Histamine Deficiency Decreases Atherosclerosis and
Inflammatory Response in Apolipoprotein E Knockout Mice
Independently of Serum Cholesterol Level
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Objective—Histamine and histamine receptors are found in atherosclerotic lesions, and their signaling and subsequent
proatherogenic or proinflammatory gene expression are involved in atherogenesis. In the present study, we generated
apolipoprotein E (apoE) and histamine synthesizing histidine decarboxylase double knockout (DKO) mice on a
C57BL/6J (wild-type mice) background to clarify the roles of histamine in atherosclerosis.

Methods and Results—Wild-type, apoE knockout (KO), and DKO mice were fed a high-cholesterol diet to analyze
hyperlipidemia-induced atherosclerosis. Compared with wild-type mice, apoE-KO mice showed increased expression of
histamine and its receptors, corresponding to increased atherosclerotic lesion areas and expression of inflammatory regulators,
such as nuclear factor-«B, scavenger receptors, inflammatory cytokines, and matrix metalloproteinases. Histamine deficiency
after deletion of histidine decarboxylase reduced atherosclerotic areas and expression of a range of the inflammation
regulatory genes, but serum cholesterol levels of DKO mice were higher than those, of apoE ﬁl ~J'Ip

Conclusion—These results indicate that histamine is involved in the development of at*mrpwlﬁtp@s,ls E-KO mice by
regulating gene expression of inflammatory modulators, an action that appears to be independent of serum cholesterol
levels. In addition to acute inflammatory response, histamine participates in chronic inflammation, such as hyperlipidemia-
induced atheroscle@&f and might be amovel therapeulc target for the treatment of atherosclerosis. (Arterioscler Thromb

Vasc Biol. 201153 (I'J % ]@ =, 1051
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from parietal cells via histamine receptor H2 (HH2R).? In the
field of cardiovascular pathology, accumulation of activated
mast cells and histamine in the coronary adventitia has been
implicated in progression of plaque rupture and acute coro-
nary syndrome.>-7 In addition, several epidemiological stud-
ies have reported an enhancement of atherosclerosis in the

o

v,w atients of ¢ ler y or increased blood histamine.®-1° Together,
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DC-knockout (KO)
{ on induced by liga-
tion of the carotld aItery or cuff replacemcnt of the femoral
’ i lat&@ooth muscle cells
rate predominantly express
HHIR,? the neomtlmal formation, which consists of SMCs,
is suggested to be an HH1R-mediated response.!! Although
ligation- or cuff-induced intimal hyperplasia mimics diffuse
intimal thickening as a precursor lesion of atherosclerosis,!3 it

is quite different from established atherosclerosis, in which
accumulation of lipid-laden macrophages has a unique his-
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Table 1. Primers Used for Real-Time PCR

Gene* Forward Primer Reverse Primer TagMan Probe

CD106 (VCAM-1)  CTCATTCCCTGAAGATCCAGTAATTAA TCAAAGGGATACACATTAGGGACTGT TGAGTGGGCCACTTGTGCATGGG

CD36 AGGTCCTTACACATACAGAGTTCGTTATC AACAGACAGTGAAGGCTCAAAGATG ACTCAGGACCCCGAGGACCACACTG
CD54 (ICAM-1) CAAACAGGAGATGAATGGTACATACG ACCAGAATGATTATAGTCCAGTTATTTTGAG CCATGGGAATGTCACCAGGAATGTGTACC
HDC CAAATGTGCAGCCTGGATACC CGTTCAATGTCCCCAAAGATG AGTGCTCCCGAGGAACCCGACAG

HH1R CTTTAGTGTCTTCATCCTGTGTATTGATC GTAGCTGAAGCACGGGTCTTG TGTCCAGCAACCCCTCCGGTACCT

HH2R CCTTCTCTGCCATTTACCAGTTG CATCACATCCAGGCTGGTGTAG AGTGGAGGTTTGGCCAGGTCTTCTGC
IL1-B TGCACTACAGGCTCCGAGATG GTACAAAGCTCATGGAGAATATCACTTG TGTCGGACCCATATGAGCTGAAAGCTCTC
IL1R1 AGTTAAAAGCCAGTTTTATCGCTATCC CCCCCGATGAGGTAATTCTTG AAATATTTTTGAGTCGGCGCATGTGCAGTTAAT
L6 TTACACATGTTCTCTGGGAAATCG TTGGTAGCATCCATCATTTCTTTG TGAGAAAAGAGTTGTGCAATGGCAATTCTGAT
iNOS GCAGTGGAGAGATTTTGCATGAC ATGGACCCCAAGCAAGACTTG CACCACAAGGCCACATCGGATTTCAC
LDLR CCAAATGGCATCACACTAGATCTTT GGTTCTCATCCTCCAAAATGGTT TTGGGTTGATTCCAAACTCCACTCTATCTCCA
LOX-1 GTCATCCTCTGCCTGGTGTTG AGTAAGGTTCGCTTGGTATTGTTTTAAG TATTGTACAGTGGACACAATTACGCCA
MCP-1 GGCTCAGCCAGATGCAGTTAAC GCCTACTCATTGGGATCATCTTG CCCACTCACCTGCTGCTACTCATTCACC
MMP-2 CTTCACTTTCCTGGGCAACAAG CTGCCACGAGGAATAGGCTATATC AACCAACTACGATGATGACCGGAAGTG
MMP-3 GAGGAAATCCCACATCACCTACAG ACCTCCTCCCAGACCTTCAAAG ACCGGATTTGCCAAGACAGAGTGTGGAT
MMP-9 TTGAGTCCGGCAGACAATCC CCCTGTAATGGGCTTCCTCTATG TGATGCTATTGCTGAGATCCAGGGCG
MMP-12 GTGCCCGATGTACAGCATCTTAG AGTCTACATCCTCACGCTTCATGTC CGGTACCTCACTTACAGGATCTATAATTACA
PDGF-B ACCTCGCCTGCAAGTGTGA CTCGCTGCTCCCTGGATGT AGTGACCCCTCGGCCTGTGACTAGAAGTC
SR-A ACACTGCTTGATGTTCAACTCCATAC TTTGTACACACGTTCCTCCAATTTAC TGTCAGAGTCCGTGAATCTACAGCAAAGCAAC
SR-BI TGGGACTTCCGGGCAGAT GCCTCCGGGCTGAAGAAT ACCCTTCATGACACCCGAATCCTCG
TNFR2 TGGTCTGATTGTTGGAGTGACATC GGATTTCTCATCAGGCACATGAG ' ,;_; i ﬁ-\ % GAGGAAAAAGA
18s rRNA TagMan Ribosomal RNA Control Reagents VIC Probe (Applied Biosyste{n O 1,4?94 no. 9)

