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Genomewide association studies have shown that a nonsynonymous single nucleotide polymor-

phism in PRKCH is associated with cerebral infarction and atherosclerosis-related complications.

We examined the role of PKCg in lipid metabolism and atherosclerosis using apolipoprotein

E-deficient (Apoe�/�) mice. PKCg expression was augmented in the aortas of mice with

atherosclerosis and exclusively detected in MOMA2-positive macrophages within atherosclerotic

lesions. Prkch+/+Apoe�/� and Prkch�/�Apoe�/� mice were fed a high-fat diet (HFD), and the dys-

lipidemia observed in Prkch+/+Apoe�/� mice was improved in Prkch�/�Apoe�/� mice, with a par-

ticular reduction in serum LDL cholesterol and phospholipids. Liver steatosis, which developed

in Prkch+/+Apoe�/� mice, was improved in Prkch�/�Apoe�/� mice, but glucose tolerance, adipose

tissue and body weight, and blood pressure were unchanged. Consistent with improvements in

LDL cholesterol, atherosclerotic lesions were decreased in HFD-fed Prkch�/�Apoe�/� mice.

Immunoreactivity against 3-nitrotyrosine in atherosclerotic lesions was dramatically decreased

in Prkch�/�Apoe�/� mice, accompanied by decreased necrosis and apoptosis in the lesions.

ARG2 mRNA and protein levels were significantly increased in Prkch�/�Apoe�/� macrophages.

These data show that PKCg deficiency improves dyslipidemia and reduces susceptibility to

atherosclerosis in Apoe�/� mice, showing that PKCg plays a role in atherosclerosis development.
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Introduction

Stroke and ischemic heart disease are two of the lead-
ing causes of death worldwide. In genomewide asso-
ciation studies, the PRKCH gene, which encodes
PKCg, has been reported as a novel susceptibility
gene for atherosclerotic diseases such as cerebral
infarction (Kubo et al. 2007; Serizawa et al. 2008;
Cheng et al. 2009; Wu et al. 2009; Li et al. 2012).
Previous studies established that there is a nonsynony-
mous single nucleotide polymorphism (SNP) in the
PRKCH gene that is associated with increased risk of
brain infarction and engenders increased PKCg activ-
ity (Kubo et al. 2007).

Protein kinase C (PKC) is a serine/threonine
kinase activated by diacylglycerol, phospholipids and
calcium. It regulates a wide variety of important cel-
lular functions including proliferation, differentiation
and apoptosis. There are three subgroups (classical,
novel and atypical) in the PKC family. PKCg
belongs to the novel PKC family. There is significant
evidence linking PKCg to cellular differentiation
(Ohba et al. 1998; Chida et al. 2003), cell cycle regu-
lation (Fima et al. 2001), cell survival, malignant
transformation and apoptosis (Griner & Kazanietz
2007). Recently, it was shown that the Toll-like
receptor 4 (TLR4)–PKCg–phospholipase D2 path-
way activates foam cell formation via down-regula-
tion of the regulator of G protein signaling 2 (RGS2)
(Lee et al. 2010), suggesting that PKCg participates
in the development of atherosclerosis. It has also been
shown that PKCg is expressed mainly in vascular
endothelial cells and foamy macrophages in human
atherosclerotic lesions, and its expression increases as
the lesion type progresses (Kubo et al. 2007). How-
ever, there is no experimental evidence indicating
that PKCg is involved in the pathology of
atherosclerosis.

To verify whether deficiency of PKCg alters
atherosclerosis progression, we compared PKCg/
apolipoprotein E-double-deficient (Prkch�/�Apoe�/�)
mice with apolipoprotein E-deficient (Prkch+/+Apoe�/

�) mice. We report that Prkch�/�Apoe�/� mice fed a
high-fat diet (HFD) showed significantly ameliorated
dyslipidemia with reduced atherosclerosis compared
with Prkch+/+Apoe�/� mice fed the same diet. These
observations support an in vivo role for PKCg in the
progression of atherosclerosis through regulation of
serum lipid levels. Our results suggest that PKCg
may be a novel therapeutic target for improving
dyslipidemia in atherosclerosis.

Results

Increased PKCg expression in mouse

atherosclerosis

To better understand how PKCg might contribute
to atherosclerosis progression, we analyzed PKCg
expression in mouse aorta. Western blotting showed
that PKCg protein levels in atherosclerotic aorta tis-
sues prepared from Prkch+/+Apoe�/� mice fed HFD
were significantly higher than those in mild
atherosclerotic aorta from low-fat diet (LFD)-fed
Prkch+/+Apoe�/� mice or nonatherosclerotic aorta tis-
sues from C57BL/6J mice fed a LFD (Fig. 1A). To
analyze the localization of PKCg in mouse
atherosclerosis, we carried out immunohistochemistry
of PKCg in Prkch+/+Apoe�/� and Prkch�/�Apoe�/�

mice (Fig. 1B). In HFD-fed Prkch+/+Apoe�/� mice, a
high level of PKCg immunoreactivity was observed
on the plasma membrane of MOMA2-positive
macrophages infiltrating the atherosclerotic lesions
(Fig. 1B). Such immunoreactivity was completely
abolished in Prkch�/�Apoe�/� mice, which suggests
that these signals are derived from a PKCg-specific
signal. Among the various tissues from C57BL/6J
that were examined, the level of Prkch mRNA deter-
mined by quantitative RT-PCR was highest in thio-
glycollate-induced peritoneal macrophages (Fig. 1C).
The level of PKCg protein in macrophages was also
the highest among the tissues examined, whereas
lower levels of PKCg protein were detected in other
tissues (Fig. 1D). It is noteworthy that the levels of
PKCg proteins in both white adipose tissues (WAT)
and brown adipose tissues (BAT) were very low,
even though the levels of Prkch mRNA were
approximately 60% of the levels in macrophages.
Expression analysis of PKCg suggested the impor-
tance of PKCg in activated macrophages. To exam-
ine whether the severity of atherosclerosis affects
PKCg expression in macrophages, we also examined
PKCg protein levels in peritoneal macrophages
prepared from wild-type C57BL/6J mice fed a
LFD with no atherosclerosis and Apoe�/� mice fed a
LFD with mild atherosclerosis or a HFD with severe
atherosclerosis by Western blotting (Fig. 1E). ApoE
deficiency increased PKCg expression in macro-
phages prepared from mice fed a LFD; however,
PKCg expression decreased in macrophages from
HFD-fed ApoE-deficient mice. These results sug-
gest the functional importance of PKCg in macro-
phages.
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Improved dyslipidemia and liver steatosis in

Prkch�/�Apoe�/� mice fed a HFD

To verify alteration of major risk factors for atheroscle-
rosis in Prkch+/+Apoe�/� and Prkch�/�Apoe�/� mice,
we first compared serum lipid profiles. HFD-induced
dyslipidemia observed in Prkch+/+Apoe�/� mice was
significantly improved in Prkch�/�Apoe�/� mice
(Fig. 2). LDL cholesterol levels in Prkch�/�Apoe�/�

mice improved to 70.3% of the levels seen in Prkch+/+

Apoe�/� mice (Fig. 2B), which is expected to suppress
atherosclerosis progression. Additionally, the levels of
triacylglycerol and phospholipids in Prkch�/�Apoe�/�

mice were 62.2% and 75.0% of the levels in Prkch+/+

Apoe�/� mice, respectively (Fig. 2D and F).
Small, dense LDL particles are now considered a

predictive factor for cardiovascular diseases, and the
ratio of triglycerides to HDL cholesterol is linked to
small, dense LDL particles (Miller et al. 2011); there-
fore, we calculated the triglycerides to HDL choles-
terol ratio based on the data shown above. The
obtained ratios were 5.8 in Prkch+/+Apoe�/� and 3.2
in Prkch�/�Apoe�/� mice. A ratio greater than 4 is
the most powerful independent predictor of coronary
artery diseases (da Luz et al. 2008); thus, these results
indicate that PKCg deficiency decreases such risk.

