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Hepatic steatosis can progress to the clinical condition of
non-alcoholic steatohepatitis (NASH), which is a precursor of
more serious liver diseases. The novel PKC isoforms 6 and €
are activated by lipid metabolites and have been implicated in
lipid-induced hepatic disease. Using a methionine- and cho-
line-deficient (MCD) dietary model of NASH, we addressed
the question of whether hepatic PKCé and PKCe are activated.
With progression from steatosis to steatohepatitis, there was
activation and increased PKCa protein content coincident
with hepatic endoplasmic reticulum (ER) stress parameters. To
examine whether similar changes could be induced in vitro,
MCcA-RH 7777 (McA) hepatoma cells were used. We observed
that McA cells stored triglyceride and released alanine amin-
otransferase (ALT) when treated with MCD medium in the
presence of fatty acids. Further, MCD medium with palmitic
acid, but not oleic or linoleic acids, maximally activated PKC&
and stimulated ER stress. In PKC6 knockdown McA cells,
MCD/fatty acid medium-induced ALT release and ER stress
induction were completely blocked, but triglyceride storage
was not. In addition, a reduction in the uptake of propidium
iodide and the number of apoptotic nuclei and a significant
increase in cell viability and DNA content were observed in
PKCo knockdown McA cells incubated in MCD medium with
palmitic acid. Our studies show that PKCé activation and pro-
tein levels are elevated in an animal model of steatohepatitis,
which was recapitulated in a cell model, supporting the con-
clusion that PKCé plays a role in ALT release, the ER stress
signal, and cell death.

The classical (o, B, and y), and novel (§, €, and 6) protein
kinase C (PKC) isoforms constitute a set of intracellular sig-
naling molecules that are activated by lipids (1). In fact, the
novel PKC isoforms have the highest affinity of all of the PKC
isoforms to bind diacylglycerol, a free fatty acid metabolite
(2). In agreement with this determination, lipid infusion has
been shown to induce muscle and hepatic novel PKC isoform
(PKC#, PKCg, and PKC9) activation but not that of classical
or atypical PKC isoforms (3—6). Activation and/or increased

expression of novel PKC isoforms have been suggested to play
arole in the development of fat-induced pathological condi-
tions. This idea has gained support from studies showing that
reduced expression of PKCe in the liver and white adipose
tissue prevented fat-induced hepatic steatosis (7). Further-
more, high fat diet-induced hyperlipidemia and up-regulation
of hepatic genes controlling lipogenesis were found to be re-
duced in PKC8 null mice (9). These studies and others suggest
that novel PKC isoforms play a role in lipotoxicity, with PKC6
being critical in muscle and PKCe and PKC§ in liver.

Non-alcoholic fatty liver disease, which is often associated
with obesity, is believed to be initiated by the accumulation of
lipids in the liver (steatosis), which is considered a benign
condition (10, 11). However, hepatic steatosis can progress to
the clinical condition of non-alcoholic steatohepatitis
(NASH)? which is a precursor for more serious liver diseases,
such as cirrhosis and hepatocellular carcinoma (10). Although
the precise mechanism by which steatosis progresses to
NASH is unknown, a “two-hit” hypothesis has been proposed
to explain progression (12). Steatosis constitutes the “first
hit.” Proinflammatory cytokines (e.g. TNFe), oxidative stress,
and lipid peroxidation constitute the “second hit” leading to
NASH (10, 11). A widely used nutritional model of NASH
with histological features that most closely resemble those
seen in humans is the methionine and choline-deficient
(MCD) dietary rodent model (13). Mice or rats fed the MCD
diet develop hepatic steatosis, ER stress, induction of the un-
folded protein response, focal inflammation, hepatocyte ne-
crosis, and fibrosis (13—15). To determine whether novel PKC
isoform activation occurs during the progression from steato-
sis to NASH, we investigated the temporal relationship of the
development of NASH with PKC isoform activation in MCD
diet-fed mice. The direct role of one PKC isoform, PKCS$, in
the development of free fatty acid- and MCD medium-in-
duced hepatocyte dysfunction and cell death was investigated
further in McA-RH7777 (McA) cells. Our results indicate that
PKC&é activation plays a role in progression of steatosis to
NASH.
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MATERIALS AND METHODS

Animals—Male C57BL/6] mice were housed 4 per cage in
Thoren units in the Bassett Research Institute, an AAALAC-
accredited animal facility, in light/dark (12 h light/12 h dark),
temperature-controlled (22 °C), and humidity-controlled
rooms. Mice were provided with standard laboratory chow
and water ad libitum in accordance with an institutional ani-
mal care and use committee-approved protocol. No proce-
dures were undertaken that caused more than minimal pain,
distress, or discomfort. Mice were placed on a control (MP
Biomedical, catalog no. 960441) or MCD (MP Biomedical,
catalog no. 960439) diet for 1—4 weeks. Mice were sacrificed
by inhalation of CO,. Blood samples were immediately drawn
from the caudal vena cava. After clotting at room tempera-
ture, the sample was centrifuged at 12,000 X g for 15 min at
4. °C. The serum was removed and stored frozen at —80 °C
until tested. Liver tissue was excised, weighed, and flash fro-
zen in liquid nitrogen or fixed in 10% buffered formalin prior
to paraffin embedding.

Histological Analysis of Liver Tissue—Paraffin-embedded
sections were stained with hematoxylin and eosin and Mas-
son’s trichrome, examined in a blinded fashion by a board
certified pathologist, and then graded for steatosis by deter-
mining the overall percentage of liver parenchyma containing
lipid vacuoles, with 0 = none, 1 = mild (<30%), 2 = moder-
ate (30— 60%), and 3 = marked (>60%). Inflammation was
graded by the presence or absence of inflammatory cells, with
0 = absent, 1 = minimal or focal occasional single clusters of
inflammatory cells present in a few microscopic fields, 2 =
mild inflammation, 3 = moderate inflammation, and 4 =
marked inflammation. The pattern of fibrosis was graded with
0 = none, 1 = portal fibrosis, 2 = periportal fibrosis or rare
septa, 3 = septal fibrosis and architectural distortion but not
true cirrhosis, and 4 = cirrhosis, widespread fibrosis, and hep-
atocyte nodule formation.