*iNOS indicates inducible nitric oxide synthase; PDGF, platelet-derived growth factor; TNFR, tumor necrosis fgqt.qri/rgcgp;tg[.v .
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histamine in hyperlipidemia-induced atherosclerosis. The ex-
pression of inflammatory cytokines, scavenger receptors
(SRs), matrix metalloproteinases (MMPs), and nuclear
factor-kB (NF-«B), which regulate inflammatory response in
the atherosclerotic lesions, was studied by reverse transcrip-
tion—polymerase chain reaction (RT-PCR), Western blotting,
and immunohistochemistry. In addition, we studied the ef-
fects of histamine on serum cholesterol.
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Materials and Methods

Animals

We generated DKO mice by crossing apoE-KO mice (Jackson
Laboratory, Bar Harbor, ME) with previously generated HDC-KO
mice.!® Male mice were weaned at 8 weeks of age onto a high-cho-
lesterol diet (HcD) consisting of 1.25% cholesterol, 15% lard, and
0.5% sodium cholate (Oriental Yeast Co, Tokyo, Japan) and were
maintained on this diet for 12 weeks. Another group was maintained
to 23 weeks and 33 weeks of age on a normal chow diet (NcD).
Wild-type (WT) C57BL/6J mice (Charles River, Yokohama, Japan)

infiltrating macrophages in the athe
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were used f@r control groups. Each experimental group included at
Animals were maintained on a 12-hour light/dark
ls were approved by the Ethics Committee of

penmentanon University of Occupational and
, and were performed according to the institu-
animal experiments and according to Law 105
f the Japanese government.
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AiIssment of Atheroscleros1s

or 24 hours. Then the aortas were stained with Oil
ere captured with a
to whole surface area
was calculated usmg NIH Image software. For histological analysis,

ﬁt were sectioned, and
th

ding aortas from the

sections/aorta) were
slamed w1th hematoxyhn and eosin stain. After scanning using a
virtual slide system (NanoZoomer Digital Pathology, Hamamatsu
Photonics, Hamamatsu, Japan), the intima/media ratio and intimal
plaque area were evaluated using NIH Image.!!2° Immunostaining
was carried out (Envision kit, Dako) on the paraffin sections using
antibodies against smooth muscle actin (clone 1A4, X100, Dako),
macrophages (Mac-3 clone M3/84, X50, BD Bioscience Pharmin-
gen, Tokyo, Japan), HDC (rabbit polyclonal, X 100; Progen Biotech-
nik, Heidelberg, Germany), and histamine (rabbit polyclonal, X 100;
Progen Biotechnik) as previously described.!* Immunolocalization
of NF-kB was also studies in the atherosclerotic lesions (rabbit
polyclonal, X2000, Abcam).
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Lipoprotein Analysis

After mice were starved for 7 hours, blood was collected, and the
serum was analyzed by high-performance liquid chromatography
(Skylight Biotech, Akita, Japan).?!

Real-Time Polymerase Chain Reaction

Expression of mRNA in the liver and aortas was quantified by
real-time RT-PCR using TagMan quantitative PCR analysis. The
genes investigated and primers for PCR are listed in Table 1.
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Table 2. HPLC Analysis of Serum Lipoproteins

Diet Week WT ApoE-KO DKO
T-cho (mg/dL) NcD 23 68.3+2.7 325.0+35.4* 428.2+24.8*t
NcD 33 78.3+3.7 365.5+52.0* 496.1+37.0*t
HeD 12 166.5+8.4 470.1=61.1* 633.5+50.8*t
VLDL (mg/dL) NcD 23 3.9+06 137.7+£22.8* 225.7+14.1*t
NcD 33 6.1+0.8 208.5+34.4* 283.4+24.4*t
HeD 12 63.7+6.1 284.8+39.1* 381.4+30.9*t
LDL (mg/dL) NcD 23 75+0.3 94.5+10.3* 153.6+10.5*t
NcD 33 9.0+0.6 107.5+17.6* 161.7£10.5*t
HcD 12 39.2+2.6 108.4+19.9* 165.3+10.7*F
HDL (mg/dL) NcD 23 56.9+2.0 26.2+2.8* 36.6+3.6*1
NcD 33 63.7+2.8 28.3+1.4* 35.6+2.2*t
HeD 12 60.9+3.1 23.0+2.1* 32.5+4.2%%
VLDL indicates very-low-density lipoprotein.
*P<0.05 vs WT.

1P<0.05 vs apoE-KO.

