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Histamine, a potent inflammatory mediator, has multiple
effects on the pathogenesis of atherosclerosis. This study inves-
tigates the effect of histamine on the expression of early growth
response factor 1 (Egr-1), a master transcription factor that reg-
ulates the expression of an array of atherogenic genes in athero-
sclerotic lesions. Histaminemarkedly and rapidly induces Egr-1
mRNA and protein expression in primary human aortic endo-
thelial cells (HAECs). Histamine-induced Egr-1 expression is
dependent on the activation of the H1 receptor. Histamine also
rapidly and transiently activates protein kinase C-� (PKC�),
extracellular signal-regulated kinase (ERK)1/2, p38 kinase, and
c-Jun N-terminal kinase (JNK) prior to Egr-1 induction. Using
specific pharmacological inhibitors and small interfering RNA
technology,we determined that PKC� andERK, but not p38 and
JNK, mediate histamine-induced Egr-1 expression. Our data
provide the first evidence that histamine regulates expression of
Egr-1 inmammalian cells and demonstrate a novel role of PKC�
in up-regulation of Egr-1 expression. The present study reveals
the following regulatory mechanism: histamine up-regulates
Egr-1 expression in primary HAECs via the H1 receptor and the
PKC�-dependent ERK activation pathway. Our data also imply
that CREB, a downstream component of the ERK pathway, reg-
ulates Egr-1 expression in HAECs. Importantly, these results
suggest a central role of Egr-1 in histamine-induced gene
expression and in histamine-induced vascular disease.

Histamine, a low molecular weight amine, is produced by
histidine decarboxylase (HDC)2 in mast cells and macrophages
in atherosclerotic lesions (1). The expression of the histamine-
producing enzyme HDC is increased during the development
of atherosclerosis in human aortas and is localized in macro-
phage-derived foam cells and mononuclear cells (2). The con-
centrations of histamine detected in both pig restinotic
neointima (30–140 �M) (3) and human atherosclerotic intima

(16 �M) are higher than those in human tunica media (2.2 �M)
(4). Histamine receptors, through which histamine exerts its
functions, are expressed in intimal atherosclerotic lesions (5).
Histamine induces endothelial cells to produce proinflamma-
tory cytokines such as interleukin 6 (IL6) and interleukin 8 (IL8)
(6–8); adherent molecules such as p-selectin (9), vascular cell
adhesion molecule-1 (VCAM-1), intercellular adhesion mole-
cule-1 (ICAM-1) (10), and tissue factor (11), a prominent initi-
ator of blood coagulation. Histamine also induces tissue factor
expression in smoothmuscle cells (11), and smoothmuscle cell
proliferation (12, 13). Most importantly, the antagonists of his-
tamine receptor 1 (H1) reduce thickened intimas in mice (13),
and recently, HDCknock-outmice showed reduced neointimal
thickening (14). All of this accumulating evidence supports the
notion that histamine promotes the development and progres-
sion of atherosclerosis.
Early growth response factor 1 (Egr-1) has emerged as a key

regulator in the development of atherosclerosis. A zinc finger
nuclear protein, Egr-1 regulates a set of genes implicated in the
pathogenesis of atherosclerosis, with subsequent thrombosis
and restenosis, by acting as a master transcription factor (15,
16). The products of this set of genes include pro-inflammatory
cytokines, chemokines, adhesion molecules, growth factors,
coagulation factors, and matricellular modulators.
To the best of our knowledge, whether histamine has an

influence on Egr-1 expression in any mammalian cell type is
unknown. Therefore, in this study, we aimed to understand the
relationship betweenhistamine and the key transcription factor
Egr-1 in primary human aortic endothelial cells (HAECs), one
type of vascular wall cells involved in the development of ath-
erosclerosis. Our data reveal a novel effect of histamine on
Egr-1 expression. Furthermore, the results from this study
determined for the first time the molecular mechanism by
which histamine regulates Egr-1 expression, as well as reveal
a novel function of protein kinase C-� (PKC�) in up-regula-
tion of Egr-1 expression.Most significantly, our data point to
a central role of Egr-1 in histamine-triggered inflammation
and atherosclerosis.