Consistent with the improvement in serum triacyl-
glycerol, HFD-induced liver steatosis was markedly
attenuated in Prkch�/�Apoe�/� mice (Fig. 3A). The
mean intensity of Sudan IV staining in the livers of
HFD-fed Prkch�/�Apoe�/� mice was less than 50%
of that in HFD-fed Prkch+/+Apoe�/� mice (Fig. 3B).

Macrophages play an important role in the onset of
hepatic steatosis; therefore, we counted the number of
Kupffer cells in the liver. Kupffer cell density was
significantly decreased in Prkch�/�Apoe�/� livers com-
pared with Prkch+/+Apoe�/� livers (Fig. 3C and D).
To evaluate inflammatory responses in the liver, we
carried out microarray analysis of liver tissue samples.
We found 486 genes exhibited a greater than 1.4-fold
change in expression between Prkch+/+Apoe�/� and
Prkch�/�Apoe�/� livers, and 99 genes were categorized
as involved in ‘inflammatory response’ processes by the
computational gene network prediction tool IPA.
Among these, 64 genes exhibited average raw expres-
sion levels greater than 100 in one of the two samples.
Although the level of Alb, which encodes a liver-speci-
fic protein, was unchanged in PKCg-deficient livers
(average raw expression level: 19869.9 in Prkch+/+

Apoe�/� and 21196.9 in Prkch�/�Apoe�/�, fold
change = 1.07), most of the proinflammatory genes
were down-regulated in Prkch�/�Apoe�/� livers
(Table S1 in Supporting Information), consistent with
the decrease in the number of Kupffer cells in the liver.
However, we found that serum levels of the proinflam-
matory cytokine IL-6 were unchanged between
Prkch+/+Apoe�/� and Prkch�/�Apoe�/� mice (Fig. S2A
in Supporting Information).

Because other PKC isozymes, such as PKCb, are
known to be involved in diabetes (Brownlee 2001),
and hepatic steatosis is known to be associated with
insulin resistance (Gaggini et al. 2013), we next
examined levels of blood glucose and insulin. Neither
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Figure 1 Increased expression of PKCg in mouse atherosclerosis. (A) Western blot analysis of PKCg in mouse aorta. Upper

panel, Western blot of PKCg; 5-month-old wild-type C57BL/6J male mice fed a LFD with no atherosclerosis (control LFD,

n = 4); 5-month-old Apoe�/� male mice fed a LFD with mild atherosclerosis (Apoe�/� LFD, n = 2); 5-month-old Apoe�/� male

mice fed a HFD for 12 weeks with severe atherosclerosis (Apoe�/� HFD 12w, n = 3). Lower panel, actin; b-actin is shown as an

internal control. Mean values of the relative intensities of PKCg normalized to the intensity of b-actin are shown in parentheses.

(B) Confocal immunofluorescence microscopic detection of PKCg in atherosclerotic lesions. Green, anti-PKCg antibody; red,

MOMA2; blue, DAPI. The arrowhead indicates PKCg signals on the plasma membrane of MOMA2-positive cells within

atherosclerotic lesions. Scale bar, 50 lm. (C) Quantification of Prkch mRNA in mouse tissues. Eight-week-old C57Bl/6J male

mice were examined. The Prkch mRNA level is shown as a relative value normalized to the 18S ribosomal RNA level. Macro-

phages, thioglycollate-elicited peritoneal macrophages; WAT, white adipose tissue; BAT, brown adipose tissue. (D) Western blot

analysis of PKCg in mouse tissues. The same tissues shown in (C) from 8-week-old C57Bl/6J male mice were examined. One

representative experiment carried out in triplicate is shown. Upper panel, Western blot of PKCg; lower panel, Ponceau S-stained

image of the blot to confirm equal loading of proteins (5 lg total protein per lane). The level of PKCg is the highest in macro-

phages; other tissues express much less PKCg. The arrow shows PKCg protein. *, nonspecific signal. (E) Western blot analysis of

PKCg in murine peritoneal macrophages. Peritoneal macrophages were prepared from 5-month-old C57BL/6J male mice (Con-

trol LFD, n = 4); 5-month-old Apoe�/� male mice fed a LFD (Apoe�/� LFD, n = 2); 5-month-old Apoe�/� male mice fed a

HFD for 12 weeks (Apoe�/� HFD, n = 3); 5-month-old Prkch+/+ male mouse fed a LFD (Prkch+/+ LFD, n = 1); 5-month-old

Prkch�/� male mouse fed a LFD (Prkch�/� LFD, n = 1). Actin; b-actin is shown as an internal control. The relative intensities of

PKCg normalized to the intensity of b-actin are shown in parentheses.

© 2016 Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd Genes to Cells (2016) 21, 1030–1048

PKCg deficiency improves atherosclerosis



fasting blood glucose level nor homeostasis model
assessment-estimated insulin resistance (HOMA-IR)
was altered by PKCg deficiency (Fig. 3E and F). We
did not find any differences in food consumption, body
weight, and area or weight of white adipose tissue
(Fig. 3G–J) between HFD-fed Prkch+/+Apoe�/� and
Prkch�/�Apoe�/� mice. PKCg deficiency caused slight
alterations in the expression levels of gluconeogenesis-
associated genes, such as Pck1 and G6pc (Pck1, average
raw expression level: 6616.8 in Prkch+/+Apoe�/� and
4799.8 in Prkch�/�Apoe�/�; G6pc, average raw expres-
sion level: 5727.0 in Prkch+/+Apoe�/� and 6971.2 in

Prkch�/�Apoe�/�; n = 2) in the liver. There was also
no difference in systolic blood pressure between the
two genotypes (Fig. 3K).