Thiobarbituric Acid-reactive Substances (TBARS)—Liver
samples were flash frozen and ground in liquid nitrogen.
Ground tissue (50 —-100 mg) was homogenized on ice in buffer
containing 0.5 mm BHT, 20 mm Tris, pH 7.4. The homoge-
nate was tested for TBARS (ZeptoMetrix, Buffalo, NY) follow-
ing the manufacturer’s instructions. Protein content was de-
termined by the Coomassie Plus protein assay (Thermo
Scientific/Pierce). TBARS units (nmol/ml) were normalized
to protein concentration.

Antibodies—Polyclonal antibodies to phospho-PKCé
(Thr®°®), phospho-PKCS (Ser®*?), phospho-PERK (Thr?®°),
JNK1/2, and monoclonal antibodies to phospho-elF2«
(Ser®"), phospho-JNK (Thr'®?/Tyr'®?), and IRE1« were from
Cell Signaling Technology (Danvers, MA). Polyclonal anti-
bodies to PKCé (C-17), PKCe (C-15), PKCa (C-20), and
GADD153 (B-3) (CHOP) and monoclonal antibodies to
GAPDH (6C5) were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). A polyclonal antibody to calnexin was from
Calbiochem/EMD Biosciences (La Jolla, CA). Monoclonal
antibodies to a-tubulin and BiP/GRP78 were from Sigma-
Aldrich and BD Biosciences, respectively. Goat anti-mouse
and anti-rabbit peroxidase-conjugated antibodies were from
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Sigma-Aldrich. Goat anti-rabbit and anti-mouse Alexa Fluor
635-conjugated secondary antibodies were from Molecular
Probes/Invitrogen.

Reagents—DMEM and DMEM-deficient in MCD media
were from Invitrogen. Plasmid purification kits were from
Qiagen (Valencia, CA). Chemiluminescence detection reagent
(ECL Plus) was from GE Healthcare. Palmitic acid, fatty acid-
free BSA, and other chemicals were from Sigma-Aldrich. Lin-
oleic and oleic acid were from Cayman (Ann Arbor, MI). The
BCA protein assay kit was from Pierce. The lentiviral packag-
ing plasmids, pRRE, pRev, and pMD2G were provided by Di-
dier Trono (Geneva, Switzerland). The lentiviral shRNA plas-
mid pLKO.1 was provided by Robert Weinberg (Cambridge,
MA). Protease inhibitor mixture Set I (100X) and trimethyl-
amine N-oxide (TMAOQO) were from Calbiochem/EMD Bio-
sciences (La Jolla, CA).

Alanine Aminotransferase Assay—The Alanine Amin-
otransferase-SL Assay (Genzyme Diagnostics) was performed
in 96-well plates. The change in absorbance at 340 nm at
37 °C was monitored over 12 min using a Molecular Devices
Spectramax spectrophotometer and SOFTmax PRO software.
ALT was calculated as units/liter using the manufacturer’s
formula and molar extinction coefficient of NADH. ALT re-
leased into the medium by cultured cells was determined us-
ing concentrated conditioned medium. Millipore Amicon
centrifugal filters were used to concentrate the conditioned
medium 10-fold. Protein content in the cultured cells was
determined by the BCA assay. ALT (units/liter) was normal-
ized to protein concentration.

Cell Culture and Treatments—MCcA rat hepatoma cells
were maintained in DMEM containing 10% fetal bovine se-
rum, 10% bovine growth serum, 100 units/ml penicillin, and
100 wg/ml streptomycin (DMEM growth medium) at 37 °C
and 5% CO,. Twenty-four hours after plating, the cells were
treated with BSA complexes of 0.4 mm of palmitic, oleic, or
linoleic acid or BSA, as indicated. Fatty acids were complexed
with fatty acid-free BSA by a method modified from that de-
scribed by Svedberg et al. (16). Briefly, fatty acids in ethanol
were added to 0.1 N NaOH to yield 40 mm stocks that were
then added to 8% (w/v) BSA in DMEM (control) or MCD cul-
ture medium, preheated to 50 °C, to yield BSA conjugated 4
mM fatty acid stocks. The fatty acid-BSA stocks were diluted
into DMEM (control) or MCD culture medium to obtain a
final concentration of 0.4 mM fatty acid and 0.8% BSA. The
pH of all media was adjusted to 7.4, and then they were filter-
sterilized prior to use in experiments.

Short term (1-24 h) incubation in MCD medium, which is
deficient in choline (an essential nutrient) and methonine (a
methyl donor and an essential amino acid), was used in the
present studies. It has been shown in long term (24-72 h)
culture with medium deficient in choline or methonine that
protein and phospholipid synthesis are reduced (17, 18). Long
term culture with medium deficient in choline or methonine
also results in programmed cell death (17, 18), suggesting that
depletion of intracellular pools of methyl group donors and
choline moieties is detrimental for long term cell survival.

Lentiviral Infection of McA Cells—PKC8 and luciferase
shRNAs and lentiviral production were as previously de-
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TABLE 1
Body and liver weights and serum metabolic parameters
Values represent the means *+ S.E. for n = 4-5. Con, control diet.