EXPERIMENTAL PROCEDURES

Reagents—Histamine, mepyramine, chlorpheniramine, and
cimetidine were obtained from Sigma; non-silencing control
siRNA, PKC� siRNA, and PKC� siRNA fromQiagen (Valencia,
CA); siRNA transfection reagent, RNAi MAX from Invitrogen
(Carlsbad, CA); dCTP-32P fromMP Biochemicals (Solon, OH);
DNA labeling kit from GE Health Care (Piscataway, NJ); per-
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tussis toxin, PD98059, SB203580, U0126, SP600125, rottlerin,
GF109203X, Go6976, and Go6983 from Biomol International
(Plymouth Meeting, PA); antibodies against p42/44 mitogen-
activated protein kinase (MAPK), p38 MAPK, c-Jun N-termi-
nal kinase (JNK) MAPK, phospho-extracellular signal-regu-
lated kinase (ERK), phospho-p38, phospho-JNK, PKC�,
phospho-PKC�/� (Thr-638/641), phospho-PKC� (Thr-505),
phospho-PKC� (Thr-538), phospho-PKC�/� (Thr-410/403)
and phospho-CREB (Ser-133) from Cell Signaling Technology
(Beverly,MA); antibodies against phospho-PKC� (Ser-729) and
Egr-1 (C-19) from Santa Cruz Biotechnology (Santa Cruz, CA);
antibody against phospho-PKC	 (Ser-674) from BIOSOURCE
International (Camarillo, CA); and antibody against PKC�
from BD Biosciences (Franklin Lakes, NJ).
Cell Culture—HAECs supplied by Cascade Biologics (Port-

land, OR) were cultured inMedium 200with special LSGS sup-
plements (Cascade Biologics). Cells were starved for 16 h before
stimulation with histamine.
Small Interfering RNA (siRNA) Transfection—Non-silencing

siRNA (20 nM), PKC� siRNA (20 nM), and PKC� siRNA (20 nM)
were transfected into HAECs using the RNAi MAX transfec-
tion reagent according to the manufacturer’s instructions
(Invitrogen). The non-silencing siRNA was used as a negative
control. 48 h after transfection, the cells were starved for 16 h
followed by treatment either with or without histamine.
NorthernBlotAnalysis—Total RNAof the cellswas extracted

usingTRIzol reagent (Invitrogen) according to themanufactur-
er’s instructions and subjected to electrophoresis in formalde-
hyde/agarose gels. RNA was transferred onto Nylon mem-
branes (AmershamBiosciences, Piscataway,NJ) andhybridized
with radiolabeled cDNA probes as described previously (17). A
752-bp fragment of human Egr-1 cDNA was amplified by PCR

and used as a probe to detect human
Egr-1 mRNA. The primers used
were: forward, 5�-CTA CGA GCA
CCTGAC CGCAG-3� and reverse,
5�-GATCACAGGACTCCACTG
GGC-3�.
Western Blot Analysis—HAECs

were rinsed with cold phosphate-
buffered saline and lysed inWestern
blot lysis buffer (50 mM Tris-HCl,
pH 6.8, 8 M urea, 5%-mercaptoetha-
nol, 2% SDS, and protease inhibi-
tors) with sonication for 20 s on ice.
Cellular proteins were separated by
10% SDS-polyacrylamide gel elec-
trophoresis and were transferred to
a polyvinylidene fluoride mem-
brane (Immobilon-P, Millipore).
The membranes were then probed
with the specific antibodies, and the
specific protein bands were visual-
ized by ECL-Plus (GE Healthcare,
Piscataway, NJ) as described previ-
ously (18).
Data Analysis—All data are rep-

resentative of a minimum of three
experiments. Results are expressed as means � S.E. Compari-
sons between multiple groups were performed using one-way
analysis of variance with post-hoc t tests. A single comparison
analysis was made using two-tailed, unpaired Student’s t tests.
A p value of� 0.05was considered to be statistically significant.