We further examined the effects of PKCg deficiency
on glucose tolerance test with LFD- or HFD-fed mice
(Fig. S2B and C in Supporting Information). Both
Prkch+/+ and Prkch�/� mice fed a LFD exhibited essen-
tially normal recovery of blood glucose within 2 h after
glucose administration, but both Prkch+/+ and Prkch�/�

mice fed a HFD had higher levels of fasting blood
glucose and exhibited sustained increased levels of blood
glucose for 2 h, indicating insulin resistance.
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Figure 2 Improved dyslipidemia in Prkch�/�Apoe�/� mice fed a high-fat diet (HFD). (A–F) Metabolic serum profiles of HFD-

fed Prkch+/+Apoe�/� mice (n = 8, 10) and HFD-fed Prkch�/�Apoe�/� mice (n = 10). In one experiment, all mice were examined
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glycerol, (E) free fatty acids and (F) phospholipids using the Mann–Whitney U-test. A single asterisk indicates P < 0.05. A double

asterisk indicates P < 0.01. No asterisk indicates a lack of statistical significance (P > 0.05). Closed circles, HFD-fed Prkch+/+

Apoe�/� mice; open circles, HFD-fed Prkch�/�Apoe�/� mice.
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Improved dyslipidemia in the HFD-induced

obesity Prkch�/� mouse model

Because Apoe�/� mice exhibit reduced body weight
gain compared with wild-type mice, even on a HFD,
they are not an ideal model for obesity. To understand
the role of PKCg in lipid metabolism, we analyzed
HFD-induced obesity in PKCg single-knockout mice.
HFD-fed Prkch�/� mice showed a significant reduc-
tion in the level of phospholipids, to 72% of the level
observed in Prkch+/+ littermates (Fig. 4D). Other lipids
also tended to be decreased in Prkch�/� mice (Fig. 4A–
C). The body weight and white adipose tissue weight
of Prkch+/+ and Prkch�/� mice fed a HFD were similar
(Fig. 4E and F). Although how PKCg regulates lipid
metabolism remains unresolved, PKCg deficiency
appears to improve dyslipidemia induced by HFD,
regardless of the Apoe genotype.

Attenuated atherosclerosis in Prkch�/�Apoe�/�

mice fed a HFD

To determine whether Prkch�/�Apoe�/� mice with
improved LDL cholesterol level exhibit reduced
atherosclerosis, we analyzed aortas of Prkch+/+Apoe�/�

and Prkch�/�Apoe�/� mice. En face analysis of the
whole aorta showed that Prkch�/�Apoe�/� mice exhib-
ited significantly fewer Oil Red O-positive lesions than
did Prkch+/+Apoe�/� mice (Fig. 5A and B). In agree-
ment with en face analysis, Elastica van Gieson (EVG)
staining showed that the atherosclerotic area in the aor-
tic root was significantly reduced in Prkch�/�Apoe�/�

mice (Fig. 5C and D). Quantification of the Sudan IV-
positive area in the aortic root also showed a significant
reduction in the degree of lipid-laden lesions in Prkch�/�

Apoe�/� mice (Fig. 5E and F).
Examination of the area of MOMA2-positive

macrophages in atherosclerotic lesions showed that this
was not affected by PKCg deficiency (Fig. 6A and B).
A ‘macrophage balance’ between proinflammatory
(M1) and anti-inflammatory (M2) macrophages plays a
major role in the pathogenesis of atherosclerotic pla-
ques and affects the evolution and complications of
atherosclerosis (Mantovani et al. 2009). However, the
ratios of inducible nitric oxide synthase (iNOS)-posi-
tive cells (a marker for M1 macrophage) and Ym-1-
positive cells (a marker for M2 macrophage) to total
macrophages (Mac-3 positive cells) in plaques were not
significantly different between HFD-fed Prkch+/+

Apoe�/� and Prkch�/�Apoe�/� mice (Fig. 6C–F).
Although high expression of PKCg in activated
macrophages is evident (Fig. 1B–E), we were not able

to clarify the change of number or function in
atherosclerotic macrophages in Prkch�/�Apoe�/� mice
using immunohistochemical methods.

Decreased oxidative stress and apoptosis in

atherosclerotic lesions in HFD-fed Prkch�/�Apoe�/�

mice

Nitrotyrosine is known to reflect nitric oxide (NO)-
derived oxidant levels (Radi 2004), which are
strongly associated with coronary artery disease
(Shishehbor et al. 2003; Pacher et al. 2007). We
therefore compared 3-nitrotyrosine levels in HFD-fed
Prkch+/+Apoe�/� and Prkch�/�Apoe�/� mice. A
strong signal for 3-nitrotyrosine immunoreactivity
was observed in the intimal thickening, with the next
strongest signal being in the tunica media of the aor-
tas of Prkch+/+Apoe�/� mice. The signal intensity of
3-nitrotyrosine immunoreactivity in the intimal
thickening of Prkch�/�Apoe�/� mice was significantly
reduced compared with Prkch+/+Apoe�/� mice
(Fig. 7A and B). Consistent with the changes in 3-
nitrotyrosine immunoreactivity, the area of the
necrotic core in Prkch�/�Apoe�/� mice was signifi-
cantly decreased compared with that in Prkch+/+

Apoe�/� mice (Fig. 7C and D). The apoptotic area
in atherosclerotic lesions determined using a TUNEL
assay was also significantly reduced in Prkch�/�Apoe�/�

mice (Fig. 7E and F).
To investigate whether gene expression profiles of

macrophages are altered by PKCg deficiency, and
thus contribute to the decreased NO synthesis in the
atherosclerotic lesion, we carried out microarray anal-
ysis using RNA prepared from thioglycollate-elicited
peritoneal macrophages. There were more than 215
genes whose expression levels were altered (fold
change > 1.2, multiple comparison P < 0.05) in
response to PKCg deficiency, and only 12 genes
exhibited average raw expression levels greater than
100 in one of the two samples (Table S2 in Support-
ing Information). Among those genes, the expression
of Arg2, the gene encoding arginase 2, which con-
verts L-arginine to ornithine and urea in the NO
biosynthetic pathway, was most significantly increased
(raw expression levels (n = 3): 219.7, 1006.7 and
399.3 in Prkch�/�Apoe�/� and 76.6, 105.5 and 81.7
in Prkch+/+Apoe�/�), with a larger variance. The
expression of other genes was less than twofold, with
the exception of PKCg itself. Moreover, we con-
firmed that expression levels of three Nos genes
(Nos1, Nos2 and Nos3) were not altered at all by

1035© 2016 Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd Genes to Cells (2016) 21, 1030–1048

PKCg deficiency improves atherosclerosis



1036

0 

10 

20 

30 

40 

8 10 12 14 16 18 20 

(A) (B)

In
te

ns
ity

 o
f S

ud
an

 IV
  

st
ai

ni
ng

 (×
 1

0–
3 /m

m
2 ) *

0 

2 

4 

6 

8 

K
up

ffe
r c

el
ls

 m
m

–2

0 

50 

100 

150 

200 

(C)
(D)

(G) (H)

*

age (weeks old)

B
od

y 
w

ei
gh

t (
g)

W
AT

 w
ei

gh
t (

m
g)

0 

200 

400 

600 

800 

0 

20 

40 

60 

80 

100 

120 

140 

8 10 12 14 16 18 20 

(J)

age (weeks old)

B
lo

od
 p

re
ss

ur
e 

(m
m

H
g)

Fa
st

ed
 b

lo
od

 
gl

uc
os

e 
(m

g
dL

–1
)

50 

100 

150 

200 

250 

0 

H
O

M
A

-IR

2 

0 

4 

6 

8 

Prkch+/+Apoe / Prkch / Apoe /

Prkch+/+Apoe / Prkch / Apoe /

Prkch /

Apoe /
Prkch+/+

Apoe /

Prkch /

Apoe /
Prkch+/+

Apoe /

Prkch /

Apoe /
Prkch+/+

Apoe /
Prkch /

Apoe /
Prkch+/+

Apoe /

Fo
od

 c
on

su
m

pt
io

n 
(g

 d
ay

–1
) 

4.0 

3.5 

3.0 

2.5 

2.0 
Prkch /

Apoe /
Prkch+/+

Apoe /

(E) (F) (I)
Prkch+/+Apoe /

Prkch / Apoe /

Prkch+/+Apoe /

Prkch / Apoe /

Prkch /

Apoe /
Prkch+/+

Apoe /

(K)

Prkch+/+Apoe /

Prkch / Apoe /

Genes to Cells (2016) 21, 1030–1048 © 2016 Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd

K Torisu et al.



