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Hepatocyte-specific PKC3 deficiency protects
against high-fat diet-induced nonalcoholic
hepatic steatosis
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ABSTRACT

Objective: Nonalcoholic hepatic steatosis, also known as fatty liver, is a uniform response of the liver to hyperlipidic-hypercaloric diet intake.
However, the post-ingestive signals and mechanistic processes driving hepatic steatosis are not well understood. Emerging data demonstrate
that protein kinase C beta (PKCP), a lipid-sensitive kinase, plays a critical role in energy metabolism and adaptation to environmental and
nutritional stimuli. Despite its powerful effect on glucose and lipid metabolism, knowledge of the physiological roles of hepatic PKC in energy
homeostasis is limited.

Methods: The floxed-PKCP and hepatocyte-specific PKCB-deficient mouse models were generated to study the in vivo role of hepatocyte PKC[
on diet-induced hepatic steatosis, lipid metabolism, and mitochondrial function.

Results: We report that hepatocyte-specific PKC deficiency protects mice from development of hepatic steatosis induced by high-fat diet,
without affecting body weight gain. This protection is associated with attenuation of SREBP-1¢ transactivation and improved hepatic mito-
chondrial respiratory chain. Lipidomic analysis identified significant increases in the critical mitochondrial inner membrane lipid, cardiolipin, in
PKCPB-deficient livers compared to control. Moreover, hepatocyte PKCP deficiency had no significant effect on either hepatic or whole-body insulin
sensitivity supporting dissociation between hepatic steatosis and insulin resistance.

Conclusions: The above data indicate that hepatocyte PKCP is a key focus of dietary lipid perception and is essential for efficient storage of
dietary lipids in liver largely through coordinating energy utilization and lipogenesis during post-prandial period. These results highlight the

importance of hepatic PKCP as a drug target for obesity-associated nonalcoholic hepatic steatosis.
© 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION in developing therapies for liver disorders by targeting factors that

sustain hepatic steatosis [4].

Nonalcoholic fatty liver disease is the most common form of chronic
liver disease worldwide [1]. It encompasses a wide spectrum of dis-
eases associated with the over-accumulation of lipids in the liver,
ranging from nonalcoholic hepatic steatosis (or nonalcoholic fatty liver)
to steatohepatitis, advanced fibrosis, and cirrhosis [2,3]. Despite the
high prevalence of hepatic steatosis, the molecular mechanisms of
disease progression are not yet completely understood, which limits
the development of efficient therapies to counteract this disease and
the spectrum of progressive liver disorders. There is increasing interest

It is widely recognized that hyperlipidemic-hypercaloric diets are now
frequently consumed in modern societies. Several studies have sup-
ported that dietary lipids play important roles in the development of fatty
liver disease in both animals and humans [5,6]. It has been hypothe-
sized that the development of nonalcoholic fatty liver disease requires
“two hits.” The first hit is the development of hepatic steatosis and the
second hit includes cellular stresses such as oxidative stress and
elevated levels of inflammatory cytokines in steatotic livers [7]. Hepatic
lipid accumulation is proposed to be the root cause of the initiation and
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progression of nonalcoholic fatty liver disease [5]. Free fatty acids can
either enter the mitochondria to undergo beta-oxidation or esterification
into triglycerides (TG). These TG can then lead to the formation of lipid
droplets in the liver or be secreted as very low-density lipoproteins. The
rate at which fat accumulates in liver is determined by several factors,
such as the rate of lipid uptake from the circulation and the utilization of
lipids within the liver. However, the signaling links between dietary
intake of lipids and downstream molecular mechanisms are not fully
understood. In particular, diet-induced changes in hepatic signaling
pathways by which dietary lipids promote the development and
progression of fatty liver remain somewhat obscure. Defining the
downstream signaling pathways underlying the control of hepatic and
systemic metabolism by dietary lipids is necessary to understand both
normal physiology and the pathogenesis of this disease.

The protein kinase C beta (PKCPB), a member of the serine/threonine
protein kinase family, is activated by dietary metabolites diacylglycerol
(an intermediate in TG biosynthesis and breakdown), cholesterol,
phospholipids, hyperglycemia, and oxidative stress. PKC is implicated
in the pathogenesis of obesity and the development of related meta-
bolic disorders [8,9]. Whole-body PKC[B-deficient mice are protected
against diet-induced obesity, hepatic steatosis, and insulin resistance
by altering TG and cholesterol homeostasis [10—13]. Moreover, PKC[3
polymorphism is linked to insulin resistance in humans [14]. In addi-
tion, many in vitro studies have identified a number of substrates for
PKCP, indicating the potential for PKC[ to regulate a wide variety of
proteins in various biological pathways relevant to the pathophysiology
of nonalcoholic fatty liver disease. For example, PKCP is reported to
regulate phosphorylation and mitochondrial translocation of p66Shc to
negatively regulate autophagy [15,16]. PKCP is also reported to
phosphorylate retinoblastoma protein, IkB kinase, and nuclear re-
ceptors, including vitamin D receptor, farnesoid X receptor, and
peroxisome-proliferator activated receptor y [17—21]. In addition,
PKCP is reported to regulate macrophage differentiation and activation
as well as insulin-induced hepatic sterol response element-binding
protein-1¢c  (SREBP-1c) expression [22—24]. Moreover, multiple
cellular models suggest that PKC activation can either interfere with
or is required for insulin signaling pathway [25—27]. PKC[3 is shown to
promote tumor necrosis factor a-induced cell death, which can ac-
count for the release of mitochondrial DNA in steatohepatitis [28,29].
Accumulating and emerging evidence thus strongly suggests that
PKCp plays an important role in regulating lipid and glucose homeo-
stasis in response to dietary lipids, although the underlying molecular
mechanisms remain unclear. It is possible that the effects of PKC[
deficiency on hepatic steatosis and insulin resistance in vivo are a
consequence of the failure of high-fat diet (HFD)-fed PKCB” ~ mice to
develop obesity. Moreover, it has also been reported that hepatic
function, including steatosis and insulin resistance, may be regulated
by PKCPB in muscle and adipose tissue [30,31]. How PKC( may
function in different tissues remains to be investigated.