RESULTS

Histamine Markedly Induces Egr-1 mRNA Expression in
HAECs—To determine whether histamine has any effect on
Egr-1 expression, culturedHAECs were serum-starved for 16 h
and then treated with various concentrations of histamine
(0.1–100 �M) for 30 min. Total RNA was extracted from cells,
and Egr-1 mRNA was detected by Northern blot analysis. As
shown in Fig. 1, A and B, histamine markedly induced Egr-1
mRNA expression in a dose-dependent manner. The maxi-
mum increase in the level of Egr-1 mRNA was produced by a
histamine concentration of 10 �M, a concentration that falls in
the range detected in human atherosclerotic lesions (4). We
also noticed that histamine rapidly and transiently induced
Egr-1 mRNA accumulation, which peaked at 30 min and
declined to the basal level 2 h after commencing stimulation
(Fig. 1, C and D).
Histamine Increases Egr-1 Protein Expression in HAECs and

Other Mammalian Cell Types—To determine whether hista-
mine-induced Egr-1 mRNA expression is associated with
increased levels of Egr-1 protein, we evaluated the effect of his-
tamine on Egr-1 protein expression by Western blot analysis.
As shown in Fig. 2, A and B, histamine dose-dependently
induced Egr-1 protein expression and reached its maximal
induction level at 10 �M. Histamine rapidly and transiently
increased the production of Egr-1 protein (Fig. 2, C and D);
maximal expression was reached at �1 h and declined to basal

FIGURE 1. Histamine induction of Egr-1 mRNA expression in HAECs. A, concentration dependence of his-
tamine-stimulated Egr-1 mRNA expression. Cultured cells were starved for 16 h prior to various concentrations
of histamine stimulation for 30 min. Total RNA was isolated using TRIzol reagent and subjected to Northern blot
analysis. Visualized bands of 28S were used to assess RNA loading. B, quantitative analysis of Egr-1 mRNA
expression (concentration dependence). Averaged data quantified by densitometry of Northern blots are
shown. **, p � 0.01 versus control (unstimulated). C, time course of histamine induction of Egr-1 mRNA expres-
sion. Cells were stimulated with 10 �M histamine for the indicated time periods. D, quantitative analysis of Egr-1
mRNA expression (time course). Averaged data quantified by densitometry of Northern blots are shown.
**, p � 0.01 versus control (unstimulated).
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levels by 3 h. These data indicate
that histamine-induced levels of
Egr-1 mRNA contributed to the
increased levels of Egr-1 protein in
HAECs.
In testing whether histamine

induces Egr-1 expression in mam-
malian cell types other thanHAECs,
we found that histamine induces
Egr-1 expression in epithelial-like
HeLa cells, human umbilical vein
endothelial cells (HUVEC), and
the prostate adenocarcinoma cells
DU145 and LNCaP (Fig. 2E). These
data indicate that histamine induces
Egr-1 expression in various types of
mammalian cells.
Histamine Induction of Egr-1

Expression Is Dependent on the H1
Receptor but Not the H2 Receptor—
Histamine exerts its function
through four types of G-protein-
coupled receptors (1). An early
study indicates that H1 receptor is
expressed in human endothelial
cells (5), and a recent report sug-
gests that histamine receptor 2 (H2)
is also expressed in human endothe-
lial cells (19). To determinewhich of
the receptors indeedmediates hista-
mine-induced Egr-1 expression in
HAECs, we pretreated HAECs with

one of theH1 receptor-specific antagonists, eithermepyramine
or chlorpheniramine, or with the H2 receptor-specific antago-
nist cimetidine for 40 min. The cells were then stimulated with
histamine (10 �M) for 1 h, and the expression of Egr-1 protein
was detected by Western blot analysis. Pretreatment with one
of the specific H1 antagonists, either mepyramine (10 �M) or
chlorpheniramine (10 �M), completely blocked the histamine-
induced expression of Egr-1 protein; however, pretreatment
with the H2 receptor-specific antagonist cimetidine (10 �M)
had no effect on histamine-induced Egr-1 expression (Fig. 3, A
andB). These results indicate that histamine induction of Egr-1
expression depends on the activation of the H1 receptor, but
not the H2 receptor.
HistamineActivates PKC�, andERK, p38, and JNKMAPKs in

HAECs—To investigate the intracellular signaling pathways
involved in histamine-induced Egr-1 expression, we first
assessed histamine activation of PKC. PKC consists of three
subgroups: conventional PKC (cPKC) (�, �, and 
), novel PKC
(nPKC) (�, �, 	, and �), and atypical PKC (aPKC) (� and �).
Although PKC�, �, �, �, 	, �, and � have been reported to be
expressed in endothelial cells (20, 21), we found that histamine
induced phosphorylation of only PKC�, but not the other sub-
types of PKC (Fig. 4, A and B). Histamine induction of PKC�
phosphorylation was detectable after a 45-s stimulation, reach-
ing a peak at 2–15 min and declining to basal level after 60 min
(Fig. 4, A and B). We also evaluated the effect of histamine on