Week 1 Week 2 Week 3 Week 4
Con MCD Con MCD Con MCD Con MCD
Body weight (g) 272+ 1.2 21.0 = 1.0* 29.8 1.0 18.6 = 0.6° 31.0 = 0.9 17.3 = 0.6” 31.3*+0.7 16.7 = 0.4°
Liver weight (g) 1.60 = 0.06 1.22 = 0.09* 1.58 = 0.06 1.09 = 0.04“ 1.71 = 0.06 1.02 = 0.07* 1.66 = 0.05 0.96 = 0.06*
Glucose (mg/dl) 158 + 18 88 + 15¢ 171 = 38 59 + 11“ 158 = 10 55+ 4¢ 155 * 35 60 = 7¢
Triglyceride (mg/dl) 115+ 13 60 *= 13¢ 115 £ 12 65 = 12¢ 91 =25 68 = 174 145 * 30 63 = 10°
ALT (units/liter) 24 =2 232 *+ 48“ 14 +3 275 *+ 54* 20+ 6 301 *= 40* 12+2 216 *+ 38“

“p < 0.05 versus control diet.

scribed (19, 20). In brief, cells were cultured overnight in
DMEM growth medium and then washed and infected with
~100 ng/ml lentivirus in the presence of 5 ug/ml Polybrene
for 6 h. Following 16 h in DMEM growth medium, the cells
were infected a second time, as described above. Resistant
cells were selected using medium containing 20 ug/ml puro-
mycin dihydrochloride.

Subcellular Fractionation—Cells or liver tissue were ho-
mogenized by passage through a 25-gauge needle seven or
eight times on ice in buffer containing 10 mm Tris, pH 7.4, 20
mM sucrose, 0.1 mm Na;VO,, 100 nm okadaic acid, and 1X
protease inhibitor mixture. Homogenates were centrifuged at
100,000 X g for 30 min at 4 °C. The supernatant was removed
and designated as the cytosolic fraction. The pellet was resus-
pended in buffer containing 10 mm Tris, pH 7.4, 2 mMm NaCl,
1% Triton X-100, 0.1 mm Na;VO,, 100 nm okadaic acid, and
1X protease inhibitor mixture Set I, incubated on ice for 30
min, and then centrifuged at 100,000 X g for 30 min at 4 °C.
The resultant supernatant was transferred to a fresh tube and
designated as the membrane fraction.

Western Blot Analysis—Cells or liver tissue were lysed with
50 mm Hepes, pH 7.5, 150 mm NaCl, 1% Nonidet P-40, 0.1%
SDS, 0.1% sodium deoxycholate, 1 mm NA;VO,, 100 nm oka-
daic acid, and 1X protease inhibitor mixture Set I. Cellular
debris was removed by centrifugation at 15,000 rpm for 15
min at 4 °C. Protein content of the clarified lysate was deter-
mined by a BCA assay. Isolated proteins were denatured in
SDS gel buffer, separated by SDS-PAGE, and immunoblotted.
Goat anti-rabbit and anti-mouse Alexa Fluor 635 or HRP-
conjugated secondary antibodies were used to detect antibody
binding.

Cell Death Analysis—For cell death analysis, McA cells
were seeded into 96-well plates at a density of 2 X 10* cells/
well and treated without or with MCD medium containing
either BSA or 0.4 mMm palmitic acid for 24 h. The CellTiter
96® AQ, oous One solution cell proliferation assay kit (Pro-
mega Corp., Madison, WI) and the CyQUANT® cell prolifer-
ation assay kit (Molecular Probes, Eugene, OR) were used ac-
cording to the manufacturer’s instructions. Three
independent experiments were performed with each sample
in triplicate. To examine nuclear morphology, cells were
grown on glass coverslips and then treated without or with
MCD medium containing either BSA or palmitic acid for
24 h. The glass coverslips were gently washed twice with PBS,
fixed in a 3.0% formaldehyde solution for 20 min, washed
again twice with PBS, and then stained with 50 um DAPI for 5
min. Coverslips were placed on glass slides with ProLong
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Gold antifade reagent (Molecular Probes, Inc., Eugene, OR).
Results were determined by visual observation of nuclear
morphology through fluorescence microscopy. Four separate
fields on each slide were analyzed, with a total of at least 250
nuclei being counted. To examine plasma membrane integ-
rity, a quantitative vital dye exclusion assay was performing
using propidium iodide (PI). Briefly, McA cells were seeded
into 12-well dishes at a density of 2.5 X 10° cells/dish, allowed
to adhere for 16 h, and then treated with MCD medium con-
taining either BSA or 0.4 mm palmitic acid for 24 h. During
the final 1 h of treatment, PI (10 pg/ml) and Hoechst 33258
(10 wg/ml) were added to the dishes. Cells were washed with
PBS, trypsinized, resuspended in PBS, and spun at 500 X g for
10 min. The pellet was resuspended in PBS, spun at 500 X g
for 10 min, washed in PBS, spun at 1000 X g for 5 min, and
resuspended in PBS. One-tenth of the sample was added to
the well of a black 96-well optical plate. The plates were read
on a Molecular Devices fmax fluorescent plate reader set to
355 nm excitation/460 nm emission for Hoechst 33258 fluo-
rescence and 544 nm excitation/590 nm emission for PI fluo-
rescence. Values were reported as total PI fluorescence units
normalized to total DNA (Hoechst fluorescence).

ShRNA Rescue—To establish that a phenotypic change ob-
served in the PKC8 knockdown cells was due to a reduction in
PKC5 protein levels, sShRNA rescue was performed (21). The
mouse PKC8 cDNA was used as a template for multisite-di-
rected mutagenesis using the Stratagene site-directed mu-
tagenesis kit. A primer (5'-CGACATGCCTCATCGGTTTA-
AAGTGTACAACTACATGAGCCCC-3') was designed to
introduce six silent nucleotide substitutions within the PKC&
shRNA hybridizing sequence (supplemental Fig. 5).

Statistical Analysis—Chemiluminescent and fluorescent
signals were directly quantitated using a Storm 860 imager
and ImageQuant version 5.1 software. The absolute integra-
tion value of the immunoreactive bands minus background
was determined. Statistical significance was determined by
Student’s £ test (o = 0.05) or a one-way repeated measures
analysis of variance (o = 0.05), using the XLSTAT 2009 pro-
gram (Addinsoft, New York, NY). Pairwise comparisons were
made using Tukey’s test (« = 0.05).