The liver plays a central role in nutritional metabolism and is one of the
first tissues to respond and adapt to nutritional changes. The imbal-
ance between lipid influx and lipid outflux can cause changes in he-
patic and serum lipid levels. Considering that dietary fats induce liver
and adipose PKC[ expression [11,32,33] and the major role of the liver
in regulating metabolism, the goal of this study was to determine the
role of hepatic PKCP in regulating lipid and glucose homeostasis. We
found that hepatocyte PKC[ deficiency prevents the development of
hepatic steatosis without affecting body weight gain and insulin
resistance. PKC[-deficient mice show a decrease in SREBP-1¢
transactivation potential, thereby reduced de novo hepatic lipogen-
esis, and an increase in mitochondrial function. Collectively, our results

uncover a key role of hepatocyte PKCP in the onset of diet-induced
hepatic steatosis and support a model in which hepatocyte PKCf
coordinates energy utilization and lipogenesis during the post-prandial
period. More importantly, our work identified PKCP as a novel drug
target for the treatment of fatty liver disease.

2. MATERIALS AND METHODS

2.1. Generation of floxed PKCR (PKCB™™ and hepatocyte-specific
PKCB-deficient (PKCB"~~) mouse models

PKCA™" mice were generated through homologous recombination.
Exon4 of the PKCP gene was flanked by two loxP sites. PKCPB con-
ditional knockout mice with C57BL/6 backgrounds were generated at
Ohio State University’s Comprehensive Cancer Center’s Genetically
Engineered Mouse Modeling Core Facility using standard embryonic
stem (ES) cell technology [34]. The ES JM8.N4 clone
EPD0744_4_5H11 was acquired from the International Mouse Phe-
notyping Consortium. These cells carry the knockout first tmia
Prkch!™1aEUCOMMWISI 21016 (IMPC ~ Project  #28059;  www.
mousephenotype.org). Chimeric males were bred with C57BL/6 al-
bino females and germline transmission was verified by PCR to detect
mutants together with wild-type alleles in F1 heterozygous mice. Prior
to utilization of the strain for experiments, the mice were crossed with
a FLPe ubiquitous strain (ACTB:FLPe B6J, Jackson Laboratory strain
#005703) to eliminate lacZ/neo cassettes and obtain clean tm1c al-
leles according to the breeding schemes recommended by the IMPC.
To inactivate PKCP in hepatocytes, we crossed PKCB™" mice with
albumin-Cre transgenic mice with a C57BL6J genetic background
(000664; Jackson Laboratory, Bar Harbor, ME, USA). The littermates
were screened by genotyping, and mice with two copies of loxP sites
and Cre recombinase were characterized as PKCBHG"‘/ ~. These mice
were backcrossed 8 generations to C57BL/6J, and their genetic
background was verified using SNP genome scanning (143 SNP Panel;
Jackson Laboratory). Male mice were used in all of the experiments.
PKCA™" and PKCBM®P~'~ mice were bred and maintained on a 12-h
light and 12-h dark cycle with lights on from 7:00 am to 7:00 pm.
All of the mice were given standard food pellets (normal chow diet) and
water ad libitum. Cohorts of age-matched male mice were used for
these studies. Their body weights and food intake were measured
weekly. For high-fat diet (HFD)-feeding experiments, the mice were fed
diet containing 15% fat supplemented with 1% cholesterol
(#D04102102, Research Diets, New Brunswick, NJ, USA) beginning at
the age of 6—8 weeks. The Institutional Animal Care and Use Com-
mittee at Ohio State University’s Care Facility approved all of the
studies using animal protocols.

2.2. Mitochondrial isolation and respiration function analysis

Mitochondria were isolated as previously described [35]. Four micro-
grams of isolated mitochondria from the liver, gastrocnemius/plantaris
muscle, BAT, and iWAT were resuspended in respiratory assay buffer
composed of 70 mM of sucrose, 220 mM of mannitol, 10 mM of
KoHPQ4, 5 mM of MgCl,, 2 mM of HEPES, and 1 mM of EGTA, with a pH
of 7.4. Electron coupling and electron flow assays were performed
using Seahorse Bioanalyzer. Briefly, mitochondria were incubated with
the indicated substrates and oxygen consumption rates were deter-
mined. Mitochondrial basal respiration in electron coupling assays was
determined in a coupling state with 10 mM of succinate initial sub-
strate with 2 puM of rotenone. State 3 respiration was initiated by
injecting ADP, state 4 respiration was initiated by injecting oligomycin,
and maximal uncoupler-stimulated respiration was initiated by
injecting FCCP (trifluoromethoxy carbonyl cyanide phenylhydrazine).
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Mitochondrial basal respiration in electron flow assays was determined
in an uncoupled state with initial substrates of 10 mM of pyruvate and
2 mM of malate in the presence of FCCP. Sequential electron flow
throughout the electron transport chain was determined by first
injecting rotenone, followed by succinate, antimycin A, and ascorbate
and TMPD (N,N,N’,N’-tetramethyl-p-phenylenediamine).