FIGURE 2. Histamine stimulation of Egr-1 protein expression in HAECs and other types of mammalian
cells. A, concentration dependence of histamine-stimulated Egr-1 protein expression in HAECs. Cultured cells
were starved for 16 h prior to various concentrations of histamine stimulation for 1 h. Cell lysates were sub-
jected to Western blot analysis. The same membrane was re-probed with an actin antibody to assess protein
loading. B, quantitative analysis of Egr-1 protein expression (concentration dependence) in HAECs. Averaged
data quantified by densitometry of Western blots are shown. **, p � 0.01 versus control (unstimulated). C, time
course of histamine induction of Egr-1 protein expression in HAECs. Cells were stimulated with 10 �M hista-
mine for the indicated time periods. Cell lysates were subjected to Western blot analysis. D, quantitative
analysis of Egr-1 protein expression (time course) in HAECs. Averaged data quantified by densitometry of
Western blots are shown. **, p � 0.01 for the increase of Egr-1 protein expression versus control (unstimulated).
E, histamine stimulation of Egr-1 protein expression in other types of mammalian cells. Cultured HeLa cells,
HUVECs, Du145 cells, and LNCaP cells were starved 16 h prior to 10 �M histamine stimulation for 1 h. Cell lysates
were examined by Western blot analysis.

FIGURE 3. Role of histamine receptors in histamine-stimulated Egr-1 expres-
sion. HAECs were pretreated with the specific histamine receptor antagonists
mepyramine (10 �M), chlorpheniramine (10 �M), or cimetidine (10 �M) for 40 min,
and then were treated with histamine (10 �M) for 1 h. A, Western blot analysis.
Protein loading was confirmed by re-probing the membrane with an actin anti-
body. B, quantitative analysis. Averaged data quantified by densitometry of
Western blots are shown. **, p � 0.01 for the increase of Egr-1 protein expression
in the presence of inhibitors versus in the absence of inhibitors.
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the activation of MAPK pathways. MAPKs include ERK, p38
and JNK. As shown in Fig. 4, C and D, starved HAECs were
treatedwith histamine (10�M) for various time periods, andwe
found that histamine activated all threeMAPKs inHAECs. The
maximum effect occurred around 2–15 min and dropped to
basal levels after 30 min of stimulation. These data suggest that
the activation of PKC� and MAPKs may be involved in hista-
mine-induced Egr-1 expression.
H1 Receptor Mediates the Activation of ERK, p38 and JNK,

but Only the Activation of ERK Is Responsible for Histamine-
induced Egr-1 Expression—Data presented in Fig. 3 clearly indi-
cated that histamine-induced Egr-1 expression is mediated by
the H1 receptor. To determine which histamine receptor is
responsible for the histamine-induced phosphorylation of
theseMAPKs, the antagonists specific for theH1 andH2 recep-
tors were used to treat HAECs for 40 min, prior to 5 min of
stimulation with histamine. As shown in Fig. 5,A and B, the H1
receptor antagonists, either mepyramine (10 �M) or chlorphe-
niramine (10 �M), completely blocked the phosphorylation of
these MAPKs. In contrast, the H2 receptor antagonist cimeti-
dine had no effect on phosphorylation of the three MAPKs.
These results, in combination with the data presented in Fig. 3,
indicate that both histamine-induced Egr-1 expression and
MAPK activation are mediated by the H1 receptor, but not the
H2 receptor in HAECs. Next, we determined whether and
which specific MAPK is functionally involved in histamine
induction of Egr-1 expression. Pretreatment of HAECs with
either of the ERK kinase inhibitors PD98059 or U0126, but not

the JNK inhibitor SP600125 or p38
MAPK inhibitor SB203580, com-
pletely blocked histamine-induced
Egr-1 expression (Fig. 5, C and D).
These results indicate that H1
receptor-mediated ERK activation,
but not H1 receptor-mediated p38
or JNK activation mediates hista-
mine-induced Egr-1 expression.
Histamine Activates PKC� via the