RESULTS

Time Course of Steatohepatitis in Mice—Mean body and
liver weights and serum triglyceride (TG) of mice fed a MCD
diet over a 4-week time course were significantly less than in
mice fed a control diet over the same time course (Table 1),
consistent with previous reports in rodents (13). Serum ALT
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FIGURE 1. MCD diet-induced steatohepatitis. Male C57BL/6 mice were placed on control (n = 4-5) or MCD diets (n = 4-5) for 4 weeks. Paraffin-embed-
ded sections were stained with hematoxylin and eosin and Masson’s trichrome, examined in a blinded fashion by a board-certified pathologist, and graded
for steatosis, inflammation, and fibrosis as described under “Materials and Methods.” A, quantitation of steatosis, inflammation, and fibrosis is shown as
means = S.E. (error bars). The score for steatosis was zero in the control group (Con). Quantitation of hepatic triglyceride content (B) and oxidative stress (C)
(TBARS) is shown as the means = S.E. Data were analyzed by analysis of variance, and pairwise comparisons were made using Tukey's test. Different letters

indicate significantly different values at p < 0.05.

levels were significantly elevated over the 4-week time course
in mice fed the MCD diet with maximal serum ALT levels
detected at 3 weeks (Table 1). A significant decrease in blood
glucose levels was detected in mice fed the MCD diet (Table
1), which is consistent with an increase in insulin sensitivity
that has been observed in mice fed a MCD diet (22). Low cir-
culating lipid and glucose levels in MCD mice would predict
that mice fed the MCD diet would consume more food; how-
ever, MCD mice do not consume more food than mice fed a
control diet (23).

Histological examination of livers from mice fed a MCD
diet showed marked steatosis over the 4-week time course
(Fig. 14 and supplemental Fig. 1). Consistent with this obser-
vation, liver TG levels were significantly elevated in MCD
diet-fed mice (Fig. 1B). Minimal inflammation and fibrosis
were observed by histological examination during the first
week, whereas mild to moderate inflammation and portal to
periportal fibrosis were observed in the livers from mice fed a
MCD diet thereafter (Fig. 14 and supplemental Fig. 1). In
MCD-fed mice, liver oxidative stress, as measured by detect-
ing TBARS, was not detected until after the mice had been on
the experimental diet for 2 weeks (Fig. 1C).

PKC Isoform Activation—Membrane translocation is essen-
tial for PKC isoform activation (2, 24 -27). PKC isoform acti-
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vation can be assessed by determining the change in mem-
brane and cytosol PKC protein content, an increase in PKC in
the membrane and a reduction in PKC in the cytosol being
indicative of activation. Liver-specific PKC isoform (e and &)
activation was investigated in mice fed an MCD diet over the
4-week time course by determining membrane and cytosolic
PKC protein content by immunoblotting. A classical PKC
isoform (PKCa) was also assessed to evaluate specificity.
There was a slight increase in membrane PKCa and PKCe
protein (24 * 4 and 43 * 1%, respectively) detected in liver
homogenates from mice fed an MCD diet for 1 week, suggest-
ing that there was weak activation (Fig. 2, A and B, and Table
2). In contrast, there was a 436 *= 30% increase in membrane
PKCé under the same conditions. These results suggest that
PKC3 is strongly activated by the MCD diet. There was a con-
comitant reduction in cytosolic PKCa and PKCe protein
(—58 = 14 and —48 = 4%, respectively), whereas there was a
surprising 162 + 9% increase in cytosolic PKC8 protein.
These results suggest that PKC8 protein levels are up-regu-
lated in livers of mice fed the MCD diet for 1 week prior to
the development of significant inflammation, oxidative stress
parameters, and fibrosis. To verify the activation state of he-
patic membrane PKC8, we determined phosphorylation of
PKCS at Thr*®® and Ser®*', two phosphorylation sites neces-
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ern blotting. A, representative blots and images of the Colloidal Blue-stained gels are shown. B, quantitation of the immunoreactive bands minus back-

ground is shown as means * S.E. (error bars) (*, p < 0.05; **, p < 0.01 versus control diet (Con)). C, PKCS phosphorylation using antibodies to Thr**® and

Ser®*3, D, total cell lysate (25 ug of protein) from liver tissue was analyzed by immunoblotting for PKCS§ and GAPDH expression.

TABLE 2

Percentage increase in MCD diet-induced hepatic PKC isoform protein levels

Total cell lysate Membrane Cytosolic

Isoform Week Increase p value Increase p value Increase p value
PKCa 1 24 *+ 4 0.423 —58 = 14 0.002
PKCe 1 43 *1 0.230 —48 = 4 0.011
PKC8 1 264+ 7 >0.001 436 = 30 0.049 162 £9 0.001
PKCa 2 33*+3 0.394 —33*3 0.295
PKCe 2 51*+1 0.322 —49 £ 2 0.012
PKCé 2 145 *= 20 0.029 291 3 0.001 21*+3 0.301
PKCa 3 -9+%3 0.768 —4*8 0.904
PKCe 3 —-15*2 0.601 —62=*5 0.008
PKCé 3 170 £ 6 0.001 272 * 10 0.002 125 =13 0.025
PKCa 4 26 =2 0.196 29*+1 0.178
PKCe 4 —24*2 0.104 6*+2 0.823
PKCé 4 156 = 12 0.004 512 = 22 0.009 98 = 10 0.006

sary for full activation (28). As shown in Fig. 2C, the MCD
diet did indeed induce phosphorylation of PKC8 at Thr>°®
and Ser®*. To verify that PKCS$ protein levels were up-regu-
lated, total cell lysates were analyzed for PKC8 protein con-
tent. An increase of 264 = 7% in hepatic PKC3 protein was
observed in mice fed the MCD diet for 1 week (Fig. 2D).
Analysis of PKC8 protein content in the cytosolic and
membrane fractions from mice fed the MCD diet for 2, 3, and
4 weeks revealed that PKC8 cytosolic protein content was
significantly elevated (125 = 13 and 98 = 10%) by 3 and 4
weeks, respectively. A large increase in PKC8 membrane pro-
tein content (291 * 3,272 * 10, and 512 * 22%) was ob-
served at 2, 3, and 4 weeks, respectively (Table 2 and supple-
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mental Fig. 2, A-C). Elevated membrane phosphorylation of
PKCS at Thr*® and Ser®** (supplemental Fig. 3) was observed,
and elevated PKC$ protein content in total cell lysates was ob-
served over this same time course (supplemental Fig. 4).