Measurement of Histamine and Monocyte
Chemoattractant Protein-1 in Serum and
Aortic Tissue

The aortic and serum levels of monocyte chemoattractant protein-1
(MCP-1) and histamine were measured by ELISA (R&D Systems
and Immunotech, Marseille, France). The aortas were homogenized
in 0.2 N HCIO, buffer (100 nL/10 ng tissue), and the supernatants
were collected by centrifugation (10,000g for 5 minutes at 4°C).
After neutralization by
potassium borate (pH 9.
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tion, the supernatants were ted-t AL S bl N
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Results

General Phenot}F % DK( %eu?) Koot %
The body weight of apoE-KO micé®vas not increased, and
that of WT and DKO mice was increased after NcD for 33
weeks (Supplemental Figure IA, available online at http:/
atvb.ahajournals.org). Both systolic and diastolic blood pres-
sure was increased in apoE-KO mice compared with WT
mice. In DKO mice, blood pressure was decreased to the level
of WT mice (Supplemental Figure IB). White blood cell
counts were not different among WT, apoE-KO, and DKO
mice, but percentages of neutrophiles and lymphocytes were
increased in apoE-KO mice. Very few basophiles were
observed in the peripheral blood from WT, apoE-KO, and
DKO mice (Supplemental Table I). No infectious diseases or
other pathological conditions were observed during the ex-
periments in the mice.

Serum Cholesterol Levels in DKO Mice

On feeding with NcD for 23 to 33 weeks or with HeD for 12
weeks from the age of 8 weeks, apoE-KO and DKO mice
became hyperlipidemic, with increased total cholesterol,

very-low-density lipoprotein cholesterol, and low-density
lipoprotein (LDL) cholesterol but decreased high-density
lipoprotein (HDL) cholesterol compared: with WT mice
(Table 2). Furthenﬁ%yéomﬁaﬂé&«mtr@m mice, DKO
mice showed higher cholestérol! 16vels dm all fractions, but
HDL cholesterol was moderately increased in DKO mice.

In cti.qngi of Histamine and Histamine Receptors
Cr{Htke-:

. ertim Histamitie Tevels were increased in apoE-KO mice com-
Western Blotting ‘ T aTar .
The aortic expression of dlass }}&HD bit %1
X1000; Santa Cruz Biotechnology), an -kB (rabbit polyclonal, g

ANOVA was applied to determine statistical differences, and a

., pared with WT

ce during the ages of 23 to 33 weeks with
. NcD,@HigureflA) ' After 12 weeks of feeding with HeD, serum
“histarfiie Te ere markedly higher than values for feeding
ith NcD (Figure 1B). In DKO mice, serum histamine was not
(Figure, 1A and 1B). Real-time RT-PCR showed
@E expression in atherosclerotic aortas of apoE-KO
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Figure 1. Serum histamine and HDC, HH1R, and HH2R expres-
sion in aortic tissue. A and B, Serum histamine was increased in
apoE-KO mice but not in histamine-deficient DKO mice. From
23 to 33 weeks of age with NcD, serum histamine increased in
apoE-KO mice (A), and HcD feeding for 12 weeks much
increased serum histamine levels (B). C and D, Aortic expres-
sion of HDC, HH1R, and HH2R was increased in apoE-KO mice
fed HeD for 12 weeks. The expression of HH1R and HH2R in
DKO mice was decreased compared with apoE-KO mice. The
values are presented as mean=SE. *P<0.05, **P<0.01,
**P<0.001 vs WT mice; ##P<0.05, ###P<0.001.
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Figure 2. Quantitative analysis of hyperlipidemia-induced atheroscle-
rosis. A, Oil Red O-stained atherosclerotic lesions in NcD-fed (for 23
and 33 weeks) and HcD-fed (9 and 12 weeks) mice. B, The athero-
sclerotic areas stained with Oil Red O stain were decreased in DKO
mice fed NcD and HeD. The values are presented as mean+SE
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Suppression of —
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was markedly increased dunng the age of 23 to 33 weeks in
apoE-KO mice fed NcD, whereas it was much less in DKO
mice (40% of apoE-KO mice) (Figure 2A). After mice were
fed HeD for 9 or 12 weeks, atherosclerotic lesion area in
DKO mice was also 40% of that of apoE-KO mice (Figure
2B). The atherosclerotic lesions of apoE-KO mice included
Mac-3-positive macrophages (foam cells) and a lesser num-
ber of a-smooth muscle actin—positive SMCs. The macro-
phages were positive for HDC and histamine in apoE-KO
mice (Figure 2C). In addition to the Mac-3-positive macro-
phages, a few CD3-positive T lymphocytes infiltrated in the
atherosclerotic intima (data not shown). The T cell counts
were increased in apoE-KO and DKO mice compared with
WT mice, but they were not different between apoE-KO and
DKO mice (Supplemental Table II).

Because mast cells in HDC-KO mice are decreased in number
and show abnormal morphology and reduced granular content,!®
the mast cells in the atherosclerotic aortas were studied by
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ion of LDLR, SR-BI, and SRs in atheroscle-
ressmn of LDLR and SRs in the aortas was
KO mice fed HcD for 12 weeks. The
genes was downregulated in DKO mice

tudied by Western blotting. The expression
in protem were correlated with those in mRNA. C, In the
ession was decreased in DKO mice, but that of

ased in DKO mice compared with apoE-KO

& normalized by 18S rRNA expression (RT-
(Western blotting) expression and are presented

)1 vs WT mice;

O mice.

“E%t observed in the
“a fe ere detected in the
adventitia, and no significant differences in these cell numbers
were noted among WT, apoE-KO, and DKO mice (data not
shown).

In 33-week-old mice fed NcD, intima/media ratio and intimal
lesion area were significantly reduced by 60% in DKO mice
compared with apoE-KO mice (Figure 2D and 2E). Mice fed
HcD for 9 to 12 weeks had similar results (data not shown).