2.3. Measurement of SREBP-1c transactivation

(Gal4)s-luciferase reporter plasmid (0.6 11g) was co-transfected with a
plasmid encoding either the Gal4-DNA-binding region (Gal4-DBD) or
SREBP-1c activation domain linked to Gal4-DNA-binding domain
(Gal4-DBD-SREBP-1AD) (0.3 pg) [36] and pCMV-B-galactosidase
(0.1 ng) along with constitutively active PKC3 ¢cDNA (0.1 pg) in human
hepatoma HepG2 cells in the absence or presence of LY333,531
(5 pM), PD98059 (20 uM), or GSK690693 (1 pM). Fold induction
represented luciferase activity on PKCP transfection relative to basal
expression levels in the absence of PKCP expression vector (taken as
1). Luciferase activity was normalized to [3-galactosidase activity.

2.4. Shotgun lipidomic analysis

Cell pellets were homogenized in 0.5 mL of 10 x diluted PBS in 2.0 mL
cryogenic vials (Corning Life Sciences) using a digital sonifier (Branson
450). For the shotgun lipidomic analysis, lipid extracts were diluted to a
final concentration of ~500 fmol/pL, and the mass spectrometric
analysis was performed on a QqQ mass spectrometer (Thermo Fisher
TSQ Quantiva) equipped with an automated nanospray device (TriVersa
NanoMate; Advion Bioscience Ltd.) as previously described [37].
Identification and quantification of all of the reported lipid molecular
species were performed using an in-house automated software pro-
gram following the principles for quantification by MS as previously
described in detail [38]. Fatty acyl chains of lipids were identified and
quantified by neutral loss scans or precursor ion scans of corre-
sponding acyl chains and calculated using the same in-house software
program. Data were normalized per milligram of protein. Lipid internal
standards were 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine
(di14:1 PC). All of the lipid internal standards are purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA).

2.5. Histology

Liver, WAT, and BAT from ad libitum-fed mice were isolated and fixed
in 4% paraformaldehyde and processed for H&E staining. For Oil Red 0
staining, liver tissues were fixed in 4% paraformaldehyde overnight
and incubated in 12% sucrose for 12 h and then in 18% sucrose
overnight before being cryoembedded and sectioned by HistoWiz.

2.6. Plasma and tissue chemistry

Blood was collected using a 1 mL syringe coated in 0.5 M K,EDTA, and
serum was collected by centrifugation at 1000g for 20 min. Insulin
levels were measured by ELISA. Serum and liver TG, cholesterol, and
lipoprotein distribution were measured at the Mouse Metabolic Phe-
notyping Core Facility at University of Cincinnati’s College of Medicine.

2.7. Immunoblotting analysis

Proteins were extracted from the liver tissue of the mice [12,13]. The
livers were homogenized in RIPA buffer, 10 mM of NaF, 1 mM of
NazV04, 1 mM of PMSF, and protease inhibitor tablets (Roche Di-
agnostics). The protein concentration was determined using a BCA
protein assay kit (Thermo Fisher Scientific), and lysates were analyzed
using SDS-polyacrylamide gel electrophoresis and Western blotting
analysis on PVDF membranes. Antibody for PKCJ (F-7) was purchased
from Santa Cruz Biotechnology, and antibodies for AKT (#4685), P-
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AKT™308 (#13038), P-AKTS®™*73 (#4060), insulin receptor beta
(#3025), P-insulin receptor/IGF1R beta (#3021), P-IRS-15¢%07 (#2381),
P-IRS-15¢6"2  (#3203), P-IRS15¢%'® (#5610), IRS-2 (#4502), P-
mTORS®448 (#5536), P-mTORS"*8! (#2974), mTOR (#2983), rictor
(#2114), and GPL (#3274) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Phospho-SGK15°™22 (#55281) and
SGK1 (#43606) were purchased from Abcam (Cambridge, MA, USA).
Goat anti-mouse and goat anti-rabbit HRP-conjugated secondary an-
tibodies (Bio-Rad) were used.

2.8. In vivo insulin signaling

Following an overnight fast, the mice were anesthetized with 2,2,2-
tribromoethanol in PBS and injected with 5 U of regular human insu-
lin (Novolin, Novo Nordisk) via the inferior vena cava [33]. Five min after
the insulin bolus, tissues were removed and frozen in liquid nitrogen.
Immunoblotting analysis of insulin signaling molecules was performed
using liver homogenates prepared in a tissue homogenization buffer
that contained 25 mM of Tris-HCI (pH 7.4), 10 mM of NasV04, 100 mM
of NaF, 50 mM of NagP»07, 10 mM of EGTA, 10 mM of EDTA, 2 mM of
phenylmethylsulfonyl fluoride, and 1% Nonidet-P40 supplemented
with protease inhibitor cocktail (Sigma-Aldrich). All of the protein
expression data were quantified by densitometery using NIH Image.

2.9. Insulin tolerance tests
Insulin tolerance tests were performed as previously described [11].

2.10. Determination of membrane DAG content

The livers were homogenized in fractionation buffer (20 mM of HEPES-
NaOH, pH 7.4, 250 mM of sucrose, 25 mM of sodium fluoride, 1 mM of
sodium pyrophosphate, 0.1 mM of sodium orthovanadate, 2 pM of
microcystin LT, and 1 mM of benzamidine). The cell lysates were
centrifuged at 800 g for 5 min at 4 °C. Supernatants were further
centrifuged at 100,000 g for 20 min at 4 °C. The membrane pellets
were solubilized in buffer containing Triton X-100 by bath sonication
and centrifuged at 12,000 x g for 10 min at 4 °C, and the supernatant
was used as the membrane fraction. Purity of the subcellular fractions
was assessed by immunoblotting with antibody against the B subunit
of insulin-like growth factor-1 receptor (to control the membrane
fraction) and against B-actin (as control of cytosolic fraction). Lipids
were extracted from the membrane fraction as previously described
[39]. DAG content was quantified radioenzymatically by incubating
aliquots of the lipid extract with DAG kinase and [S2PJATP. The man-
ufacturer’s instructions for a commercially available DAG kit were
followed (Abcam ab242293). The 2P-labeled phosphatidic acid was
purified using chloroform/methanol/acetic acid (65:15:5, v/v) as a
solvent system and quantified.