In mice fed the MCD diet for 2, 3, or 4 weeks, cytosolic
PKCe protein was significantly reduced only after 2 and 3
weeks of feeding (—49 = 2 and —62 * 5%, respectively) (Ta-
ble 2 and supplemental Fig. 2, A and B). In contrast, no signif-
icant differences were observed in cytosolic PKCa protein in
mice fed the MCD diet for 2, 3, and 4 weeks. Further, no sig-
nificant differences were observed in PKCa and PKCe protein
content in the membrane fraction (Table 2 and supplemental
Fig. 2, A-C).
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FIGURE 3. MCD diet-induced hepatic ER stress activation. Liver tissue
from three mice on control or MCD diets for 1-4 weeks was lysed in deter-
gent-containing buffer. The following antibodies were used for immuno-
blotting: phospho-JNK, phospho-PERK, phospho-elF2¢, calnexin, CHOP,
BiP/GRP78, IRE1¢e, and GAPDH. Shown are representative blots.

Hepatic ER Stress Activation—ER stress activation has been
shown to be associated with high fat diets, lipid infusions, and
MCD diet-induced steatosis (29 —33). To gain insight into the
time course of MCD diet-induced ER stress activation, ER
stress markers were measured in mice fed an MCD diet over a
4-week time course. GAPDH protein expression remained
constant throughout the 4 weeks of MCD feeding and was
used as a loading control. As shown in Fig. 3, after 1 week on
the MCD diet, PERK, elF2¢, and JNK phosphorylation were
increased. Consistent with this result, CHOP, IREl«, and BiP/
GRP78 protein levels were also elevated. In contrast, calnexin
was unaltered. IRE1a and BiP/GRP78 expression and PERK,
elF2q, and JNK phosphorylation remained elevated, whereas
calnexin protein levels were increased in livers derived from mice
fed the MCD diet for 2 and 3 weeks. CHOP induction was de-
tected in week 3. Calnexin and IRE1« protein levels and PERK
and elF2«a phosphorylation remained elevated at week 4,
whereas CHOP and BiP/GRP78 protein levels were unaltered,
and no change in JNK phosphorylation was detected.

TG Accumulation and ALT Induction in McA Cells—McA
cells have been used as a model of steatosis (29, 34), and it has
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FIGURE 4. Triglyceride accumulation and ALT release in McA cells. McA
cells were treated with control or MCD medium with palmitic (PA), oleic
(OA), or linoleic (LA) acid or BSA (Con) for 16 h. Cells were homogenized and
extracted to determine TG levels (A), or conditioned medium was concen-
trated to determine ALT levels (B). Quantitation of TG and ALT levels is
shown as the means =+ S.E. (error bars) (**, p < 0.01 versus non-treated
control).

been demonstrated that short term culture of hepatic derived
cells in MCD medium with serum results in steatosis and re-
lease of ALT (35, 36). McA cells were incubated for 16 h in
serum-free BSA-containing medium (control) or MCD me-
dium without or with palmitic, oleic, or linoleic acid com-
plexed to BSA. There was a 6-, 10-, and 14-fold increase in
cellular TG accumulation in cells incubated with palmitic,
oleic, and linoleic acids, respectively, in MCD medium com-
pared with control medium (Fig. 4A4), indicating that free fatty
acid treatment is necessary to induce lipid accumulation in
MCcA cells cultured in serum-free medium. The MCD me-
dium also resulted in a 3-fold increase in ALT release,
whereas incubations in MCD medium containing palmitic
acid demonstrated a 7-fold increase in ALT release (Fig. 4B).
These results indicate that palmitic acid strongly enhances
MCD medium-mediated McA cell dysfunction.

PKC8 Activation in McA Cells—We next determined the
protein content and phosphorylation state of PKC8 in mem-
brane and cytosolic fractions from McA cells treated with
MCD medium without or with fatty acids incubated for 1, 8,
and 16 h. There was an increase in PKC8 membrane protein
content (Fig. 5, A and B) concomitant with a reduction in
PKC3 cytosolic protein content (Fig. 5, A and B) in cells
treated at all three time points in MCD medium with fatty
acids. Maximal PKCé& phosphorylation (>2-fold increase
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FIGURE 5. Time course of PKC5 activation in McA cells. McA cells were treated as described in Fig. 4 for 1 h, 8 h, or 16 h. Fatty acid treatments were pal-
mitic (P), oleic (0), or linoleic (L) acids. Cells were homogenized and fractionated to generate membrane and cytosolic fractions. PKC8, phospho-PKC5
(pSer643), calnexin, and GAPDH were assessed by immunoblotting. A, shown are representative blots from at least three independent experiments.

