx) prevents muscle inflammation, re-
duces muscle wasting, improves muscle regeneration
and maintenance of performance [166]. Administration
of PKCB specific inhibitor to young mdx mice also leads
to a reduction in muscle damage, immune cell infiltra-
tion, muscle inflammation, and maintenance of muscle
regeneration [167]. These data suggest that specific
PKCB8 inhibitor may potentially be used in the treatment
of DMD [167].

All of the PKD isoforms are expressed in skeletal
muscle; however, the level of expression can differ be-
tween myofiber types [168, 169]. For instance, PKD1 is
the most abundant isoform and is predominantly
expressed in type I oxidative, slow-twitch myofibers.
Moreover, it was shown that overexpression of constitu-
tively active PKD1 in type II glycolytic, fast-twitch myo-
fibers leads to transformation into type I myofibers
phenotype [169]. Skeletal muscle consisted mostly of
type I myofibers in mice with skeletal muscle-specific
PKD1 knockout and are characterized by increased sus-
ceptibility to fatigue [169]. The data suggest that PKD1
regulates muscle fiber phenotype through phosphoryl-
ation of class II histone deacetylases (HDACs), a repres-
sors of myocyte enhancer factor-2 (MEF2) transcription
factor regulating the expression of genes involved in dif-
ferentiation of myoblasts into multi-nucleated myotubes
[169—171]. Moreover, it was shown that PKD1 mediates
HDACS5 nuclear efflux as an effector of a-adrenergic sig-
nal, which is typically present in parallel with motor
neuron input during physical training [172]. It was also
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shown that mice with overexpression of dominant-
negative PKD1 exhibited decreases running performance
and significantly impaired voluntary running-induced
myofiber transformation in skeletal muscle, which con-
firms that PKD1 plays a crucial role in skeletal muscle
remodeling upon physical training [173]. Coughlan et al.
showed that PMA acting as DAG mimetic increases
phosphorylation of AMPK, one of the major energy reg-
ulators in the cell, decreasing activity of its subunit
AMPKa2 in the time and dose-dependent manner in
C2C12 [144]. PKD1 specific inhibitor and PKD1 knock-
down fully prevent PMA-induced effects on AMPK,
whereas PKCs inhibitor acts only partially. Interestingly
it was also shown that PKD1 inhibitor protected C2C12
cells from insulin resistance induced by PMA [144].
Moreover, PKD1 was found to directly phosphorylate
AMPKa2 at Ser491 in in vitro studies [144]. These data
suggest that PKD1 can be involved in insulin signaling
impairment via AMPK inhibition.
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Inhibition of PKDs decreases myotube fusion and myo-
blast differentiation in primary mouse satellite cells and
C2C12 stable cell line [168]. Furthermore, it was shown
that PKD2 is more relevant in the regulation of those pro-
cesses than PKD1 and PKD3 isoforms. PKD2 is phosphory-
lated and, at the same time, activated during the initiation
of C2C12 myoblasts differentiation, whereas knockdown of
PKD2 leads to inhibition of myoblast cell fusion and im-
paired expression of muscle development-associated genes
[168]. Kleger et al. observed that PKD2 activates the pro-
myogenic transcription factor MEF2D via inhibition of
paired box gene 3 (Pax3) [168]. Overexpression of
dominant-negative PKD3 inhibits basal glucose transport
but has only a minor effect on insulin-stimulated glucose
uptake. Additionally, overexpression or silencing of PKD3
causes respectively, significant increase or decrease in basal
glucose uptake in L6 myotubes [174]. Moreover, using a
truncated form of the PKD catalytic domain, it was shown
that PKDs also regulate expression of proteins involved in

o

cell membrane

COLLLOLLLLLOOEN

Golgi network/ER

lipid droplet

Fig. 1 Sources of diacylglycerols (DAG) in the cell. Intracellularly, DAG is produced as an intermediate during de novo biosynthesis of
triacylglycerol (TAG) and phospholipid (PL), and during catabolism of TAG stored in either cytoplasmic and endoplasmic reticulum-associated lipid
droplets or PL in the plasma membrane and Golgi complex. Generated DAG locally recruits and promotes activation of conventional and novel
protein kinases C (PKCs) and protein kinases D (PKDs). For detailed description see the text. ATGL — adipose triglyceride lipase, DAGK —
diacylglycerol kinase, DAGL - diacylglycerol lipase, DGAT - diglyceride acyltransferase, ER — endoplasmic reticulum, HSL — hormone-sensitive
lipase, MAG - monoacylglycerol, MGAT — monoacylglycerol-O-acyltransferase, PA — phosphatidic acid, PC — phosphatidylcholine, PIP, -
phosphatidylinositol 4,5-bisphosphate, PLC — phospholipase, SMS - sphingomyelin synthase
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glucose and lipid metabolism, p-oxidation, and OXPHOS
in C2C12 myotubes both in HDAC5-dependent and inde-
pendent manner [175].