2.11. Statistical analysis

All of the values are given as mean + SEM. Differences between two
groups were assessed using unpaired Student’s two-tailed t tests.
P < 0.05 was regarded as significant. Statistical analysis was per-
formed using Excel (Microsoft).

3. RESULTS

3.1. Generating floxed PKCR (PKCR™ and hepatocyte-specific
PKCB-deficient (PKCB®~/~) mouse models

As a vital metabolic organ in the human body, the liver plays a central
role in maintaining energy balance. Dietary fat intake also induces
hepatic PKC expression in mice (32). To test the role of PKCP in the
liver, PKCB™™ mice were created in which exon 4 was flanked with the
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Figure 1: Generation and phenotyping of mice with hepatocyte-specific PKCP deficiency. (A) Targeting strategy used to generate PKCB"™ and PKCB"® '~ mice. Maps of the
PKCP genomic locus showing the conditional allele (upper panel) and knockout allele (lower panel). The red arrowheads indicate the loxP sites and the black vertical bars represent
the respective exons. (B) Validation of effective DNA recombination by PCR analysis of genomic DNA. (C) PKC protein expression as assessed by western blotting in hepatocytes of
PKCB™, PKCB"eP*/~, and PKCBM® '~ mice. The same samples were also probed for PKCP. GAPDH was used as a loading control. (D) Comparison of PKCP protein level in the
liver, white adipose tissue, muscle, and brain of the PKCB™" and PKCE"®P~'~ mice. Relative expression shows normalized band intensity of PKCP in the PKCB® /'~ mice

compared to controls (taken as 1). Data represent the mean + SEM. **p < 0.01.

loxP Cre excision sequence (Figure 1A). Conditional floxed PKCJ alleles
were deleted in these mice by breeding them with a transgenic
albumin-Cre mouse line that expressed Cre recombinase specifically in
hepatocytes. In the resulting PKCB® /'~ mice that expressed Cre
recombinase, exon 4 of the PKCP was excised in hepatocytes
(Figure 1B), thereby ablating functional PKCP expression, as this
truncation prevented the translation of the entire kinase [11]. Liver
extracts derived from KO mice displayed an 80—90% reduction in
PKCp protein (Figure 1C), consistent with complete deletion of PKC[3 in
hepatocytes. In view of a recent report that albumin-Cre produced
recombination in hepatocytes and hepatic stellate cells [40], we also
compared the expression of PKCP in these cells. Hepatic stellate cells
from PKCB™™ and PKCBM®~/~ mice exhibited comparable PKCP
protein levels (although substantial variability was observed), sug-
gesting either no or partial recombination (results not shown). Addi-
tional Western blotting revealed there was no significant difference in
PKCP expression in white adipose tissue, muscle, and brain of the
PKCB"P~/~ mice compared to livers from the PKCB™ mice, con-
firming that PKCP3 deletion was specific in the liver (Figure 1D).

3.2. Hepatocyte-specific PKCP deficiency protects against diet-
induced hepatic steatosis

When maintained on normal chow ad libitum, the PKC"®~/~ mice
exhibited similar body weight compared to control PKCBf'/fI mice
(Supplementary Figure 1A). Gross metabolic comparisons between
these mice revealed no significant differences in blood phospholipid,
triglycerides, and cholesterol (Supplementary Figure 1B). There was a
slight but insignificant decrease in hepatic TG content, with no dif-
ference in hepatic cholesterol content of the PKCBHep"‘ mice

compared to the control mice (Supplementary Figures 1C,D). Com-
parison of blood glucose revealed no differences between genotypes
(Supplementary Figure 1E). Thus, loss of the PKCP in hepatocytes
appeared to exert no significant metabolic effect on the mice main-
tained on normal chow.

To understand how PKC deficiency might influence nutrient handling
in mice upon chronic lipid overflow, we fed a HFD to the PKCB"/ﬂ and
PKCBM®P~/~ mice. After 12—16 weeks on the HFD, the PKCRMP—/~
and control mice showed similar weight gains (Figure 2A). Interest-
ingly, the livers were significantly smaller in these mice (Figure 2B),
with an insignificant decrease in epididymal white adipose tissue
(eWAT) despite similar food intake (Figure 2C). No differences were
observed in the kidney, heart, and pancreas weights (Figure 2C).
HFD-induced obesity normally leads to lipids accumulation in the
liver. Histological examination of the livers revealed reduced
numbers and sizes of intracellular vacuoles, an indication of reduced
fats, in the PKCB"®*~/~ mice compared to the control PKCB™™ mice
(Figure 3A). Qil Red 0 staining of liver sections verified the deposition
of increasing quantities of lipids in the control livers (Figure 3B).
Histological analysis of WAT revealed that adipocytes from WAT were
slightly smaller than those from the control mice (Figure 3A). There
was no difference in the thickness of adipose tissue beneath the
dermis between genotypes (Figure 3A). As expected, based on the
histological analysis, biochemical measurements confirmed a pro-
nounced decrease in both TG and cholesterol levels in the livers from
the HFD-fed PKCP"® '~ mice compared to the control mice
(Figures 3C,D). Decreased liver lipid content was accompanied by a
significant reduction in plasma cholesterol, with slightly lower (but
not significant) plasma triglycerides (Figures 3E,F). Together, these
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findings demonstrated that hepatocyte PKCP deficiency protected
the mice from developing hepatic steatosis in response to caloric
excess.