1037

Figure 3 Improved hepatosteatosis in Prkch�/�Apoe�/� mice fed a high-fat diet. (A) Representative images of the liver stained by

Sudan IV. Scale bar, 100 lm. (B) Quantification of Sudan IV-positive lipid droplets in the liver. Five mice of each genotype were

examined. Closed circles indicate Prkch+/+Apoe�/� mice; open circles, Prkch�/�Apoe�/� mice. *P = 0.013, unpaired t-test, two-

tailed. (C) Immunohistochemical detection of MOMA2-positive Kupffer cells in the liver. Scale bar, 100 lm. (D) Density of

Kupffer cells in the liver. The number of MOMA2-positive Kupffer cells per area (mm2) is shown. Closed circles indicate Prkch+/+

Apoe�/� mice (n = 8); open circles, Prkch�/�Apoe�/� mice (n = 6). *P = 0.02, unpaired t-test, two-tailed. (E) Fasting blood glucose

levels. Mice fed a high-fat diet for 12 weeks, from 8 to 20 weeks of age, were fasted for 16 h and blood was then collected. Closed

circles indicate Prkch+/+Apoe�/� (n = 8); open circles indicate Prkch�/�Apoe�/� mice (n = 8). (F) HOMA-IR in mice. HOMA-IR

was calculated as follows: concentration of fasting insulin (lU/mL) 9 fasting glucose (mg/dL)/405. The closed bar indicates Prkch+/+

Apoe�/� mice (n = 5); the open bar indicates Prkch�/�Apoe�/� mice (n = 4). (G) Food consumption in mice. Daily food intake was

measured from 16 to 20 weeks of age. Closed circles indicate Prkch+/+Apoe�/� mice (n = 9); open circles indicate Prkch�/�Apoe�/�

mice (n = 8). (H) Body weight changes in Apoe�/� and Prkch�/�Apoe�/� mice. Closed circles indicate

Prkch+/+Apoe�/� mice (n = 14); open circles, Prkch�/�Apoe�/� mice (n = 16). (I) Magnetic resonance imaging of Prkch+/+Apoe�/�

and Prkch�/�Apoe�/� mice. The arrow indicates white adipose tissue in the abdomen. (J) Weight of white adipose tissue (WAT).

Right epididymal adipose tissue was weighed and plotted. Closed circles indicate Prkch+/+Apoe�/� mice (n = 8); open circles,

Prkch�/�Apoe�/� (n = 9) mice. (K) Systolic blood pressure of mice. Blood pressure was measured in conscious mice by the tail-cuff

method every 2 weeks. Closed circles indicate Apoe�/� (n = 13); open circles, Prkch�/�Apoe�/� (n = 14) mice.
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Figure 5 Attenuated atherosclerosis in Prkch�/�Apoe�/� mice fed a high-fat diet. (A) Representative images of whole aorta

stained with Oil Red O. Scale bar, 0.5 cm. Mice fed a high-fat diet for 12 weeks, from 8 to 20 weeks of age, were examined.

(B) Quantification of Oil Red O-positive lesions. The Oil Red O-stained area as a percentage of the total lumen area of the vessel

is shown. The proximal region of the aorta covering 0.5 cm in length from the edge of the proximal aorta was analyzed. Closed

circles indicate Prkch+/+Apoe�/� mice (n = 15); open circles, Prkch�/�Apoe�/� mice (n = 15). The means were 28.3% and 18.9%,

respectively, and thus Prkch�/�Apoe�/� mice showed an approximately 33% reduction in lesion area compared with Prkch+/+

Apoe�/� mice. *P = 0.014, unpaired t-test, two-tailed. (C) Representative images of cross-sections of the aortic sinus. Each section

was stained with EVG. Scale bar, 0.5 mm. (D) Quantification of the atherosclerotic area. Closed circles indicate Prkch+/+Apoe�/�
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aortic sinus stained by Sudan IV. Scale bar, 0.5 mm. (F) Quantification of the Sudan IV-positive area in atherosclerotic lesions.

Closed circles indicate Prkch+/+Apoe�/� mice (n = 11); open circles, Prkch�/�Apoe�/� mice (n = 12). *P = 0.038, unpaired t-test,

two-tailed.
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PKCg deficiency, supporting the iNOS immunos-
taining data shown in Fig. 6C.

Arg2 mRNA expression was compared between
peritoneal macrophages prepared from Prkch+/+

Apoe�/� and Prkch�/�Apoe�/� mice by quantitative
RT-PCR (Fig. 7G). The level of Arg2 mRNA was
fivefold higher in Prkch�/�Apoe�/� macrophages than
in Prkch+/+Apoe�/� macrophages, confirming the
results of the microarray data. Consistent with the
increase in Arg2 mRNA, ARG2 protein expression
was significantly increased in Prkch�/�Apoe�/�

macrophages (Fig. 7H).
To examine the effects of increased ARG2 protein

expression in macrophages, we introduced a human
ARG2 (hARG2)-expressing plasmid into Raw264.7
cells, a murine macrophage cell line, and confirmed
its expression without any treatment (Fig. 7I). LPS
treatment induced the expression of the endogenous
murine ARG2, and Raw264.7 cells expressing
hARG2 had a 1.8-fold increase in ARG2 protein
levels than those with the empty vector (control).
After LPS treatment, nitrite and nitrate levels in the
media were significantly increased in Raw264.7 cells
with the empty vector, whereas nitrite and nitrate
levels were significantly reduced in Raw264.7 cells
expressing hARG2 (Fig. 7J), thus indicating that
increased expression of ARG2 in macrophages atten-
uates the production of NO.

These results indicate that PKCg deficiency effi-
ciently reduces oxidative stress and apoptosis in
atherosclerotic lesions in HFD-fed Prkch�/�Apoe�/�

mice through the alteration of gene expression pro-
files, which result in reduced NO synthesis in
macrophages.

Discussion

In this study, we have showed for the first time that
PKCg deficiency significantly improves dyslipidemia
with reduced susceptibility to atherosclerosis, in the
context of an Apoe-null background. Moreover, we
found that PKCg deficiency decreases NO synthesis
in macrophages, thus reducing 3-nitrotyrosine accu-
mulation in the atherosclerotic lesions. Although we
could not delineate the mechanism by which PKCg
deficiency improves the dyslipidemia, our results
indicate that PKCg plays an important role(s) in lipid
metabolism as well as in regulation of macrophage
function.

It has been established that a nonsynonymous SNP
(1425G/A in exon 9 [rs2230500]) in the human
PRKCH gene is related to susceptibility to

cerebrovascular diseases (Kubo et al. 2007; Serizawa
et al. 2008; Cheng et al. 2009; Wu et al. 2009; Li
et al. 2012), rheumatoid arthritis (Takata et al. 2007)
and gastric atrophy (Goto et al. 2010). The kinase
activity of PKCg 374I, which is encoded by the
PRKCH gene with the risk-type SNP (1425A), is
significantly higher than that of PKCg-374V, which
is encoded by the PRKCH gene with the SNP not
associated with risk (1425G) (Kubo et al. 2007). In
human atherosclerotic lesions, PKCg was shown to
be expressed in CD68-positive macrophages, and its
expression increased as the lesion type progressed
(Kubo et al. 2007). In Prkch+/+Apoe�/� mice fed a
HFD for 12 weeks, we consistently confirmed that a
high level of PKCg was expressed in macrophages
infiltrating the atherosclerotic lesions (Fig. 1B). We
thus consider that atherosclerosis developed under an
Apoe-null background with HFD may be a suitable
model to examine the effects of PKCg deficiency on
atherosclerosis development.