B, quantitation of the immunoreactive bands minus background for PKC8 and phospho-PKC8 membrane content, and PKCS cytosolic content are shown as
the means =* S.E. (¥, p < 0.05; and **, p < 0.01 versus non-treated control).
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compared with control non-treated cells) was observed in the
membranes from cells treated for 8 and 16 h in MCD medium
with added palmitic acid. Significant increases in PKC8 phos-
phorylation were also observed in cells treated for 8 and 16 h
in MCD medium with added oleic and linoleic acids (Fig. 5B).
To assess whether palmitic acid activates PKC3 in the ab-
sence of MCD medium and to confirm the effect of palmitic
acid on PKC3 activation in the presence of MCD medium, we
determined the phosphorylation state and protein content of
PKCé in membrane and cytosolic fractions from McA cells
treated with control or MCD medium without or with pal-
mitic acid incubated for 8 h. MCD medium enhanced pal-
mitic acid-stimulated membrane PKCé& phosphorylation
(2.8 = 0.5-fold increase versus a 1.9 = 0.2-fold increase com-
pared with control non-treated cells) and to a lesser degree
PKC8 membrane content (Fig. 6). Surprisingly, MCD medium
stimulated cytosolic PKC8 phosphorylation (>2.8-fold in-
crease compared with control non-treated cells). Taken to-
gether, the results presented in Figs. 5 and 6 indicate that
MCD medium with added fatty acids, and in particular pal-
mitic acid, activates PKC8 in vitro, which is consistent with
our observation that an MCD diet activates hepatic PKC3
in vivo.
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ER Stress Activation in McA Cells—ER stress activation was
determined in cells incubated for 1, 8, and 16 h in control me-
dium or MCD medium without or with added fatty acids (Fig.
7A). In cells incubated for 1 h, we were unable to detect
CHOP induction or any changes to BiP/GRP78 or GAPDH
protein levels in any of the treatments. JNK activation was
observed in cells treated with MCD medium with fatty acids;
however, only in palmitic acid-treated cells was JNK activa-
tion significantly elevated (183 * 74%). e[F2a phosphoryla-
tion was also elevated in cells treated with palmitic acid
(153 =+ 42%), consistent with JNK activation. In cells incu-
bated for 8 h, no changes were observed in BiP/GRP78 and
GAPDH protein levels in any of the treatments. In contrast,
there was a 2.8 —3.9-fold increase in CHOP in the MCD me-
dium irrespective of fatty acid addition. Maximal CHOP in-
duction (391 * 118%) and significantly elevated PERK, elF2q,
and JNK phosphorylation (195 *+ 22,201 * 28, and 716 *
269%, respectively) were detected in cells treated with pal-
mitic acid. Sustained PERK and JNK phosphorylation (526 =
83 and 167 * 39%, respectively) and CHOP induction (882 =
362%) were observed in cells treated for 16 h with palmitic
acid in MCD medium compared with control cells. Similar
results with palmitic acid in MCD medium on PERK and JNK
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FIGURE 7. MCD medium-induced ER stress activation in McA cells. Total cell lysate (70 ng of protein) was analyzed by immunoblotting for phospho-JNK,
phospho-PERK, phospho-elF2«, CHOP, BiP/GRP78, and GAPDH. A, McA cells were treated as described in Fig. 4 for 1, 8, or 16 h. P, palmitic acid; O, oleic acid;
L, linoleic acid; Con, control. B, McA cells were treated as described in the legend to Fig. 6 for 16 h. Shown are representative blots from three independent

experiments.

phosphorylation were observed in primary mouse hepatocytes
(data not shown).

To assess whether palmitic acid activates ER stress in the
absence of MCD medium and confirm the effect of palmitic
acid on ER stress activation in the presence of MCD medium,
MCcA cells were incubated for 16 h without or with palmitic
acid in control or MCD medium. As shown in Fig. 7B, no
changes were observed in BiP/GRP78 and GAPDH protein
levels in any of the treatments. In contrast, a 3.5 * 0.8- and
3.4 * 0.6-fold increase in JNK activation and CHOP induc-
tion, respectively was detected in palmitic acid-treated cells in
control medium, whereas in palmitic acid-treated cells in
MCD medium, a 11.5 = 3.0- and 15.7 = 2.5-fold increase in
JNK activation and CHOP induction, respectively, was de-
tected, indicating that MCD medium enhances palmitic acid-
stimulated ER stress. Consistent with this conclusion, a 6.9 *
3.1-fold increase in PERK activation was detected in cells in-
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cubated with palmitic acid in MCD medium compared with
control medium. The results presented in Fig. 7 indicate that
MCD medium with palmitic acid activates ER stress, which is
consistent with our observation that MCD diet activates he-
patic ER stress in vivo.

Chemical Chaperone Inhibition of ER Stress and PKC$ in
McA Cells—We have previously reported that TMAO, a
widely used naturally occurring osmolyte/chemical chaperone
(37-40), blocks TNFa- and thapsigargin-induced ER stress
and PKC$& activation (19). To assess whether TMAOQO blocks
MCD medium with palmitic acid-induced ER stress activa-
tion, McA cells were preincubated for 6 h with various con-
centrations of TMAO in control or MCD medium prior to
treatment for 16 h. As shown in Fig. 84, no changes were ob-
served in BiP/GRP78 and GAPDH protein levels in any of the
treatments. In contrast, a dose-dependent reduction in JNK
and PERK activation and CHOP induction were observed in
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FIGURE 9. Knockdown of PKC& in McA cells. 29-mer shRNAs were de-
signed and cloned into pLKO.1, and viral particles were generated as de-
scribed under “Materials and Methods.” Total cell lysate from McA cells sta-
bly expressing PKC8 shRNA 1 or 2 or a Luc shRNA was analyzed for protein
expression 7 days after puromycin selection. Total cell lysate (30 ug of pro-
tein) was analyzed by immunoblotting for PKC8, PKCe, and a-tubulin. Rep-
resentative blots from three independent experiments are shown.

cells pretreated with TMAO. Further, pretreatment of cells
with TMAO reduced MCD medium with palmitic acid stimu-
lated membrane PKC6 phosphorylation by 43 + 20% and
membrane PKCS protein content by 36 + 6% (Fig. 8, B and
C). These results indicate that ER stress plays a role in PKC3
activation in cells treated with MCD medium with palmitic
acid.