3.3. Hepatocyte-specific PKCP deficiency does not protect against
diet-induced insulin resistance

There have been reports that PKC3 can phosphorylate insulin receptor,
insulin receptor substrate-1 (IRS1), and protein kinase B (AKT) in
various cell culture models [25—27]. These in vitro experimental re-
sults have been conflicting, suggesting both negative and positive
regulatory roles. To investigate the role of PKC in insulin signaling in
the liver, fasted mice were injected with insulin or saline and analyzed
for changes in phosphorylation of insulin-signaling components.
Insulin-induced tyrosyl phosphorylation of the insulin receptor was
comparable in livers of the control and PKCB mice (Figure 4A). No
apparent effect of hepatocyte PKCP deficiency on insulin-induced low-
level phosphorylation of IRS1-Ser’® was observed, whereas insulin-
stimulated IRS1-Ser®'® and -Ser®'? phosphorylation normalized to
the expression of IRS1 was lower in the PKCBHBP‘/ ~ livers compared
to the controls. Insulin-stimulated phosphorylation of AKT-Thr*® was
similar, whereas mildly reduced phosphorylation of AKT-Ser*’® was
observed in the PKCB"®~/~ livers.

There are several mechanisms possible for PKCP to regulate AKT-
Ser*”® phosphorylation. One possibility is that PKCB acts as an AKT
kinase or activates the mechanistic target of rapamycin (mTORC) 2 to
phosphorylate AKT on serine 473. mTORC1 and mTORC2 share mTOR
protein that can be phosphorylated at several residues, including
Thr?**6, Ser®**8 and Ser®*®!. Phosphorylation of mTOR at Ser?*®!
distinguishes activated mTORC2 from activated mTORC1 [41]. To
evaluate mTORC2 activity, we investigated the phosphorylation status
of mTORC2 and its substrate SGK1 in the livers of the mice treated with
insulin. Unlike AKT-Ser*’® phosphorylation, no differences were
observed in the phosphorylation levels of mTOR-Ser?*46 and -Ser?*®"
(Supplementary Figure 2) and phospho-SGK1-Ser*?? between geno-
types (results not shown). We also did not observe any significant
difference in expression of mTORC2 components rictor and GBL. Our
results support that hepatic PKCP is not essential for AKT-Ser*"®
phosphorylation but may be required for its maximal activation in the
liver in response to insulin.

We next investigated whether hepatic PKC deficiency has any effect
on glucose homeostasis in vivo. Blood glucose levels were similar
between genotypes (Figure 4B), suggesting no major effect of hepa-
tocyte PKC deficiency on glucose homeostasis. Consistent with these
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results, no differences were observed in insulin-tolerance tests (ITTs)
between the control and PKCB"®~/~ mice (Figure 4C).
Diacylglycerol (DAG), an activator of PKCs, has been proposed to
mediate lipid-induced hepatic insulin resistance [42]. However, the
importance of DAG in lipid-induced hepatic insulin resistance remains
controversial. A recent report connected membrane diacylglycerol
levels through PKC to insulin resistance in NAFLD [43] by comparing
membrane DAG levels in the livers of these mice. No significant
changes in membrane DAG levels (87 + 24 vs 82 + 19 pmol/mg
protein, n = 4, p > 0.05) were observed between genotypes. In short,
these findings indicated that disruption of hepatocyte PKCP has no
major effect on insulin signaling and glucose homeostasis.

3.4. Hepatocyte-specific PKCP deficiency attenuates SREBP-1c
transactivation and improves mitochondrial function

As a central regulator of lipid homeostasis, the liver is responsible for
orchestrating the synthesis of new fatty acids, their export and sub-
sequent redistribution to other tissues, and their utilization as energy
substrates. Altered lipid homeostasis in the liver is the pathophysio-
logical hallmark of hepatic steatosis. The disruption of one or more of
these pathways may precipitate the retention of fat within the liver and
the subsequent development of hepatic steatosis.

Healthy mitochondria are crucial for adequately controlling lipid
metabolism in the liver. To gain insight into the molecular impact of
hepatocyte-specific PKCP deficiency on mitochondrial metabolism,
energetics in mitochondria isolated from livers of the control and
PKCPBM®P~/~ mice fed an HFD were compared using a Seahorse XF
analyzer. Under uncoupling conditions, baseline oxygen consumption
rates (OCRs) were significantly increased in the liver mitochondria from
the PKCB"®~/~ mice and in the presence of succinate (Figure 5A).
Under coupling conditions, there was an increase in liver mitochondria
OCR with both adenosine diphosphate (ADP) and trifluoromethoxy
carbonyl cyanide phenylhydrazine (FCCP) compared to the controls,
although this was not significant (Figure 5B).

We observed that improvement in mitochondrial function was also
accompanied by reduced levels of fatty acid synthase and stearoyl
CoA desaturase transcripts in the liver of the PKCBM"P~/~ mice
compared to the controls (Figure 6A). The transcription factor sterol
regulatory element-binding protein-1c (SREBP-1c) plays a central
role in de novo fatty acid synthesis gene expression. To first assess
whether PKCP deficiency affected SREBP-1c processing, we
compared precursor and nuclear forms of endogenous SREBP-1 in
the liver of the control and PKCB"®*~/~ mice. We observed a slight
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Figure 4: Hepatocyte PKCP deficiency did not affect glucose homeostasis. (A) Western blotting of pooled liver lysates following IP insulin injection and probing for the indicated
proteins. Western blots are representative of three separate experiments. Percentage change shows the normalized band intensity of the PKCB“E"" ~ mice compared to controls.
(B) Comparison of fasted blood glucose levels in the HFD-fed PKCB™™ and PKCBM®*~/~ mice. (C) Insulin tolerance test (ITT) on the mice. Data represents the mean = SEM. n = 4,