In macrophage cell lines, PKCg and PKCd are
known to be translocated from the cytosol to the
plasma membrane upon phorbol 12-myristate 13-
acetate (TPA)-induced activation (Chen et al. 1997).
In Prkch+/+Apoe�/� mice, PKCg was mainly
detected in the plasma membrane of MOMA2-posi-
tive macrophages within the atherosclerotic plaque
(Fig. 1B), suggesting that PKCg detected in the
macrophages might have been activated. It is known
that oxidized LDL causes PKCa activation through
sequential activation of Toll-like receptor (TLR)
4�spleen tyrosine kinase (Syk)�phospholipase C
(PLC)c (Bae et al. 2009; Levitan et al. 2010). Taken
together, these results suggest that PKCg in Prkch+/+

Apoe�/� mice fed a HFD may also be activated upon
exposure to oxidized LDL and thus chronically
translocated to the plasma membrane of macrophages.

Aortic PKCg expression progressively increased as
the atherosclerosis became more severe (Fig. 1A).
This up-regulation of PKCg may reflect increased
numbers of foamy macrophages and smooth muscle
cells in the aorta, such as the MOMA2-positive and
MOMA2-negative cells detected in Fig. 1B, thus
reflecting the extent of atherosclerotic plaque forma-
tion, because smooth muscle cells in atherosclerotic
plaques also express PKCg (Kubo et al. 2007). It has
previously been shown that the area of the
atherosclerotic lesion in the aortic arch is much larger
(3 times or more) in HFD-fed Apoe�/� mice than in
LFD-fed Apoe�/� mice (Wang et al. 2003). Accord-
ingly, we observed higher PKCg levels in aortae
from HFD-fed Apoe�/� mice than in aortae from
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LFD-fed Apoe�/� mice (Fig. 1A). The heterogeneous
cell population in aortae samples may explain the dis-
crepancy in PKCg expression between aortae and
isolated peritoneal macrophages (Fig. 1A, B and E).

PKC isoforms are known to be degraded via the
ubiquitin-proteasome pathway following activation
(Lu et al. 1998). This level of regulation is also
applied to PKCg, which has been shown to be
depleted after prolonged activation in Jurkat cells and
osteoblasts (Schavinsky-Khrapunsky et al. 2003; Lam-
passo et al. 2006). In this study, we observed a
down-regulation of PKCg in macrophages derived
from HFD-fed Apoe�/� mice compared with those
fed a LFD (Fig. 1E). This result could suggest that
PKCg levels were decreased following prolonged
activation by the excess lipids in HFD-fed Apoe�/�

mice, and therefore activated PKCg in macrophages
may be involved in atherosclerosis development.

We also attempted to examine the relationship
between the severity of atherosclerosis and PKCg
expression in aortae and isolated macrophages from
Apoe�/� mice (Fig. 1A and E). However, other PKC
isoforms are known to be closely related to insulin
sensitivity, suggesting that the effect of a HFD on
PKCg expression in wild-type C57Bl/6J mice should
also be considered for these analyses.

It has been shown that the TLR4–PKCg–phospho-
lipase D2 (PLD2) pathway activates foam cell forma-
tion via down-regulation of RGS2. Lee et al. (2010)
showed that a PKCg pseudosubstrate completely
attenuated LPS-induced foam cell formation, suggest-
ing that PKCg deficiency suppresses atherosclerosis by
decreasing foam cell formation. We observed a reduced
Oil Red O-positive area in the en face aorta of
Prkch�/�Apoe�/� mice (Fig. 5A and B) and a smaller
Sudan IV-positive area in aortic cross-sections (Fig. 5E
and F), which may suggest decreased foam cell forma-
tion. Conversely, neither MOMA2-positive area nor
M1/M2 balance was altered in Prkch�/�Apoe�/� mice
(Fig. 6A–F), thus suggesting that PKCg deficiency has
much less impact on macrophage activation or
polarization.

Reduction in 3-nitrotyrosine level in the
atherosclerotic lesions by PKCg deficiency is likely a
result of reduced peroxynitrite formation from NO in
the activated macrophages (Fig. 7A and B), which may
contribute to reduced necrosis or apoptosis in the
atherosclerotic lesions (Fig. 7C–F) (Pacher et al. 2007).
We found that ARG2 expression, in both mRNA and
protein levels, was significantly increased in Prkch�/�

Apoe�/� macrophages (Fig. 7G and H, Table S2 in
Supporting Information). Moreover, we showed that
exogenous expression of human ARG2 in the murine
macrophage cell line Raw264.7 significantly reduced
LPS-induced NO synthesis (Fig. 7I and J). Arginase
converts L-arginine to ornithine and urea, and L-argi-
nine is an essential precursor for NO synthesis. It has
been shown that ARG2-deficient peritoneal macro-
phages produce more NO when stimulated with bac-
teria ex vivo (Lewis et al. 2010), which is consistent
with our observations. Our results thus suggest that in
Prkch�/�Apoe�/� macrophages, NO production is
attenuated via depletion of arginine due to increased
expression of the Arg2 gene.

Ming et al. (2012) have reported that Arg2�/�

Apoe�/� mice displayed reduced atherosclerotic lesions
with decreased macrophage inflammation compared
with Arg2+/+Apoe�/� mice. They also found that
ARG2 deficiency improves insulin sensitivity, but had
no effect on total plasma cholesterol or triglycerides,
which are increased in Arg2+/+Apoe�/� mice fed a
HFD. Because ARG2 promotes the production of
mitochondrial superoxide in LPS-treated macrophages,
they concluded that ARG2 promotes proinflammatory
responses in macrophage through mitochondrial super-
oxide. In this scenario, ARG2 may deplete cellular
arginine, which is required for maintaining cellular or
mitochondrial homeostasis (Mabalirajan et al. 2010;
Changou et al. 2014).