H1 Receptor—We next examined
which histamine receptor mediates
histamine-induced PKC� activa-
tion. As shown in Fig. 6, A and B,
specific histamine H1 receptor
antagonists mepyramine (10 �M)
and chlorpheniramine (10 �M)
completely blocked histamine-in-
duced phosphorylation of PKC�. In
contrast, the specific H2 inhibitor
cimetidine (10 �M) had no effect on
histamine activation of PKC�.
These results along with the results
shown in Fig. 5, A and B, indicate
that histamine activates PKC�
and MAPK pathways via the H1
receptor.
SpecificPKCInhibitorsGF109203X

and Go6983, and PKC�-selective
Inhibitor Rottlerin Inhibit ERK

MAPK Activation and Egr-1 Expression—To determine the
functional role of histamine-activated PKC� in Egr-1 expres-
sion, we applied several specific inhibitors of PKC isotypes to
evaluate their effects on histamine-induced Egr-1 expression.
As shown in Fig. 7, A and B, we observed that GF109203X
(20 �M), a specific inhibitor of PKC�, �, �, �, and � (22, 23), or
Go6983 (10�M), a specific inhibitor of PKC�,�, 
, �, and � (24),
completely blocked both histamine-induced ERK activation
and Egr-1 expression. These results suggest that PKC is
involved in histamine-induced Egr-1 expression. Pretreatment
of cells with Go6976 (10 �M), a specific PKC� and � inhibitor
(23), had no effect on histamine-induced ERK activation and
Egr-1 expression, suggesting that PKC� and � are not involved
in histamine induction of Egr-1 expression. These results, in
combination with the fact that PKC�, �, �, �, 	, �, and � are
reportedly expressed in endothelial cells (20, 21), suggest that
PKC�, �, 	, �, and � may be involved in the regulation of Egr-1
expression in response to histamine stimulation. However, it is
noted that among these PKC isotypes, only PKC� is rapidly and
markedly phosphorylated upon histamine treatment (Fig. 4, A
and B). To determine the functional role of PKC� in histamine-
induced Egr-1 expression, we examined whether rottlerin, a
selective PKC� inhibitor (25), affected Egr-1 expression. As
shown in Fig. 7,A and B, pretreatment of HAECs with rottlerin
(10 �M) for 40 min prior to histamine stimulation completely
blocked histamine-induced ERK activation and Egr-1 expres-
sion. Taken together, these results strongly suggest that PKC�

FIGURE 4. Effects of histamine on the phosphorylation of various isoforms of PKC and MAPKs in HAECs.
The cellular phosphorylation levels of each PKC isoform, ERK, p38 and JNK were analyzed using phosphospe-
cific antibodies (see “Experimental Procedures”). A, time course for PKC phosphorylation by histamine. Cells
were stimulated with 10 �M histamine for the indicated times. B, illustration of the dynamics of PKC phospho-
rylation. Averaged data quantified by densitometry of immunoblots, expressed as fold increase in phospho-
rylation, in which the phosphorylation observed in cells at time 0 was defined as 1.0 (control). **, p � 0.01 versus
control. C, time course for the phosphorylation of ERK, p38, and JNK MAPKs by histamine. Equal loading was
confirmed by reprobing the membranes with anti-total ERK, p38, and JNK antibodies. D, illustration of the
dynamics of MAPK phosphorylation. Averaged data quantified by densitometry of immunoblots, expressed as
fold increase in phosphorylation, in which the phosphorylation observed in cells at time 0 was defined as 1.0
(control). **, p � 0.01 versus control.
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mediates histamine induction of ERK activation and Egr-1
expression.
We also noticed that the general PKC inhibitors GF109203X

andGo6983, as well as the PKC� inhibitor rottlerin, completely
blocked histamine-induced JNK phosphorylation, but did not
block p38 phosphorylation (Fig. 7A). These results suggest that
PKC� also mediates activation of JNK, but not of p38, although
the histamine-induced activation of JNK and p38 does not con-
tribute to Egr-1 expression (Fig. 5, C and D).
In addition, we observed that pretreatmentwith 100 ng/ml of

pertussis toxin, a Gi/o inhibitor, had no effect on histamine-
induced ERK phosphorylation and Egr-1 expression, indicating
that the G-proteins, which contribute to histamine-induced
Egr-1 expression in HAECs, are not Gi/o proteins.
Knockdown of PKC� Expression by Specific PKC� siRNA