*p < 0.05, and ***p < 0.001.
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Figure 5: Hepatocyte-specific PKCB deficiency improved mitochondrial function in the liver. OCRs were measured in triplicate in isolated mitochondria from the liver of the PKCB"’fI
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Figure 6: Effect of hepatocyte-specific PKCP deficiency on hepatic fatty acid synthase expression, SREBP-1¢ processing, SREBP-1¢ transactivation potential, and plasma VLDL
levels. (A) Comparison of hepatic fatty acid synthase and stearoyl coenzyme desaturase 1 expression between the PKCR™" and PKCB"®P~'~ mice on an HFD. (B) Immunoblotting of
pooled total cell extracts from livers of the mice using antibody to SREBP-1 and B-actin. Western blots are representative of two separate experiments. Percentage change shows
normalized band intensities of both bands of the PKCB"® '~ liver compared to controls. (C) PKCP activated the transcriptional activation potential of SREBP-1c independent of
ERK-1/2 and AKT. (D) Triglyceride-lipoprotein VLDL distribution in pooled plasma from the control and PKCB”""”’ mice fed an HFD for 12 weeks. Analysis of lipids in lipoprotein
fractions was performed after separating pooled plasma samples by fast-performance liquid chromatography with a Superose 6 10/300 GL high-performance column (GE
Healthcare Life Sciences). Fractions were assayed for total triglycerides. n = 6—8, *p < 0.05, and **p < 0.01.

reduction in the expression of precursor SREBP-1, but nuclear levels
of SREBP-1 were similar in the PKCB"®~/~ livers compared to the
control livers (Figure 6B). To determine whether PKCP deficiency
affected the activation of hepatic SREBP-1c, we used plasmids in
which the activation domain of SREBP-1¢ was fused to Gal4-DBD
and evaluated the activation of a Gal4-responsive reporter plasmid

by overexpressed PKCP in the absence or presence of the indicated
inhibitor. Interestingly, PKCP increased the activation of SREBP-1c
plasmid, and this activation was blocked by a specific inhibitor of
PKCP LY333,531, but not by MEK inhibitor PD98059 or AKT inhibitor
GSK690,693. These results support that PKCP activates SREBP-1¢
through its amino terminal (Figure 6C).
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To determine the potential effect of hepatocyte PKCP deficiency on
very low-density lipoprotein (VLDL) levels, we compared plasma levels
between genotypes. There was a significant reduction in plasma VLDL
levels in PKCBHep*/ ~ mice compared to the controls, suggesting that
an increase in its production and secretion did not contribute to
reduced hepatic steatosis in these mice (Figure 6D).

It is safe to conclude that the loss of hepatocyte PKCP increased
mitochondrial respiratory chain and lowered SREBP-1¢ transactivation,
which may have accounted for the reduced liver fat content in the
PKCB"®P~/~ mice compared to the control mice.

3.5. Hepatocyte-specific PKCP deficiency leads to elevated liver
cardiolipin and reduced acylcarnitine levels commonly associated
with fatty liver disease

Recent studies underscored the importance of membrane lipids in
mitochondrial function and the pathophysiology of hepatic steatosis
[44]. To identify lipids discriminating the pathophysiological status of
the liver in response to PKC deficiency, we performed shotgun lip-
idomics on the livers from the WT and PKCBHB"" ~ mice to compare
fatty acyls, TG, acylcarnitines, cardiolipin, lysocardiolipin, and various
phospholipids (phosphatidic acid, phosphatidylcholine, lysophosphati-
dylcholine, phosphatidylethanolamine, lysophosphatidylethanolamine,
phosphatidylglycerol, phosphatidylinositol, and phosphatidylserine).
Congruent with our biochemical study, shotgun lipidomics identified a
significant decrease in hepatic TG content in the PKCBHEP‘/‘ livers
compared to the control livers (Figure 7A). There were no specific
changes in TG molecular species composition of TG between the
PKCAM® '~ mice and their WT counterparts. The decrease was
significantly observed in TG molecular species (16:1), (16:0), (18:2),
and (18:1) in the PKCB"® '~ livers compared to the control livers
(Figure 7B). Similarly, livers from mice lacking PKCP exhibited a
reduction in levels of acylcamitine (4.22 + 1.37 PKCB™ vs
2.89 + 0.68 pmol/mg protein PKCR™® '~ n = 4, p = 0.18), which
did not reach statistical significance. There were no other significant
changes in liver sphingomyelin, phosphatidylethanolamine, lysophos-
phatidylethanolamine, phosphatidylcholine, lysophosphatidylcholine,
phosphatidylglycerol, and phosphatidylinositol levels in the hepatic fatty
acid fractions of the control and PKCBHE"*/ ~ mice (results not shown).
However, hepatocyte PKCP deficiency caused marked increases in
both cardiolipin and lysocardiolipin (Figure 8A). Importantly, cardiolipin
comprises 10—20% of the mass of total mitochondrial phospholipids,
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and recent studies correlated positively higher cardiolipin levels to
improved mitochondrial membrane potential and respiration [45,46].
The biological function of this essential mitochondrial lipid is deter-
mined by the composition of its 4 fatty acyl chains as they control
mitochondrial architecture and function [46]. We next compared car-
diolipin acyl composition in the same liver tissues. Ablation of hepa-
tocyte PKCP predominantly elevated most abundant cardiolipin
molecular species (18:2—18:2—18:2—18:2) and (18:2—18:2—18:2—
18:1), whereas lysocardiolipin molecular species (18:2—18:2—18:2—
18:1) specifically showed a significant increase (105.27 + 25.9
PKCR" vs 247 + 7.23 pmol/mg protein PKCR™ '~ n = 4,
*¥kp < 0.001) and not lysocardiolipin (41.20 + 12.69 PKCB"/"
52.03 & 1.91 pmol/mg protein PKCP™ /=, n = 4, p = 0.212)
(Figure 8B).