It has been shown that superoxide and peroxyni-
trite produced by macrophages contribute to
atherosclerosis progression. Macrophage-derived
superoxides contribute to LDL oxidation (Cathcart
2004), while peroxynitrite derived from macrophages

1041

Figure 6 MOMA2-positive area was not altered in Prkch�/�Apoe�/� mice. (A) Immunohistochemical detection of MOMA2

within an atherosclerotic lesion. Scale bar, 0.5 mm. (B) Quantification of the MOMA2-positive area of atherosclerotic lesions from

Prkch+/+Apoe�/� and Prkch�/�Apoe�/� mice. Closed circles indicate Prkch+/+Apoe�/� mice (n = 10); open circles, Prkch�/�Apoe�/�

mice (n = 9) (P = 0.32, unpaired t-test, two-tailed). (C) Immunohistochemical detection of iNOS and Mac3. Red, anti-iNOS; green,

Mac3; blue, DAPI. (D) Ratio of iNOS-positive cells to Mac3-positive cells. Solid bar, Prkch+/+Apoe�/� mice (n = 5); open bar,

Prkch�/�Apoe�/� mice (n = 5). (E) Immunostaining for Ym-1 and Mac3. Red, anti-Ym-1; green, Mac3; blue, DAPI. (F) Ratio of

Ym-1-positive cells to Mac3-positive cells. Solid bar, Prkch+/+Apoe�/� mice (n = 5); open bar, Prkch�/�Apoe�/� mice (n = 5). Scale

bar, 10 lm.
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modulates matrix degradation in atherosclerotic pla-
ques (Rajagopalan et al. 1996). We suggested that
HFD-fed Arg2�/�Apoe�/� mice would increase NO
production because of increased L-arginine levels;
however, peroxynitrite levels may not be increased
owing to the reduced mitochondrial superoxide. In
contrast, HFD-fed Prkch�/�Apoe�/� mice may pro-
duce increased levels of the superoxide; however,
peroxynitrite levels may not be increased because of
the reduced NO level. Therefore, we propose that
PKCg deficiency significantly reduces the susceptibil-
ity to atherosclerosis in the Apoe-null background
through the improved levels of LDL cholesterol and
reduced peroxynitrite production.

ARG2 is required to establish insulin resistance in
mice fed a HFD (Ming et al. 2012). We confirmed
that PKCg deficiency does not alter the HFD-
induced insulin resistance with or without ApoE defi-
ciency (Figs 3E–H and S2B and C in Supporting
Information), and this observation is consistent with
the increased expression of ARG2 in PKCg-deficient
macrophages.

Because PKCg deficiency effectively improved the
dyslipidemia observed in HFD-fed Prkch+/+Apoe�/�

mice (Fig. 2), it is likely that the improvement in
serum LDL cholesterol may contribute to reduced

oxidized LDL cholesterol accumulation in macro-
phages from Prkch�/�Apoe�/� mice (Fig. 5E and F),
thus improving the atherosclerotic lesions. In Prkch�/�

Apoe�/� mice fed a HFD, we conclude that the impact
of PKCg deficiency on lipid metabolism was much
stronger than any effect on macrophage function. It is
interesting to note that PKCb/ApoE double-knockout
mice showed slightly lower levels of total serum
cholesterol and triglycerides than did Apoe single-
knockout mice (Harja et al. 2009). Zhu et al. (2012)
reported that carriers of the 1425A SNP (GA + AA)
have markedly high plasma LDL-C levels compared
with GG carriers in a group of patients with coronary
artery disease, but not in a control group.

It was recently reported that C/EBP b, which is a
transcription factor that has a proinflammatory role in
macrophages, is essential for systemic cholesterol bal-
ance. Apoe�/� mice reconstituted with C/EBP b-
deficient bone marrow cells exhibited lower levels of
serum LDL cholesterol and reduced atherosclerotic
lesions compared with Apoe�/� mice reconstituted
with wild-type bone marrow cells (Rahman et al.
2016). They also showed that C/EBP b deficiency in
Raw264.7 macrophage cells prevented oxidized
LDL-mediated foam cell formation and inflammatory
cytokine production. Taken together, these data

1043

Figure 7 Reduced oxidative stress and necrotic area in the atherosclerotic lesions of Prkch�/�Apoe�/� mice. (A) Immunohisto-

chemical detection of 3-nitrotyrosine in an atherosclerotic lesion. 3-Nitrotyrosine immunoreactivity was observed primarily in the

intimal thickening. The Prkch�/�Apoe�/� aorta showed lower 3-nitrotyrosine immunoreactivity compared with the Prkch+/+

Apoe�/� aorta. Scale bar, 20 lm. (B) Quantification of 3-nitrotyrosine immunoreactivity in the intimal thickening. The intensity

of immunoreactivity in the intimal thickening was selectively quantified. Closed circles indicate Prkch+/+Apoe�/� mice (n = 8);

open circles, Prkch�/�Apoe�/� mice (n = 6). **P = 0.001, unpaired t-test, two-tailed. (C) Hematoxylin and eosin staining of an

atherosclerotic lesion. The arrow indicates the acellular area. Scale bar, 0.5 mm. (D) Quantification of the acellular area. Closed

circles indicate Prkch+/+Apoe�/� mice (n = 15); open circles, Prkch�/�Apoe�/� mice (n = 15). *P = 0.022, unpaired t-test, two-

tailed. (E) Representative images of TUNEL assay result in atherosclerotic lesions. DNA strand breaks in lesions are labeled by

terminal deoxynucleotidyltransferase. Scale bar, 50 lm. (F) Quantification of the TUNEL-positive area in atherosclerotic lesions.

Closed circles indicate Prkch+/+Apoe�/� mice (n = 8); open circles, Prkch�/�Apoe�/� mice (n = 6). *P = 0.041, unpaired t-test,

two-tailed. (G) Arg2 mRNA expression in macrophages. Arg2 mRNA levels in thioglycollate-elicited peritoneal macrophages pre-

pared from Prkch+/+Apoe�/� and Prkch�/�Apoe�/� mice were determined by quantitative RT-PCR. The Arg2 mRNA level is

shown as a relative value normalized to the 18S ribosomal RNA level. Closed box indicates Prkch+/+Apoe�/� mice (n = 4); open

box, Prkch�/�Apoe�/� mice (n = 4). *P = 0.03, Mann–Whitney U-test. (H) Expression of ARG2 protein in macrophages. One

representative Western blot result is shown. ARG2 protein expression in thioglycollate-elicited peritoneal macrophages prepared

from Prkch+/+Apoe�/� and Prkch�/�Apoe�/� mice was examined by Western blot. Upper panel, ARG2; lower panel, tubulin as

an internal control (left panels). Intensity of ARG2 protein was quantified, normalized to tubulin and shown in a bar graph (right

panel). Closed box, Prkch+/+Apoe�/� mice (n = 4); open box, Prkch�/�Apoe�/� mice (n = 5). *, P = 0.02, Mann–Whitney U-test.

(I) Exogenous expression of human ARG2 protein in the murine macrophage cell line. Raw264.7 cells were electroporated with

a plasmid harboring the human ARG2 (hARG2) cDNA or an empty vector (control) and treated with or without LPS. ARG2

protein levels in the cells were examined by Western blot. Relative levels of ARG2 protein normalized to tubulin are shown in

parentheses. *, nonspecific signal. (J) Reduced generation of nitrite and nitrate from hARG2-expressing macrophages. Relative

levels of nitrite and nitrate in the medium were determined as described in the Cell culture paragraph of the Experimental proce-

dures. In LPS-treated hARG2-expressing Raw264.7 cells, the level of nitrite and nitrate in the medium was reduced to 61.2% of

the level seen in control cells. Closed box, control cells (nontreated and LPS-treated, n = 4 each); open box, hARG2-overexpres-

sing cells (nontreated and LPS-treated, n = 4 each). *P < 0.01, one-way ANOVA, Tukey’s post hoc test.
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suggest that macrophages regulate systemic lipid
homeostasis and that increased activity of PKCg may
disturb this regulatory function of macrophages,
thereby contributing to increased serum LDL choles-
terol levels. Further studies are needed to obtain
direct experimental evidence for this hypothesis.