R D e i o A oL

Expression of SRs and LDL Receptor in the Liver
and Aortas in DKO Mice

Real-time RT-PCR revealed that expression of LDL receptor
(LDLR) was decreased in both apoE-KO and DKO compared
with WT mice but was further decreased in DKO mice
compared with apoE-KO mice. SRs, including SR-A,2? SR-
BI,2* CD36,2* and lectin-like oxidized LDLR-1 (LOX-1)%
were increased in apoE-KO mice fed HeD for 12 weeks. The
expression of these SRs genes was significantly downregu-
lated in DKO mice compared with apoE-KO mice (Figure 3A
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Figure 4. Expression of inflammatory factors in atherosclerotic
aortas. A, Expression of inflammatory factors in the aorta was
analyzed in WT, apoE-KO, and DKO mice fed HeD for 12
weeks. These genes expression were increased in apoE-KO
mice but decreased in DKO mice. B, Aortic MCP-1 content in
DKO mice was lower than that in apoE-KO mice in 12 weeks of
HcD. C, Serum MCP-1 was increased in apoE-KO and DKO
mice fed NcD from 23 to 33 weeks of age. After HcD feeding
for 9 and 12 weeks, serum MCP-1 of both apoE-KO and DKO
mice were increased compared with that of WT mice. Tissue
MCP-1 was normalized by tissue weight. The mRNA expression
was normalized by 18S rRNA expression and is presented as
mean=SE. *P<0.05, *P<0.01, **P<0.001 vs WT; #P<0.05,
##P<0.01 vs apoE-KO mice.

and Supplemental Figure III). The levels of protein expres-

sion of SR-A and CD36 were, ted.to. those of, ;
expression (Figure . niheti“ T, expression (
SR-BI was moderately decreased in “mice, but that o

e PHIOTIBOSIS
Bi

Suppression of Infla
Atherosclerotic Aok
Expression of inflammatdye
their receptors, such as tumor necrosis factor receptor
interleukin-1 recepfor (TETR), ML=FB; JL=6, platclet

growth factor f3 ain, and MCP-T,

apoE-KO mice ¢ i ige* and pdecreased
in DKO mice (FigF’% u e%l Figi )*In
addition, serum and aortic tissue protein levels were

significantly decreased in DKO mice compared with
apoE-KO mice (Figure 4B and 4C). Expression of mRNAs of
intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) was increased in atheroscle-
rotic aortas of apoE-KO mice but significantly decreased in
DKO mice (Figure S5A). Inducible nitric oxide synthase,
expression of which is regulated by HHIR signaling in
vascular SMCs,?¢ was enhanced in apoE-KO mice and
reduced in DKO mice (Supplemental Figure III).

Decreased Expression of MMPs in Atherosclerotic
Aortas in DKO Mice

Expression of MMPs, which participate in the remodeling of
atherosclerotic intima,2*?7-2% was increased in atherosclerotic
plaques of apoE-KO mice, except for MMP-9 after feeding with
HcD for 12 weeks. In particular, MMP-12 expression, which
was hardly detected in the normal aortic tissue from WT mice,
was markedly enhanced in apoE-KO mice. All the MMP mRNA

Figure 5. Expression of adhesion molecules, MMPs, and
NF-«B. Expression of ICAM-1, VCAM-1, and MMPs in the aorta
in WT, apoE-KO, and DKO mice fed HcD for 12 weeks. Values
were normalized by 18S rRNA expression and are presented as
mean=SE. A, ICAM-1 and VCAM-1 expression was increased in
atherosclerotic aortas in apoE-KO mice and decreased in DKO
mice. MMP expression was also increased in atherosclerotic
plagues of apoE-KO mice, except for MMP-9, and was
decreased in DKO mice. The expression of NF-«kB was studied
by Westemn blotting (B) and immunohistochemistry (C). In
apoE-KO mice, NF-xBrexpressiohiwas i and localized
in the nuclei of the macrophages, Both.e’ on and nuclear
localization were decreased in DKO mice. *P<<0.05, **P<0.01,
**P<0.001 vs WT mice; #P<0.05, ##P<0.01 vs apoE-KO mice.
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NF-
©One gulators of inflammation, transcriptional
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i d immunohistochemistry. In the athero-
: mice fed HecD for 12 weeks, expression
was markedly increased in apoE-KO mice and decreased in

immunostaining,
ated macrophages,

0 W deved in DKO mice
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Discussion

In the present study, we demonstrated that serum and aortic
histamine contents and histamine receptor expression in-
creased as hyperlipidemia-induced atherosclerosis developed
in apoE-KO mice. In histamine-deficient DKO mice, athero-
sclerotic lesion was significantly attenuated despite the higher
cholesterol levels. The expression of a range of proathero-
genic cytokines, SRs, adhesion molecules, and MMPs in the
aortas was reduced in DKO mice. Expression and activation
of NF-kB, one of the key inflammatory regulators, was also
decreased in DKO mice. Therefore, these results indicate that
histamine promotes atherosclerosis independently of serum
cholesterol levels but depending on gene regulation of in-
flammatory response.

Regulation of Atherosclerosis and Serum Lipid

by Histamine -

In both liver and atherosclerotic aortas, SR-BI expression
were reduced in DKO compared with apoE-KO mice. HDL
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cholesterol receptor SR-BI regulates reverse cholesterol
transport from peripheral atherosclerotic lesions to the liver,
and deletion of SR-BI in apoE-KO mice accelerates
proatherogenic hypercholesterolemia and atherosclerosis.??2°
Therefore, decreased expression of SR-BI is responsible in
part for the increased cholesterol levels in DKO mice. In
contrast, LDLR expression in the liver was moderately
increased and that in the aortas was decreased in DKO mice.
Because LDLR is expressed predominantly in the liver and
LDLR-deficient mice show proatherogenic lipid profile be-
cause of reduced hepatic clearance of LDL and very-low-
density lipoprotein,3%-3! it is probable that LDLR-mediated
clearance of serum cholesterol would not, at least, be im-
paired in DKO mice.