4. DISCUSSION

The liver plays a central role in lipid metabolism, and the imbalance
between lipid influx and lipid outflux can cause changes in hepatic
and serum lipid levels. In this study, we demonstrate that in vivo
deficiency of hepatocyte PKCP prevents the development of nonal-
coholic hepatic steatosis and may be sufficient to obtain therapeutic
effects in the context of diet-induced adiposity. This protection in
PKCRMeP~'~ mice might be attributed to the combination of at least
two mechanisms: reduced de novo lipogenesis and enhanced
mitochondrial function. Our results demonstrated that hepatocyte
PKCB downregulates the transactivation potential of transcription
factor SREBP-1c, resulting in reduced de novo lipogenesis and tri-
glyceride synthesis in PKCB”"”’*/ ~ mice. It is currently well accepted
that SREBP-1c¢ induced by insulin mediates the transcriptional effect
on enzymes involved in fatty acid synthesis and triglyceride syn-
thesis, including fatty acid synthase and stearoyl-coenzyme A
desaturase 1. Excessive accumulation of hepatic TG can occur as a
result of increased hepatic PKCP expression, leading to elevated fat
synthesis. Previous studies in humans and rodents also demon-
strated that liver TG accumulation is mainly linked to enhanced de
novo lipid synthesis via the lipogenic pathway in the liver [47].
Therefore, the beneficial effects of PKCP deficiency are at least
partially due to the suppression of hepatic de SREBP-1 function. In
the nucleus, transcriptional activities of nuclear forms of SREBPs are
regulated by recruiting transcriptional cofactors, such as CBP/p300
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Figure 7: Lipidomic analysis of livers in the PKCB"" and PKCB"®*~/~ mice on an HFD. Comparison of liver mass contents of TG (A) and individual molecular species of TG (B) in
the liver samples of the HFD-fed PKCB"®® '~ mice relative to the PKCB™" mice. Mass content of lipids was determined by multidimensional mass spectrometric array analyses by
comparing the peak intensity of each individual ion to that of the selected internal standards after correction for 'C isotopomer distribution differences as described in the Materials

and methods section. Data are mean + SE, n = 4, and **p < 0.001.
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Figure 8: Comparison of liver mass content of cardiolipin and lysocardiolipin the liver of the PKCB"’ﬂ and PKCBHelH ~ mice on an HFD. Comparison of contents of cardiolpin (A),
individual molecular species of cardiolipin (B), and total lysocardiolipin (€) in the liver samples of the PKCB"€P~/~ mice relative to the PKCB™" mice. Mass content of lipids was
determined by multidimensional mass spectrometric array analyses by comparing the peak intensity of each individual ion to that of the selected internal standards after correction
for '3C isotopomer distribution differences as described in the Materials and Methods section. Data are mean =+ SE, n = 4, and **p < 0.001.

and the mediator complexes [48,49]. PKCB may influence trans-
activation of SREBP-1c¢ possibly through direct phosphorylation of
SREBP-1c or phosphorylation of cofactors involved in SREBP-1c
transactivation. Of note, phosphorylation of p300 at serine 89 by
PKC is shown to repress its function as a transcriptional coactivator
[50].

We also found that hepatocyte PKCP is a negative regulator of the
mitochondrial respiratory chain because hepatocyte-specific PKC]
deficiency promoted oxidative phosphorylation by improving the effi-
ciency of mitochondrial respiratory chain. Our study suggests that an
important factor in hepatocyte-specific PKCP deficiency increases the
activity of the oxidative phosphorylation chain and its uncoupling to
dissipate excess incoming metabolic energy and reduce lipid accu-
mulation. As a result, diet-induced hepatic PKCP activation can
severely impair mitochondrial oxidative phosphorylation, leading to
steatosis. This is defined as the OxPhos funnel effect in which efficient
transport chains and ATP synthase complexes consume increased
amounts of NADH and FADH,, which drive the oxidation of fatty acids
and shift the balance away from lipogenesis and release of lipids into
the circulation from the liver. Consequently, increased mitochondrial
function rates can result in a reduction of serum and hepatic TG and
cholesterol levels. PKCB may influence oxidative phosphorylation
complex activity, stability, or assembly possibly through direct phos-
phorylation of one or more subunits of these complexes or through
downstream kinases or phosphatases. The effect may also be indirect
through other proteins associated with oxidative phosphorylation.
Direct phosphorylation of complex | by PKCP has not been shown.
However, increases in serine and tyrosine phosphorylation of the
18 kDa subunit of complex | and increased threonine phosphorylation
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of cytochrome oxidase following activation of another PKC isoform,
PKCe, have been reported in hippocampal synaptosomes [51]. Alter-
natively, two lipids that have been closely linked with mitochondrial
function are altered and may promote mitochondrial respiratory chains
in PKCB"€P~/~ livers. Our lipidomic study showed that the loss of PKCP
specifically in hepatocytes resulted in an increase in cardiolipin and
was accompanied by a reduction in acylcarnitine levels. Interestingly,
cardiolipin is a complex mitochondrial-specific phospholipid that reg-
ulates numerous enzyme activities, especially those related to oxida-
tive phosphorylation and coupled reactions [44]. The significance of
cardiolipin in the organization of components of the electron transport
chain into higher order assemblies, called respiratory super-
complexes, is well established [44]. Depletion of cardiolipin results
in severe mitochondrial dysfunction and is implicated in mitochondrial
dysfunction in fatty liver disease [52]. Cardiolipin is also shown to
restrict pumped protons within its head group domain, providing a
structural basis for mitochondrial membrane potential and supplying
protons to the ATP synthase. Notably, we previously reported that
inhibition of PKCP increases mitochondrial membrane potential in cell
culture models [16]. Furthermore, the total acylcarnitine content was
significantly reduced in PKCBHep"‘ livers, reflecting an imbalance
between CPTI-mediated acylcarnitine production and their disposal via
B oxidation. Aberrant acylcarnitine levels have been linked with obesity
and steatohepatitis; accumulation of acylcarnitine is a sign of mito-
chondrial stress, mitochondrial dysfunction, and impaired fatty acid
oxidation [51]. We propose that increased levels of cardiolipin in
PKCBHep" ~ livers may help preserve efficient mitochondrial function
despite HFD intake, which may cause simultaneous reductions in
levels of acylcarnitines. Consistent with this mechanism, mitochondrial
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oxidative phosphorylation activities decrease in patients with fatty liver
disease, and livers from these patients exhibit reduced cardiolipin and
elevated hepatic acylcarnitine levels [53—56]. There are two possible
mechanisms for PKCPB to regulate cellular cardiolipin levels. One
possibility is that PKC3 promotes cardiolipin catabolism by activating
phospholipase D activity because the PKCP isoform is reported to
activate this enzyme [57—59]. Alternatively, PKC[ negatively regulates
cardiolipin synthase as phosphatidylglycerol required for cardiolipin
synthesis is a potent and selective activator of PKCP [60,61], thereby
controlling the feed-forward loop. Induction of autophagy by PKCP
deficiency may serve as a homeostatic mechanism to protect the liver
from diet-induced mitochondrial damages [16]. Disruption of macro-
autophagy and mitophagy is thought to contribute to hepatic steatosis
by increasing the accumulation of dysfunctional organelles [62]. In
conclusion, our study provides putative links between hepatic PKCp,
the mitochondrial respiratory chain, and the progression of hepatic
steatosis. Measurement of hepatocellular lipid metabolism (i.e., rates
of synthesis and oxidation of endogenous/exogenous lipids) would
provide better insight into the relative contribution of each mechanism
to differences shown in Figure 3 between the control and PKCBH""‘/ B
mice.