Abolished Histamine Induction of Both ERK MAPK Activation
and Egr-1 Expression—To confirm our finding that both hista-
mine-induced ERK activation and Egr-1 expression are medi-
ated by PKC�, we employed the RNA interference approach by

using specific siRNA to deplete
endogenous PKC� expression. We
examined whether depletion of
PKC� affected histamine-induced
ERK activation and Egr-1 expres-
sion in HAECs. PKC� siRNA, non-
silencing siRNA (negative control)
and PKC� siRNA (relative kinase
control) were transfected into
HAECs for 48 h, and then the cells
were starved for 16 h followed by
treatment with 10 �M histamine. As
shown in Fig. 8, A and B, we found
that PKC�-specific siRNA, which
knocked down endogenous PKC�
expression by nearly 85%, reduced
ERK activation and Egr-1 expres-
sion by 80 and 86%, respectively. In
contrast, a related kinase control,
PKC� siRNA, which knocked down
PKC� expression by 80%, had no
effect on either ERK activation or
Egr-1 expression. The non-silenc-
ing RNA (the negative control), as
expected, also had no effect on ERK
activation and Egr-1 expression.
Taken together, these data strongly
support the conclusion that hista-
mine induces Egr-1 expression via a
PKC�-mediated ERK pathway.
cAMP Response Element-binding

Protein (CREB), a Nuclear Tran-
scription Factor, Is a Downstream
Component of the ERKPathway and
Is Activated by Histamine; CREB Is
Implied in the Regulation of Hista-
mine-induced Egr-1 Expression in
HAECs—To further understand the
molecularmechanism of the regula-

tion of histamine-induced Egr-1 expression downstream from
ERK in HAECs, we examined whether histamine activates
CREB, which has been shown to mediate Egr-1 expression in
various types of cells (17, 26). As shown in Fig. 9, the results
from a series of experiments reveal (1) histamine induces rapid
and profound phosphorylation of CREB, which is detectable at
2 min and peaks at 30 min; (2) specific histamine H1 receptor
antagonists mepyramine (10 �M) and chlorpheniramine
(10 �M) completely blocked histamine-induced phosphoryla-
tion of CREB. In contrast, the specific H2 inhibitor cimetidine
(10�M) had no effect on histamine activation of CREB, indicat-
ing that the histamine receptorH1mediates CREBphosphoryl-
ation; (3) knockdown of PKC� expression using siRNAof PKC�
markedly reduces histamine-induced phosphorylation of
CREB; and (4) pretreatment with the ERK kinase inhibitor
PD98059 or U0126 blocks histamine-induced phosphorylation
of CREB. Taken together, these results are in line with our find-
ings that histamine induces Egr-1 expression via the histamine
receptor H1-mediated PKC�-regulated ERK pathway. These

FIGURE 5. Role of histamine receptors in MAPK activation and role of specific MAPK in histamine-induced
Egr-1 expression in HAECs. A, the effects of the specific histamine receptor antagonists on MAPK phospho-
rylation. Cells were pretreated with mepyramine (10 �M), chlorpheniramine (10 �M), or cimetidine (10 �M) for
40 min, and then were treated with histamine (10 �M) for 5 min. B, quantitative analysis of the effects of the
specific histamine receptor antagonists on MAPK phosphorylation. Averaged data quantified by densitometry
of Western blots are shown. **, p � 0.01 for the increase of phosphorylation in the presence of antagonists
versus in the absence of antagonists. C, effects of specific MAPK inhibitors on Egr-1 expression induced by
histamine. Cells were pretreated with PD98059 (10 �M), SB203580 (10 �M), SP600125 (10 �M), or U0126 (10 �M)
for 40 min, and then were treated with histamine (10 �M) for 1 h. D, quantitative analysis of the effect of the
specific inhibitors of MAPKs on Egr-1 expression. Averaged data quantified by densitometry of Western blots
are shown. **, p � 0.01 for the increase of protein expression in the presence of inhibitors versus in the absence
of inhibitors.
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results reveal that CREB is a downstream component of the
histamine-triggered ERK pathway and imply that histamine-
activated CREB mediates Egr-1 expression in HAECs.