TG Accumulation and ALT Induction in PKC8-deficient
McA Cells—We next determined the role of PKCé in TG ac-
cumulation and ALT release. McA cells stably expressing 29-
mer PKC6 shRNAs (20) or a luciferase (Luc) control sShARNA
(41) were generated as described under “Materials and Meth-
ods.” Two shRNAs targeting unique sites in the PKC8 mRNA
were used to exclude potential off-target effects. Cells ex-
pressing the PKC8 shRNAs or Luc control shRNA were
treated without or with MCD medium with fatty acids for
16 h, and then TG accumulation and ALT were measured.
PKC$ protein levels were reduced by >80% compared with
cells expressing the Luc control shRNA (Luc control cells)
(Figs. 9 and 11). No differences in PKCe or a-tubulin were
observed in cells expressing the PKC8 shRNA (Fig. 9). TG
accumulation was reduced in cells expressing PKC shRNA 1
compared with cells expressing PKC8 shRNA 2 or the Luc
control shRNA, except with oleic acid incubation. No differ-
ence was observed in TG accumulation between cells express-
ing PKC3 shRNA 2 and the Luc control shRNA (Fig. 10A4). In
contrast, ALT release induced by MCD medium with fatty
acids was completely blocked in cells expressing both PKC8
shRNAs (Fig. 10B). These results indicate that PKC$ is neces-
sary for McA cell dysfunction.

ER Stress Activation and Cell Death in PKC&-deficient McA
Cells—The requirement for PKCS8 in ER stress activation was
evaluated in PKC8 knockdown and control cells incubated for
8 h in control or MCD medium without or with added fatty
acids. Maximal CHOP induction and significantly elevated
PERK and JNK phosphorylation were detected in control Luc
shRNA cells treated with palmitic acid in MCD medium. In-
terestingly, CHOP induction and PERK and JNK phosphory-
lation were completely blocked in cells expressing the PKC&
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FIGURE 10. Role of PKC& in TG accumulation and ALT release in McA
cells. McA cells expressing PKC& shRNAs or a Luc control were treated as
described in the legend to Fig. 4. PA, palmitic acid; OA, oleic acid; LA, linoleic
acid. Quantitations of TG (A) and ALT (B) levels are shown as the means =+
S.E. (error bars) (*, p < 0.05; **, p < 0.01 versus non-treated control).

shRNAs (Fig. 11). No changes were observed in a-tubulin
protein levels in cells expressing the PKC8 shRNAs. These
results indicate that knockdown of PKCé prevented ER stress.

To assess whether the effect of PKC8 knockdown relates to
cell survival, PKC8 knockdown and control cells were incu-
bated for 24 h in control or MCD medium without or with
palmitic acid. There was a significant increase in cell viability
in the PKC8 knockdown cell lines treated with palmitic acid
in the absence or presence of MCD medium (Fig. 124). Next,
DNA content was used to assess cell number in PKC8 knock-
down and control cells. In MCD medium, palmitic acid signif-
icantly reduced total DNA in control cells but not in cells ex-
pressing the PKC& shRNAs (Fig. 12B). Palmitic acid addition
also stimulated an increase in apoptotic nuclei in control (Luc
shRNA) cells but not in cells expressing the PKC8 shRNA 2
(Fig. 12C).

The role of ER stress in MCD medium with palmitic acid-
induced cell death was tested in cells pretreated with TMAO.
As shown in Fig. 12D, a 3.9-fold increase was observed in the
uptake of PJ, a vital nucleic acid-staining dye that penetrates
cells with a compromised plasma membrane. In cells pre-
treated with TMAO, a significant reduction in PI uptake was
observed, indicating that ER stress contributes to MCD me-
dium with palmitic acid-induced cell death.

Finally, the specificity of the PKC8 knockdown effect on
palmitic acid-induced cell death was evaluated using a mu-
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FIGURE 11. Role of PKC& in MCD medium-induced ER stress activation in McA cells. McA cells expressing PKC5 shRNAs or a Luc control were treated for
8 h as described in the legend to Fig. 5. P, palmitic acid; O, oleic acid; L, linoleic acid. Total cell lysate (70 ug of protein) was analyzed by immunoblotting for
phospho-JNK, phospho-PERK, CHOP, and a-tubulin. Shown are representative blots from three independent experiments.

tated shRNA hybridization site mouse PKC8 (supplemental
Fig. 5). Cell death was assessed by determining the uptake of
PI. As shown in Fig. 13A4, a significant reduction in cell death
was detected in PKC8 knockdown cells treated with palmitic
acid. Wild type mouse PKC (mPKC3) did not rescue the ef-
fect of palmitic acid in the PKC8 knockdown cells. In con-
trast, the mutant mPKC8, which was resistant to the PKC&
shRNA (Fig. 13B), rescued the effect of palmitic acid on cell
death in PKCé knockdown cells. Taken together, the results
presented in Figs. 12 and 13 indicate that PKC5 regulates pal-
mitic acid-induced lipotoxicity.

DISCUSSION

The histological features of NASH in humans are similar to
those in rodents fed a diet deficient in methonine and choline.
In the MCD model, hepatic steatosis results primarily from an
increase in free fatty acid uptake coupled with decreased TG
export, which leads to inflammation, oxidative damage, and
hepatocyte cell death, recapitulating the progression from
steatosis to steatohepatitis observed in humans (42—44). We
determined the activation of two novel PKC isoforms (PKCé
and PKCe) and a classical PKC isoform (PKCq) during the
development of steatohepatitis in mice fed the MCD diet. Be-
cause translocation from the cytosol to membranes and/or
organelles is necessary for PKC activation, we determined
whether the hepatic PKC content in the membrane and cyto-
solic fraction was altered by the MCD diet. Only PKC8 pro-
tein content was significantly increased in the membrane
fraction over the 4-week time course of the diet. Surprisingly,
PKC3 protein content was also significantly increased in the
cytosolic fraction and total cell lysate over the same time
course. Although total PKC5 protein levels were increased
from 3.7- to 6.1-fold, the increase in PKC§ in the membrane
fraction was proportionally greater (146 —356%). In addition,
we observed that phosphorylation of Ser®*® and Thr®® in
membrane-associated PKC8 was strongly induced in the
MCD-fed mice. Taken together, these data indicate that the
MCD diet stimulates both PKC8 expression and activation. In
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contrast to our findings, PKCe activation rather than PKCo
activation has been shown to play a role in steatosis and liver
dysfunction induced by a diet high in unsaturated fat (7, 45).
However, a recent study suggests that saturated fatty acids
mediate hepatocyte injury in mice fed an MCD diet (43). The
changes observed in hepatic PKC8 activation and protein
content after 1 week on the MCD diet were coincident with
steatosis, mild inflammation, and liver dysfunction (serum
ALT elevation). Significant inflammation, oxidative stress,
and fibrosis, markers of advanced liver damage, were detected
in mice fed the MCD diet for 2 weeks. Thus, these data indi-
cate that PKC$ activation and elevated protein content are
associated with steatosis and mild inflammation that occurs
prior to the development of steatohepatitis observed in the
MCD diet model. Interestingly, elevated PKC8 expression and
activation were consistently observed during the progression
to steatohepatitis.