In contrast, HDL cholesterol levels in DKO mice were
higher than those in apoE-KO mice. The higher serum HDL
cholesterol levels might partly participate in the reduction
of atherosclerosis in DKO mice. Although the net effect of
histamine deficiency on apoE-KO mice is attenuation of
atherosclerosis with increased very-low-density lipoprotein,
LDL, and HDL cholesterol, the exact mechanism(s) by which
histamine regulates cholesterol metabolism is still unknown.
Recently, however, we suggested that hepatic cholesterol
accumulation is regulated by histamine signaling in the
liver,?2 and therefore histamine actions mediated through
hlstamme receptors expressed in tissues, mcludlng the arte!

pressed in atherosclef®ti
sis,22-25 were decreased i
the present results, LOX-1

'gmc

MCP-1 and its receptor CCR2, and it stimulates endothelial
cells to upregulate ICAM-1 and VCAM-1 expression,?’
which are upregulated at atherosclerosis-prone sites in
apoE-KO mice.* The expression of MCP-1 is also upregu-
lated by granulocyte-macrophage colony-stimulating factor,
which enhances the production of histamine via HDC expres-
sion of monocytes.!53 These data suggest that histamine
modulates monocyte migration from peripheral blood via
upregulation of MCP-1/CCR2 and adhesion molecules and
that histamine is involved in an inflammatory network in the
atherosclerotic lesion.'® Actually, in the present study, the
serum and aortic MCP-1 expression in DKO mice was
significantly lower than that in apoE-KO mice. In addition,
the aortic expression of endothelial and monocytic adhesion
molecules, including ICAM-1 and VCAM-1, was induced in
apoE-KO mice but significantly reduced in DKO mice.
Because the increased expression of MCP-1 and adhesion
molecules plays a central role in the progression and desta-
bilization of established atherosclerosis in apoE-KO mice,*
these data indicate that the antiatherogenic nature of DKO
mice could, at least partially, be attributed to the downregu-
lation of histamine-induced expression CP-1 and adhe-
sion molecules. ‘MIIETICAN Fhewnn ﬁ

ARt e
Regulation of MMP-Expression and Intimal
Remodelmg by Histamine

, nic_expression or KO of MMP genes has been very
: e]:n@ El;&m apoE-KO mice or another animal to
ation between atherosclerosis and arterial

mamx de , adatl
MM :

n.41-43 Of special interest, the effects of
P-12 are well studied because of its elasto-
troy the arterial media for the progression

regulated by histaffiine-ifiediated signal through HH2 of theroscleroms Indeed, we previously reported that
Therefore, suppressedyi Sj@r : I essential role in the invasion of macro-
histamine deficiency is I sclcr ercholesterolemia-induced atherosclerotic

progression in DKO mice in spite of increased serum choles-
terol levels. In fact '
LDLR-KO or apoE-K

LOX-1, SR-A, and i
enhance cholesterol! Hﬁ sues, ;
the accumulation of cholesterol in lipid-laden cells in the

aortas to accelerate atherosclerosis.

Regulation of Inflammatory Response
by Histamine
Our study showed that proatherogenic cytokines and other
molecules (such as IL-1B, IL-6, platelet-derived growth
factor-BB, inducible nitric oxide synthase, and MCP-1) that
regulate inflammatory response in the atherosclerotic lesions
were markedly decreased along with attenuation of hyperlip-
idemia-induced atherosclerosis in DKO mice. Because influx
of modified LDL into the atherosclerotic lesions also accel-
erates the inflammatory responses to the progress of athero-
sclerosis,?5:36 the decreased cholesterol influx contributes to
the decreased inflammation to reduce atherosclerotic lesions
in DKO mice.

Among those inflammatory factors, our previous studies
showed histamine regulation of MCP-1 in relation to athero-
genesis.!5373% Histamine stimulates monocytes to express

foa m transgenic rabbits b dlsruptlon ot elastic

a 101pa es 1n tissue remodeling in hyperlipidemia-
sis, viai the expression of MMP-2, -3, -9,
jaming is ‘not able to directly induce
theseexpressmn of ese Ps in cultured macrophages and
SMCs (data not shown), the expression of MMPs is regulated
by a complicated inflammation network including histamine
in the atherosclerotic lesions.!® It is of note that oxidized
LDL~induced expression of MMP-2 and -9 in atherosclerotic
lesions of LDLR-KO mice is mediated though activation of
LOX-1,* because our previous study showed that histamine
upregulates LOX-1 expression in monocytes.!'” The
histamine-LOX-1-MMP axis may be present in atheroscle-
rotic lesions to modulate extracellular matrix metabolism.

Regulation of NF-kB Signaling in Inflammatory
Responses by Histamine

NF-kB signaling is critical for atherogenesis because it
regulates vascular inflammatory responses, and activated
NF-kB has demonstrated in atherosclerotic lesions.*46 Im-
portantly, all the genes whose expression was decreased in
DKO mice are targets of the transcriptional factor NF-«kB in
the atherosclerotic lesion.#> Because the expression and
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Histamine Deficiency Decreases Atherosclerosis and Inflammatory Response

in ApoE-KO Mice Independently on Serum Cholesterol Level
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Materials and Methods

Measurement of blood pressure

The systolic and diastolic blood pressures were measured by tail-cuff method in
33-week-old mice fed NcD under conscious conditions (Model MK-2000, Muromachi
Kikai Co., Ltd., Tokyo, Japan).

Hematopoietic cell counts in peripheral blood and bone marrow

The mice aged 33 wk fed NcD were used for the hematopoietic cell counts. Total
white blood cell counts in the peripheral blood were calculated (counts/uL) and the
leukocyte fractions (% to total count) were classified into neutrophiles, eosinophiles,
basophiles, monocytes and lymphocytes. Total nucleated cells of the bone marrow
(femur) were counted (counts/femur) and the fractions (% to total count) were classified
into erythroids, granuloids, lymphocytes and megakaryocytes.