In conclusion, PKCs in skeletal muscle suppress insu-
lin action while PKDs promotes muscle differentiation
and function.

PKCs and PKDs in the regulation of appetite and
food digestion

The regulation of food intake and nutrients absorption
in the gastrointestinal tract determines glucose and lipid
homeostasis. The hypothalamic arcuate nucleus plays a
central role in the integration of hormonal and nutri-
tional signals which regulate metabolic homeostasis
[176]. Animals fed HFD present increased intracellular
DAG levels in the hypothalamus [177]. Nevertheless, the
impact of PKCs and PKDs on the hypothalamic regula-
tion of metabolism is poorly understood. Administration
of specific PKC agonists into the hypothalamus sup-
presses hepatic gluconeogenesis. Importantly, this effect
can be reversed by PKCS§-specific inhibitor, rottlerin
[178]. On the other hand, palmitic acid promotes the
hypothalamic accumulation of DAG to stimulate the
translocation of PKC8 to the plasma membrane. Import-
antly, PKCO mediates palmitic acid-induced suppression
of insulin signaling in the arcuate nucleus promoting
body weight gain and glucose intolerance in mice fed
HED [179].
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The gastrointestinal tract is the first side challenged by
high-fat-containing foods. Therefore, it would be logical
to assume that the fat challenge leads to the accumula-
tion of DAG and subsequent activation of PKCs and
PKDs in the intestine. However, up to date, there are no
studies available that would cover this topic. Neverthe-
less, several studies implicated PKC and PKD isoforms
in the regulation of intestinal epithelial cells proliferation
and differentiation [180, 181].

PKCs and PKDs - beyond the regulation of
glucose and lipid homeostasis

DAG evoked activation of PKCs and PKDs were also
broadly discussed in the context of heart function. How-
ever, these aspects were recently revised in [182, 183].
Similarly, PKCs regulate multiple aspects of innate [184]
and adaptive immunity [185], while PKDs plays a central
role in the regulation of immune response [186, 187].
However, these aspects, likewise the PKCs and PKDs im-
pact on other biological processes are beyond the scope
of this review.

Targeting PKCs and PKDs - potential clinical
applications

The PKCs and PKDs families play a pivotal role in meta-
bolic regulation. Thus, targeting these kinases might rep-
resent a promising avenue for the treatment of metabolic
disorders such as obesity and diabetes. Hitherto, several
clinical trials have been carried out to target PKCs in the
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Fig. 2 The role of PKC and PKD isoforms in various tissues and organs
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context of different clinical conditions. For metabolic re-
search trials include diabetic retinopathy, congestive heart
failure, coronary bypass grafting and acute myocardial in-
farction salvage [188-196]. Unfortunately, to date, due to
limitations related to off-target effects, lack of specificity,
lack of suitable metabolites in blood or urine to monitor
the activity of the PKC inhibitors, as well as due to incon-
clusive preclinical studies, there is no commercially avail-
able drug on the market that targets specifically any of the
isoforms of the PKCs [197]. Nevertheless, the pleiotropic
effects of the PKCs make this family of kinases a potential
target for the treatment of multiple metabolic diseases.

Concerning the PKD family there is no ongoing clin-
ical trial register in clinicaltrial.gov. However, direct or
indirect targeting of PKD isoforms might be an attractive
strategy for preventing pancreatic [-cell failure during
the onset of diabetes or for the treatment of obesity.

Conclusion and future perspective

In summary, this review provides comprehensive and
updated insights into the classification, structure, tissue
distribution and functions of the DAG-sensing PKCs
and PKDs in health and metabolic diseases, with a major
focus on organs involved in metabolic regulation, such
as liver, adipose tissue, pancreas, and skeletal muscle.
Besides, this review provides a brief overview of the
current state of the art in PKCs and PKDs drug discov-
ery and development. DAG-sensitive PKCs and PKDs
play a crucial role in the regulation of metabolism in
peripheral tissues. However, understanding of the com-
plex interplay between different DAG-sensitive kinases
and other components of signaling machinery requires
further investigation. Moreover, targeting specific mem-
bers of PKC and PKD families might be beneficial for
the treatment of metabolic diseases especially type 2 dia-
betes and obesity. Nevertheless, highly specific inhibitors
of selected PKCs and PKDs would be required to ameli-
orate the potential side effects of therapies against obes-
ity, diabetes, and associated diseases.
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