ER stress activation in the MCD diet model of steatohepatitis
has previously been shown to be present after either 2 (15), 3
(32), or 4 weeks (33) of feeding. In the present study, we observed
that ER stress activation occurred throughout the progression of
steatosis to steatohepatitis. Our results show that there is an in-
crease in CHOP, IRE1q, and BiP/GRP78 protein levels and
PERK, elF2q, and JNK phosphorylation in the liver of mice fed
the MCD diet. This result is consistent with previous studies
showing that the unfolded protein response can be detected in
the liver (and adipose tissue) from obese ob/ob and high fat diet-
fed mice (30, 31), animal models that develop fatty livers but do
not develop NASH. Further, overexpression of the chaperone
Bip/GRP78 in the liver reduces ER stress markers and attenuates
steatosis in obese ob/ob mice (46).

Cells incubated with MCD medium in the presence of se-
rum, a lipid source, store TG and exhibit hepatocyte dysfunc-
tion (35, 36). It is unclear if saturated or unsaturated fatty ac-
ids contributed to the dysfunction observed. We found that
fatty acids were necessary for TG storage in MCD medium-
treated cells, although MCD medium alone was sufficient to
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FIGURE 12. Role of PKC& and ER stress in MCD medium/palmitic acid-
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FIGURE 13. shRNA rescue of PKC3 in MCD medium/palmitic acid-in-
duced cell death in McA cells. A, McA cells stably expressing Luc shRNA or
PKC& shRNA 2 or co-expressing PKCS shRNA 2 and mPKC3 or a mutant
mPKC& (AmPKC8) were generated as described under “Materials and Meth-
ods.” A, total cell lysate (30 ng of protein) was analyzed by immunoblotting
for PKCS and a-tubulin. B, cells were treated with control or MCD medium
with palmitic acid (PA) or BSA (Con) for 24 h, and cell death was assessed by
determining Pl uptake as described under “Materials and Methods.” Shown
are quantitations of three independent experiments as the means = S.E.

(*, p < 0.05 versus control-treated).

induce ALT release and CHOP protein induction. These re-
sults suggest that a deficiency in methonine and choline di-
rectly affects hepatocyte function. In the present study, we
were unable to detect ER stress activation by oleic or linoleic
acids in MCD medium above that observed in MCD medium
alone. ER stress activation by oleic acid has not been consis-
tently detected (29, 47, 48). In contrast, MCD medium in the
presence of palmitic acid was able to induce the greatest
amount of ALT release by parental McA cells. We also found
that ER stress activation (JNK, PERK, and elF2« phosphoryla-
tion and CHOP protein induction) was greatest in palmitic
acid/MCD medium-treated cells. JNK, PERK, and elF2«
phosphorylation was also greatest in primary mouse hepato-
cytes treated with palmitic acid/MCD medium (data not
shown). These results are in agreement with previous reports
indicating that palmitic acid activates the IRE1 and PERK
branches of the unfolded protein response, leading to sus-
tained JNK activation, CHOP induction, and eventually cell
death in hepatocytes (48 —51). Our current results demon-
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strate that reduced PKC9 protein levels in McA cells using
RNAI blocked free fatty acid/MCD medium-mediated ER
stress activation (JNK and PERK phosphorylation and CHOP
protein induction). This observation extends our recent find-
ings that a reduction in PKCS8 protein content blunted thapsi-
gargin-stimulated JNK activation and CHOP protein induc-
tion (19). Tunicamycin-stimulated JNK activation is also
blunted in Neuro2a cells with reduced PKC§ protein expres-
sion (52). Taken together, these data indicate that PKC8 may
play a role in the propagation of the ER stress signal.

Our results showing that MCD medium with palmitic acid
induced sustained JNK activation and CHOP induction are
consistent with previous reports showing that palmitic acid
induces JNK activation and CHOP protein levels and stimu-
lates cell death in hepatocytes (32, 53). Although CHOP is
known to propagate ER stress-mediated cell death in cell and
animal models (54, 55) and has been shown to play a role in
cholestatis-induced hepatocyte cell injury and liver fibrosis
(56), the role of CHOP in palmitic acid-induced hepatocyte
cell death has recently been questioned (32). Our observation
that JNK activation and CHOP induction are blocked in cells
with reduced PKC3 protein levels suggests that PKCS8 plays a
role in hepatocyte cell death. Indeed, cell viability and cell
number were significantly increased in PKC6 knockdown
cells incubated in MCD medium with palmitic acid. Further-
more, a reduction in the number of apoptotic nuclei and the
uptake of PI was observed in PKC8 knockdown cells, com-
pared with control cells incubated in MCD medium plus pal-
mitic acid. Finally, the specificity of the PKCé knockdown on
cell death was confirmed using shRNA rescue. Taken to-
gether, these data suggest that PKC4 plays a role not only in
the propagation of the ER stress signal but also in cell death.
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