Of note, the PKCBHBP‘/‘ mice developed insulin resistance but were
protected against diet-induced hepatic steatosis, supporting the
notion that hepatic steatosis can be disconnected from insulin
resistance. This was also observed in many other mouse models
[63]. PKCP has been reported to phosphorylate several components
of the insulin-signaling cascade with divergent effects. In contrast to
a signal promoting AKT-Ser*’s phosphorylation observed in a cell
type- and stimulus-specific manner in a prior study [64], the insulin
receptor itself as well as IRS-1 may be a site of negative regulation
by PKCP [25—27]. IRS1 phosphorylation at serine sites 636 and 639
has been shown to confer inhibition of insulin signaling [65,66].
PKCB can thus promote and at the same time inhibit the conduc-
tance of metabolic insulin signaling. These studies were based on in
vitro phosphorylation or overexpression of PKCP and potential
substrates in different cultured cells and therefore may require
careful in vivo investigation. We therefore compared hepatic insulin
signaling and whole-body insulin sensitivity using newly generated
mouse models. Our results, in combination with previous in vitro
studies [25,26], provide the first in vivo evidence that both IRS-1 and
AKT are indeed physiological substrates of PKC( in the liver, and
PKCB is not an absolute requirement for AKT-Ser*”® phosphoryla-
tion, but is required for its maximal activation by insulin in the liver.
Our results also suggested that PKCP exerts effect on AKT-Ser?”®
phosphorylation independent of mTORC2, in agreement with a
previous study showing that inhibiting PKCP had no effect on
mTORC2 activity [67]. We were unable to detect any significant
changes in insulin-stimulated glucose disposal between the control
and PKCB"®*~/~ mice, suggesting that the loss of PKCP phos-
phorylation of IRS1-Ser’'® or -Ser8'2 coupled with a subtle
reduction in AKT-Ser*’® phosphorylation, may not have significant
functional consequences on insulin-induced glucose homeostasis.
Lack of any role of AKT-Ser*”® phosphorylation on its activity was
also reported by others [68]. Thus, our results do not support a
critical role of hepatic PKCP in hepatic insulin signaling and glucose
homeostasis.

In summary, we generated a liver-specific knockout PKC3 gene mouse
model that will be valuable for further understanding diet-induced energy
homeostasis. Of note, although albumin promoter driving Cre mice is
generally used for hepatocyte-specific deletion, hepatic stem cells have
recently been reported to possess some Cre-recombinase activity [40],

so this cell type must be considered in the phenotype observed. In view of
the relatively low PKCP expression in this cell type and lack of any
significant recombination observed in our study, it is likely that hepato-
cytes are the main cell type contributing to the PKCBH""*/ ~ phenotype.
Another consideration is that albumin is expressed quite early in liver
development and thus mice would grow with silenced liver PKC[, which
may have some carry over effects into adulthood. Nonetheless, this newly
generated PKC3 mouse model should be useful for understanding in vivo
roles of this gene in the pathophysiology of liver diseases. Nonalcoholic
fatty liver disease represents a major challenge, given its high levels of
incidence worldwide [1]. Despite its increasing prevalence and burden to
healthcare systems, there are currently no FDA-approved NAFLD ther-
apeutics. Our results suggest that PKCP plays a key role in increasing
susceptibility to developing hepatic steatosis. Alterations in hepatocyte
PKCP can contribute to the pathophysiology of hepatic steatosis, and
targeting its inactivation might be a promising therapeutic strategy for
treating fatty liver disease and its related metabolic disorders.
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