Mast cell counts in atherosclerotic lesions

The paraffin sections from the aortic lesions from 12-wk-HcD fed mice were
stained by toluidine blue stain and mast cells were counted.
T lymphocyte counts in atherosclerotic lesions

The T lymphocytes in the atherosclerotic lesion from 12-wk-HeD fed mice were
detected by immunohistochemistry using anti-CD3 antibody (rabbit polyclonal, x1;
Dako) and positive cells were counted per section on a light microscope.

RT-PCR for HH3R and HH4R

The mRNA expression in the atherosclerotic lesions of 12-wk-HcD fed mice was
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detected by RT-PCR using the primers listed below. For HH3R mRNA detection, the
forward primer was 5’-AGCGCATGAAGATGGTATCC-3’ and the reverse primer was
5’-AGCTTGGTGAAGGCTCTACG-3’. For HH4R mRNA detection, the forward
primer was 5’-ATGGTAGGCAATGCTGTGG-3’ and the reverse primer was
5-TGTGTTCGTGCTGTTCTTCC-3’. As an internal control B-actin expression was
monitored using the forward (FP) and reverse (RP) primers: FP

5’-TACATGGCTGGGGTGTTGAA-3’ and RP 5’-AAGAGAGGCATCCTCACCC-3".

Figure Legends

Supplemental Fig. 1. Body weight and blood pressure in mice fed NcD.
A) Body weight curve of WT, apoE-KO and DKO mice up to 33-wk old. B) Blood
pressure of the mice was measure at the age of 33 wk. Both systolic and diastolic blood

pressures were lower in DKO mice than in apoE-KO mice.

Supplemental Fig. I1. HH3R and HH4R expression in atherosclerotic lesions.
After feeding with HcD for 12 wk, HH3R mRNA but not HH4R expression was

increased in apoE-KO mice, which was decreased in DKO mice.

Supplemental Fig. IIl. Expression of various inflammatory factors in
atherosclerotic lesion.

After feeding with HcD for 12 wk, mRNA expression was monitored by real time
RT-PCR. A) LOX-1 B) IL1R1 C) TNFR2 D) MMP2 E) MMP3 F) iNOS

All the expression was increased in apoE-KO mice than in WT mice and decreased in
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DKO mice.
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Activation of the central histaminergic system
is involved in hypoxia-induced stroke tolerance

in adult mice
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We hypothesized that activation of the central histaminergic system is required for neuroprotection
induced by hypoxic preconditioning. Wild-type (WT) and histidine decarboxylase knockout (HDC-
KO) mice were preconditioned by 3hours of hypoxia (8% 0,) and, 48 hours later, subjected to
30 minutes of middle cerebral artery (MCA) occlusion, followed by 24 hours of reperfusion. Hypoxic
preconditioning improved neurologic function and decreased infarct volume in WT or HDC-KO mice
treated with histamine, but not in HDC-KO or WT mice treated with a-fluoromethylhistidine («-FMH,
an inhibitor of HDC). Laser-Doppler flowmetry analysis showed that hypoxic preconditioning
ameliorated cerebral blood flow (CBF) in the periphery of the MCA territory during ischemia in WT
mice but not in HDC-KO mice. Histamine decreased in the cortex of WT mice after 2, 3, and 4 hours of
hypoxia, and HDC activity increased after 3hours of hypoxia. Vascular endothelial growth factor
(VEGF) mRNA and protein expressions showed a greater increase after hypoxia than those in HDC-
KO or «-FMH-treated WT mice. In addition, the VEGF receptor-2 antagonist SU1498 prevented the
protective effect of hypoxic preconditioning in infarct volume and reversed increased peripheral
CBF in WT mice. Therefore, endogenous histamine is an essential mediator of hypoxic preconditioning.
it may function by enhancing hypoxia-induced VEGF expression.

Journal of Cerebral Blood Flow & Metabolism (2011) 31, 305-314; doi:10.1038/jcbfm.2010.94; published online

30 June 2010

Keywords: histamine; hypoxic preconditioning; vascular endothelial growth factor

Introduction

Cerebral ischemic tolerance is an adaptive process
in which a brief subtoxic stress, such as hypoxic
or ischemic preconditioning, induces endogenous
neuroprotection against a subsequent severe ische-
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mia. Alterations in the release of neurotransmitters
and expression or activation of numerous proteins
are involved in this process (Dirnagl et al, 2003),
although the mechanisms are poorly understood.
Knowledge of tolerance mechanisms may lead to
identification of therapeutic targets to protect the
brain either before surgery or in patients at high risk
of stroke.

Histamine is recognized as an important neuro-
transmitter or neuromodulator in the central nervous
system, which is synthesized from histidine by the
specific enzyme, histidine decarboxylase (HDC)
(Haas and Panula, 2003). Histaminergic neurons are
located in the tuberomammillary nucleus of the
posterior hypothalamus, and its fibers are widely
distributed in the entire brain. Both in vivo and
in vitro studies have indicated that histaminergic
neurotransmission mediates neuroprotective activity
through histamine H, or H, receptors, which are two
postsynaptic receptors of histamine in the brain.
Inhibition of histamine signaling by «-fluoromethyl-
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histidine (¢-FMH, a selective inhibitor of HDC)
aggravates cerebral ischemic injury (Adachi, 2005).
Through H, receptor activation, histamine prevents
the severe damage to hippocampal CA1 pyramidal
cells induced by transient forebrain ischemia
(Adachi, 2005). In vitro, the H, receptor antagonist
terfenadine enhances the excitotoxic response to
NMDA (N-methyl-D-aspartic acid) in cerebellar neu-
rons, and this is inhibited by histamine (Diaz-Trelles
et al, 2000). Recently, we also reported that hista-
mine protects against NMDA-induced necrosis in
cultured cortical neurons through the H, receptor/
cyclic AMP/PKA pathway (Dai et al, 2006). This
evidence suggests that histamine has an important
role in brain ischemia. In addition, an increase in
histamine release occurs in synaptosomal prepara-
tions from rats with hypoxia (Waskiewicz et al,
1988), and in the rat cortex or striatum after focal
cerebral ischemia (Adachi, 2005; Irisawa ef al, 2008).
However, the effect of histamine on hypoxia-induced
stroke tolerance has not been examined.