To explore the functional significance of PKCg in
lipid metabolism during atherosclerosis development,
various functional analyses of PKCg-deficient tissues
are required. There is a study showed the importance
of the PKCb�early growth response-1 (Egr-1) path-
way in endothelial cells. The PKCb�Egr-1 axis plays
a role not only in endothelial cells but also in diverse
cell types including vascular smooth muscle cells,
macrophages and lymphocytes, all of which are impli-
cated in atherosclerosis (Yan et al. 2006). These stud-
ies suggest that each PKC isoform may play a unique
role in atherosclerosis development. PKCg is known
to be prominently expressed in the epithelia of the
skin, digestive tract and respiratory tract in close asso-
ciation with epithelial differentiation (Osada et al.
1993). Because we could not show why whole-body
dyslipidemia was improved by PKCg deficiency, tis-
sue-specific knockout of the Prkch gene would help
to identify target tissue(s) where expression of PKCg
is essential to regulate serum lipid levels.

In summary, our results show that PKCg defi-
ciency improved the dyslipidemia and atherosclerosis
observed in HFD-fed Apoe�/� mice. Although
PKCg may be involved in various cellular functions
in addition to lipid metabolism, such as macrophage
function, our result suggests that improvement of
dyslipidemia is sufficient to reduce atherosclerosis.
These results suggest that PKCg may be a new thera-
peutic target for improving dyslipidemia in
atherosclerosis.

Experimental procedures

Mice

Apoe�/� mice were obtained from the Jackson Laboratory

(Bar Harbor, ME, USA). Prkch�/� mice were established as

previously described (Chida et al. 2003) (Fig. S1 in Supporting

Information) and were backcrossed onto a C57BL/6J back-

ground for 13 generations. Colonies of Prkch+/+Apoe�/� and

Prkch�/�Apoe�/� mice were established by inbred mating of

Prkch+/�Apoe�/� mice at the animal facilities of the Medical

Institute of Bioregulation, Kyushu University. Mice were

housed in plastic mouse cages and supplied with standard

rodent chow (CA-1, Clea Japan, Tokyo, Japan) and water

ad libitum. They were maintained in an air-conditioned speci-

fic pathogen-free room at 22 °C, with a 12:12-h light and

dark cycle (lights on at 8:00 A.M., off at 8:00 P.M.). Geno-

typing was carried out as previously described (Chida et al.

2003). Male mice were weaned at 3 weeks of age and fed

standard rodent chow as a LFD (CA-1, 5% of total calories

from fat, Clea Japan Inc., Tokyo, Japan) for 5 weeks and were

then changed to a HFD (custom diet, 40% of total calories

from fat and 0.15% from cholesterol, Oriental Yeast Co.,

Tokyo, Japan). Mice were fed the HFD for 12 weeks, from 8

to 20 weeks of age, unless otherwise stated. Systolic blood

pressure was measured every 2 weeks in conscious mice by

the tail-cuff method using a model MK-2000ST blood pres-

sure monitor for mice and rats (Muromachi Kikai, Tokyo,

Japan). All animal experiments were approved by the Animal

Care and Use Committee and the Biosafety Committee for

Recombinant DNA experiments of Kyushu University, and

carried out in accordance with the guidelines for Animal

Experiments and Recombinant DNA Experiments, Kyushu

University (Approval numbers, A18-005-2 and A25-233-0).

Thioglycollate-elicited peritoneal macrophages

Two milliliters of 4% thioglycollate medium (Eiken Kagaku,

Tokyo, Japan) was intraperitoneally injected into each mouse

and, 4 days later, exudates were collected with ice-cold PBS.

Collected cells were cultured in RPMI1640 (Life Technolo-

gies Japan, Ltd., Tokyo, Japan) supplemented with 10% FBS

for 3 h. Dead cells were removed by washing with PBS three

times and viable cells were used for further experiments.

Cell culture

The murine macrophage cell line Raw264.7 was obtained

from American Type Tissue Collection (Manassas, VA, USA).

Cells were maintained at 37 °C, with 5% CO2 in DMEM

(Wako Chemicals, Osaka, Japan) supplemented with 10% FBS

(Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin

and 100 mg/dL streptomycin (Life Technologies).

Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich.

The mammalian expression vector pME18SFL3 harboring

human ARG2 was obtained from Toyobo (Osaka, Japan).

Cells were transfected with Cell Line Nucleofector kit V

(Lonza Japan, Tokyo, Japan) and analyzed after 48 h of trans-

fection. When indicated, cells were stimulated with 0.1 lg/mL

LPS. The level of nitrite and nitrate in the medium was deter-

mined by Nitrate/Nitrite Colorimetric Assay Kit (Cayman

Chemical, Ann Arbor, MI, USA).

Tissue preparation and serum metabolic profile

Mice were anesthetized by intraperitoneal injection of 50 mg/

kg sodium pentobarbital. After collection of blood from the

vena cava, mice were perfused intracardially with 30 mL of

saline followed by 30 mL of 4% paraformaldehyde (PFA). Iso-

lated aorta and liver were further immersed in 4% PFA over-

night, then cryoprotected by sequential treatment in 10%

sucrose in PBS followed by 20% sucrose in PBS over 48 h at
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4 °C. Tissues were then embedded in OCT compound

(Sakura Finetek Japan, Tokyo, Japan) and immediately

snap-frozen in liquid nitrogen and stored at �80 °C. Serum
metabolic profiles were determined using commercial assay

kits as follows: total cholesterol, L-type Wako CHO H; tria-

cylglycerol, L-type Wako TG H; phospholipids, L-type Wako

phospholipids; free fatty acid, NEFA-SS (Eiken Kagaku); LDL

cholesterol, Cholestest LDL; HDL cholesterol, Cholestest

NHDL (Sekisui Medical, Tokyo, Japan); glucose, Quick Auto

Neo GLU-HK (Shino-Test Co., Kanagawa, Japan); insulin,

Ultra-Sensitive Mouse Insulin ELISA kit (Morinaga Institute

of Biological Sciences, Inc., Yokohama, Japan). Where indi-

cated, mice were fasted for 16 h.

Glucose tolerance test (GTT)

Prkch+/+and Prkch�/� mice were fed a HFD for 12 weeks,

from 8 to 20 weeks of age. After a 6-h fast, 2 g/kg body

weight glucose was given intraperitoneally to the mice. Blood

glucose concentrations were measured at 0, 15, 30, 60 and

90 min after glucose injection on a Freestyle FLASH

glucometer (NIPRO, Osaka, Japan).

Morphometric determination of atherosclerosis

For en face analysis, aorta tissue (including the proximal aorta

and both iliac arteries) was stained with Oil Red O to deter-

mine the lesion area. The total and stained areas were quanti-

fied and the percentage of the surface area occupied by lesions

was calculated from images acquired using a stereoscope

equipped with a digital camera (Olympus, Tokyo, Japan) and

software (IMAGEJ 1.42j, National Institutes of Health, Bethesda,

MD, USA). To determine the cross-sectional lesion area, serial

cross-sections (6 lm) of aortic root were prepared with a

cryostat according to the method previously described (Ni

et al. 2003). In brief, six levels within the aortic sinus region,

separated by 120 lm with the most proximal site starting

where the three aortic valves first appear, were examined.