Vascular endothelial growth factor (VEGF) has a key
role in hypoxia-induced tolerance (Bernaudin et al,
2002; Laudenbach et al, 2007; Wick et al, 2002),
moderates cerebral ischemic damage (Hayashi et al,
1998), and protects cultured neurons from hypoxia and
glucose deprivation (Jin et al, 2000). Histamine is one
of the main mediators of VEGF expression in various
tissues and cells. In the granulation tissue, histamine
enhances the content of the VEGF protein through the
H, receptor (Ghosh et al, 2001), and HDC knockout
(HDC-KO) mice show lower VEGF levels than do wild-
type (WT) mice (Ghosh et al, 2002). Similarly,
histamine increases VEGF production in cyclooxygen-
ase-2-positive HT29 and Caco-2 cells, and this effect is
prevented by H, antagonists (Cianchi et al, 2005).
Thus, we hypothesized that endogenous histamine is
involved in stroke tolerance induced by hypoxic
preconditioning, and that this effect is associated with
VEGF, although the relationship between them in the
central nervous system remains unknown.

Materials and methods

Animals

Both WT and HDC-KO male mice (both are C57BL/6 strain)
weighing 22 to 25g were used, which were kindly
provided by Professor Ohtsu (Liu et al, 2007). All
experiments were conducted in accordance with the
ethical guidelines of the Zhejiang University Animal
Experimentation Committee and were in complete com-
pliance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Every effort was made
to minimize any pain or discomfort, and the minimum
number of animals was used.

Hypoxic Preconditioning and Drug Treatment In Vivo

Normobaric hypoxia (8% O,) was achieved by replacing
oxygen by nitrogen in an airtight chamber (5,500mL).
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Hypoxic preconditioning was performed 48 hours before
ischemia, In the «-FMH treatment group, «-FMH (25 mg/kg)
was injected intraperitoneally 3hours before hypoxia in
WT mice. In the histamine treatment group of HDC-KO
mice, histamine was administered intracerebroventricu-
larly at a dose of 5 ug/2 uL per 6 h per animal for 3 injections
in all, and the first injection was administered 30 minutes
before hypoxia (i.e., 51.5, 45.5, and 39.5hours before
ischemia). The corresponding vehicle group and hypoxic
preconditioning group of HDC-KO mice were injected with
artificial cerebrospinal fluid three times by 2uL/6h per
animal. SU1498 which is a VEGF receptor (VEGFR)2/Flk1
antagonist was administered intracerebroventricularly at a
dose of 250ng/2 L. per 12h per animal for 3 injections in
all WT mice, and the first injection was administered
30 minutes before hypoxia (i.e., 51.5, 39.5, and 27.5 hours
before ischemia). The corresponding vehicle group and
hypoxic preconditioning group of WT mice were injected
with artificial cerebrospinal fluid containing 1% dimethyl
sulfoxide three times by 2 uL/12 h per animal.

Transient Focal Cerebral Ischemia

Both WT and HDC-KO mice were anesthetized with an
intraperitoneal injection of sodium pentobarbital (45 mg/kg).
Cerebral blood flow (CBF) was determined in the territory
of the middle cerebral artery (MCA) by laser Doppler
flowmetry (Periflux System 5010; Perimed, Jarfalla, Sweden)
as described previously (Inaba et al, 2009; Iwanami et al,
2007). A flexible fiberoptic probe was affixed to the skull
over the cortex supplied by the proximal part (core; 2 mm
caudal to the bregma and 6 mm lateral to midline) or the
peripheral part (periphery; 2mm caudal to the bregma and
3 mm lateral to midline) of the right MCA. The CBF in the
core of the MCA territory was monitored in all animals
subjected to MCA occlusion (MCAQ), and in a part of
animals, CBF in the periphery of the MCA territory was
also monitored. Cerebral blood flow was expressed as a
percentage of the value before MCAO. Animals with <80%
reduction in CBF in the core of the MCA territory were
excluded from the study. The exclusion criteria used to
eliminate mice from further consideration are shown in
Supplementary Table 1. '

Transient focal cerebral ischemia was induced by MCAO
as described previously (Yu et al, 2005). Briefly, a 6-0 nylon
monofilament suture, blunted at tip, and coated with 1%
poly-L-lysine, was advanced 10mm into the internal
carotid to occlude the origin of MCA. Reperfusion was
allowed after 30 minutes by monofilament removal. Body
temperature was maintained at 37°C by a heat lamp (FHC,
Bowdoinham, ME, USA) during surgery and for 2hours
after the start of reperfusion. Systolic blood pressure and
heart rate were measured by a noninvasive tail cuff (ML
125 NIBP system, ADInstruments Pty Ltd., Castle Hill,
NSW, Australia) connected to a PowerLab system (AD
Instruments Pty Ltd., Castle Hill, NSW, Australia). Arterial
pH, p0,, and pCO, were monitored using an ABL700 series
blood gas analyzer (Radiometer, Copenhagen, Denmark).

Neurologic deficit scores were evaluated as described
previously (Longa et al, 1989) at 24 hours of reperfusion



as follows: 0, no deficit; 1, flexion of the contralateral
forelimb on lifting of the whole animal by the tail;
2, circling to the contralateral side; 3, falling to contralateral
side; and 4, no spontaneous motor activity.

Infarct volume was determined 24 hours after MCAO.
The brains were quickly removed, sectioned coronally at
2-mm intervals, and stained by immersion in the vital dye
2,3,5-triphenyltetrazolium hydrochloride (TTC; 0.25%) at
37°C for 30 minutes. Extents of the normal and infarcted
areas were analyzed using the Image] software (National
Institutes of Health, Bethesda, MD, USA) and determined
by the indirect method, which corrects for edema (con-
tralateral hemisphere volume minus nonischemic ipsilat-
eral hemisphere volume). The percentage of the corrected
infarct volume was calculated by dividing the infarct
volume by the total contralateral hemispheric volume, and
this ratio was then multiplied by 100.

High-Performance Liquid Chromatography
Determination of Histamine Concentration

Wild-type mice were killed immediately after 3 hours of
hypoxia or normoxia, the brain was quickly removed, and
the cerebral cortex was isolated and stored at —80°C until
assay. The cerebral cortex was homogenized with 0.4 mol/L
perchloric solution and centrifuged at 15,000 g for 20 min-
utes at 4°C, and the supernatant was collected. Analysis
of histamine in each sample was performed by high-
performance liquid chromatography (HPLC) as described
previously (Jin et al, 2005). The HPLC was controlled,
and data were acquired and analyzed using CoulArray
software (ESA, Chelmsford, MA, USA). All equipments
were obtained from ESA (Chelmsford, MA, USA).

Measurements of Histidine Decarboxylase Activity

Histidine decarboxylase activity was measured as described
before (Shen et al, 2007). In short, the cerebral cortex was
homogenized in 10-fold volume of ice-cold HDC buffer
(0.1 mol/L potassium phosphate buffer, pH 6.8, 0.01 mmol/
L pyridoxal-5-phosphate, 0.2mmol/L dithiothreitol, 1%
polyethyleneglycol with average molecular weight of 300,
100 yg/mL phenylmethane sulfonylfluoride). The homoge-
nates were centrifuged at 10,000 g for 15 minutes at 4°C, and
100 uL of the supernatant was transferred into a microcen-
trofilter tube (Ultracel YM-30, Millipore, Billerica, MA,
USA). After centrifugation at 5,000 g for 40 minutes, 100 L.
of the phosphate buffer was added to the pellet, which was
gently suspended. This process was repeated twice to
remove endogenous histamine. The enzymatic reaction was
then started by adding 100 uL 1 mmol/L L-histidine at 37°C
and the histamine produced during a 3-hour reaction was
measured using HPLC.

Quantitative Real-Time PCR

Total RNA was isolated using a total RNA extraction kit,
according to the manufacturer’s instructions (Sangon,
Shanghai, China). We then prepared cDNA using a Prime
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Script RT Reagent kit (Takara, Dalian, China) and
performed quantitative real-time PCR with an ABI 7500
instrument (Applied Biosystems, Foster City, CA, USA)
and a SYBR Green Real-time PCR Master Mix (Toyobo,
Osaka, Japan). The following mouse primers were used:
VEGF, 5-GTAACGATGAAGCCCTGGAGT-3' and 5'-TCAC
ATCTGCTGTGCTGTAGGA-3'; erythropoietin, 5'-CCCACC
CTGCTGCTTTTACT-3' and 5-ACAACCCATCGTGACATT
TTCT-3'; HDC, 5'-ACCCCATCTACCTCCGACAT-3' and 5'-
ACCGAATCACAAACCACAGC-3'. Glyceraldehyde-3-phos-
phate dehydrogenase, 5'-GTCGGTGTGAACGGA; TTTGG-3’
and 5-GCTCCTGGAAGATGGTGATGG-3'.

Immunoblotting

The cerebral cortex was homogenized, and total proteins
were purified using cell and tissue protein extraction
reagents according to the manufacturer’s instructions (KC-
415; KangChen, Shanghai, China). In all, 42ug protein
equivalent of each sample was electrophoresed on poly-
acrylamide gel, transferred onto nitrocellulose, and probed
with monoclonal anti-VEGF antibodies (1:1,000; Abcam,
Cambridge, UK), followed by IRDye 700-coupled anti-mice
IgG (1:10,000; LI-COR Biosciences, Lincoln, NE, USA)
secondary antibodies. Anti-glyceraldehyde-3-phosphate
dehydrogenase antibody (1:5,000; KangChen, Shanghai,
China) was used as the control. Blots were visualized using
an Odyssey infrared imaging system (LI-COR Biosciences)
and analyzed using Odyssey software. Relative optical
densities were obtained by comparing measured values
with the mean values from the WT control group.

Statistical Analysis

All data were collected and analyzed in a blind manner.
Data are presented as meants.e.m. One-way ANOVA
(analysis of variance) with least significant difference
(LSD) or Dunnett’s T3 post hoc test (in which equal
variances were not assumed) was applied for multiple
comparisons, whereas Student’s #test was used for com-
parisons between two groups. Neurologic deficit scores
were analyzed with the nonparametric Mann-Whitney
U-test. P<0.05 was considered statistically significant.

Results

Hypoxic Preconditioning Induces Tolerance to
Transient Focal Cerebral Ischemia in Wild-Type but
Not in Histidine Decarboxylase Knockout Mice

During normobaric hypoxic preconditioning (8%
0,), animals displayed increased respiratory rate
and reduced spontaneous movement. After precon-
ditioning, they recovered within minutes. Two or
three hours of hypoxia, performed 48 hours before
transient MCAQ, reduced infarct volume to 68.8%
(P<0.05) or 50.5% (P<0.05) of the control group,
respectively (Figure 1A). However, after a longer
period of hypoxia (4 hours), the protection became
weaker. The reduction in infarct volume in precon-
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