Using EVG-stained or Sudan IV-stained sections, the

atherosclerotic area was quantified as previously described (Ni

et al. 2003). Five levels within the aortic arch, separated by

120 lm, were quantified. Light field images were captured

using an Axio Imager A1 microscope equipped with an Axio-

CamHRc camera (Carl Zeiss MicroImaging Japan, Tokyo,

Japan). All images were analyzed using PHOTOSHOP 7.0 (Adobe,

San Jose, CA, USA) and IMAGEJ 1.42j software.

Antibodies used in this study

The following antibodies were used for immunohistochemical

studies: rabbit polyclonal anti-mouse PKCg (400 ng/mL,

sc-215, Santa-Cruz Biotechnology, Dallas, TX, USA), rat

monoclonal antimonocyte/macrophage (MOMA2) (170 ng/mL,

T-2007, Bachem, Bubendorf, Switzerland), mouse monoclonal

anti-3-nitrotyrosine (1/100, clone 1A6, Millipore, Billerica,

MA, USA), rabbit polyclonal anti-iNOS (20 lg/mL, ab3523,

Abcam Japan, Tokyo, Japan), rabbit polyclonal anti-mouse

Ym1 (1/50, #01404, StemCell Technologies, Vancouver, BC,

Canada) and purified rat monoclonal anti-mouse Mac-3

(0.63 lg/mL, clone M3/84, BD Bioscience, San Jose, CA,

USA). Respective nonimmune IgG (Dako Japan, Kyoto, Japan)

was used as a negative control, and appropriate peroxidase-

labeled secondary antibodies (Envision system, DAKO Japan)

were used. For immunofluorescence microscopy, Alexa

Fluor 488-conjugated goat anti-rabbit IgG (A1108), Alexa

Fluor 594-conjugated donkey anti-rat IgG (A21209),

Alexa Fluor 488-conjugated goat anti-mouse IgG (A10680),

Alexa Fluor 594-conjugated goat anti-rabbit IgG (A11012) and

Alexa Fluor 594-conjugated anti-mouse IgG (A11005)

were used (Life Technologies).

Immunostaining

For immunohistochemical analysis and immunofluorescence

microscopy, air-dried cryostat sections (6 lm) were blocked

with 3% nonfat milk, then incubated with a primary antibody

followed by incubation with an appropriate peroxidase-labeled

or fluorescence-conjugated secondary antibody. Light field

images were captured using an Axio Imager A1 microscope

equipped with an AxioCamHRc camera (Carl Zeiss MicroI-

maging Japan). Confocal images were acquired using an

LSM510 META and LSM700 confocal microscope system

(Carl Zeiss MicroImaging Japan). All images were analyzed

using PHOTOSHOP 7.0 and IMAGEJ 1.42j software.

TdT-mediated dUTP nick end labeling (TUNEL)

assay

Paraffin-embedded aorta sections were used for TUNEL

assays. Three sections from each mouse at the level of the aor-

tic valve were examined. The TUNEL assay was carried out

using the in situ Cell Death Detection Kit (Roche Diagnostics

Japan, Tokyo, Japan), and the 30-nick ends were labeled by

incubating fluorescein-dUTP with terminal deoxynucleotidyl-

transferase. Incorporated fluorescein-labeled dUTP was visual-

ized using a fluorescence microscope (AxioSkop2 plus)

equipped with a CCD camera (AxioCam) and AXIOVISION soft-

ware (Carl Zeiss MicroImaging Japan). The TUNEL-positive

area was measured using IMAGEJ 1.42j software.

Real-time quantitative RT-PCR

Total RNA from mouse tissues was isolated using a combina-

tion of Isogen (Nippon Gene, Tokyo, Japan) and the RNeasy

Mini kit (QIAGEN, Valencia, CA, USA). First-strand cDNAs

were prepared using PrimeScript reverse transcriptase (Takara,

Kyoto, Japan) and random primers. The relative levels of Prkch

and Arg2 mRNA were determined by real-time quantitative

RT-PCR, according to a previously described method (Non-

aka et al. 2009). 18S rRNA was used as an internal control.
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The following primers were used: Prkch forward primer:

50-GACCTGATGTTCCACATCCAAA; reverse primer: 50-C
GTGGTCCAATAGCACATTGTC; Arg2 forward primer: 50-
CCCCTTTCTCTCGGGGACAGAA; reverse primer: 50-GAA
AGGAAAGTGGCTGTCCA; 18S rRNA forward primer: 50-
AGGATGTGAAGGATGGGAAG, reverse primer: 50-ACGAA
GGCCCCAAAAGTG.

Western blot analysis

Mouse tissues were homogenized in ice-cold lysis buffer con-

taining 125 mM Tris–HCl (pH 6.8), 10% glycerol, 4.0% SDS

and protease inhibitor mixture (Nacalai Tesque, Kyoto, Japan).

The homogenates were then centrifuged at 89 000 g for

30 min at 4 °C, and the supernatants collected. The protein

concentration in the supernatant was measured using a DC

protein assay kit (Bio-Rad Laboratories, Tokyo Japan). Equal

amounts of total protein (5 lg) were separated by SDS-PAGE.

Western blot analysis was carried out according to previously

described methods (Tsuchimoto et al. 2001). The following

primary antibodies were used for analysis: rabbit polyclonal

anti-PKCg antibody (sc-215, Santa-Cruz Biotechnology), goat

polyclonal anti-PKCg antibody (sc-215G, Santa-Cruz

Biotechnology), goat polyclonal anti-arginase II antibody (sc-

18357, Santa-Cruz Biotechnology), mouse monoclonal anti-

b-actin antibody (Clone AC-74, Sigma-Aldrich) and rabbit

polyclonal anti-a/b tubulin antibody (#2148, Cell Signaling).

Digitized images were obtained using Ez-Capture MG (Atto,

Tokyo, Japan), and the intensity of each band was quantified

using CS ANALYZER version 3.0 software (Atto).

IL-6 measurements

Murine serum IL-6 levels were measured using the mouse IL-

6 Quantikine ELISA kit (R&D systems, Minneapolis, MN,

USA) according to manufacturer’s instructions.

Mouse magnetic resonance imaging (MRI)

Mouse MRI was carried out as described previously (Tanaka

et al. 2009). In brief, in vivo MRI scanning was carried out

using a 0.3-T open MRI instrument (AIRIS II, Hitachi Med-

ico, Tokyo, Japan) to determine body fat distribution. Mice

were anesthetized with pentobarbital (50 mg/kg body weight)

and placed in a coil. T1-weighted SE sequence (TR/

TE = 450/14 ms; FOV 85 mm; matrix 512 9 512; slice

thickness 2 mm) was used to acquire 14 transverse slices.

Microarray analysis

Total RNA from mouse tissues was isolated using an RNeasy

mini kit (QIAGEN). RNA quality was verified using a 2100

Bioanalyzer instrument (Agilent Technologies, Inc., Santa

Clara, CA, USA). Gene expression in mouse tissues was ana-

lyzed using the GeneChip Mouse Gene 1.0 ST array

(Affymetrix, Santa Clara, CA, USA). Sample preparation for

microarray was carried out with an Affymetrix Mouse Gene

1.0ST Array kit according to the manufacturer’s instruction.

Arrays were scanned using the Affymetrix 3000 7G scanner and

GENECHIP Operating Software version 1.4 to produce CEL

intensity files.

Statistics

Statistical analyses were carried out using the unpaired two-

tailed Student’s t-test or Mann–Whitney U-test. A P value less

than or equal to 0.05 was considered significant. All values are

expressed as mean � SD.
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