DISCUSSION

The role of histamine in the development and progression
of atherosclerosis has been highlighted by two independent
in vivo studies. One of these studies showed that the hista-
mine H1 receptor antagonist reduced intimal hyperplasia
(13); the other study reported that histamine synthesis
enzyme knock-out mice (HDC�/� mice) showed reduced
neointimal thickening and a decreased intima-to-media
thickness ratio (14). In regard to how histamine influences
inflammation and atherosclerosis in endothelial cells, evi-
dence has shown that histamine induces expression of genes
such as p-selectin (9), ICAM1, VCAM1 (10), IL6, IL8 (8),
cyclooxygenase-2 (27), and tissue factor (11). The products
of these genes have been shown to promote inflammation
and atherogenesis (28, 29). Importantly, Egr-1 functions as a
key transcription factor, regulating the expression of these
genes (15, 30–32). However, to our knowledge, there is no
information regarding whether and how histamine regulates
Egr-1 expression in mammalian cells. To address this ques-
tion, we set out to determine the effect of histamine on the
expression of Egr-1 in primary HAECs. Our results reveal,
for the first time, that histamine markedly and rapidly
induces transcription factor Egr-1 expression in mammalian
cells.

Although both the H1 and H2 histamine receptors are
reportedly expressed in endothelial cells (5, 19), our data indi-
cate that theH1 receptor, but not theH2 receptor,mediates the
histamine signal leading to Egr-1 expression. Related to our
finding, previous studies have shown that histamine-in-
duced expression of p-selectin (9), ICAM1, VCAM1 (10),
IL6, IL8 (8), cyclooxygenase-2 (27), and tissue factor (11) is
mediated by the H1 receptor in vascular endothelial cells.

FIGURE 6. Role of histamine receptors in histamine-stimulated PKC�
phosphorylation. HAECs were pretreated with mepyramine (10 �M), chlor-
pheniramine (10 �M) or cimetidine (10 �M) for 40 min, and then were treated
with histamine (10 �M) for 5 min. A, the effects of the specific histamine recep-
tor antagonists on PKC� phosphorylation. The protein loading was confirmed
by re-probing the membrane with an actin antibody. B, quantitative analysis
of the effects of the specific histamine receptor antagonists on PKC� phos-
phorylation. Averaged data quantified by densitometry of Western blots are
shown. **, p � 0.01 for the increase of PKC� phosphorylation in the presence
of inhibitors versus in the absence of inhibitors.

FIGURE 7. Effects of the selective PKC inhibitors and pertussis toxin on
histamine-stimulated phosphorylation of ERK, JNK, and p38 and expres-
sion of Egr-1. HAECs were pretreated with GF109203X (20 �M), rottlerin
(10 �M), Go6976 (10 �M), or Go6983 (10 �M) for 40 min, or pretreated with
pertussis toxin (PTX, 100 ng/ml) for 16 h, and then were treated with hista-
mine (10 �M) either for 5 min (phosphorylation of ERK, JNK, and p38) or 1 h
(Egr-1 protein expression). A, Western blot analyses of the phosphorylation of
ERK, JNK, and p38 and expression of Egr-1. Protein loading was confirmed by
re-probing the Egr-1 protein membrane with an actin antibody. B, quantita-
tive analysis of ERK phosphorylation and Egr-1 expression. Averaged data
quantified by densitometry of Western blots are shown. **, p � 0.01 for the
increase of ERK phosphorylation and Egr-1 expression in the presence of
inhibitors versus in the absence of inhibitors.
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Taken together, our results and the previous observations
support a notion that histamine-induced expression of the
pro-inflammatory transcription factor Egr-1 and its down-
stream inflammatory genes is selectively mediated by the H1
receptor in endothelial cells.

FIGURE 8. Effects of PKC� siRNA, PKC� siRNA and nonsilencing siRNA on
histamine-induced ERK phosphorylation and Egr-1 expression. HAECs
were transfected with PKC� siRNA (20 nM), PKC� siRNA (20 nM), or non-silenc-
ing siRNA (20 nM). 48 h after transfection, cells were starved for 16 h followed
by stimulation with histamine (10 �M) for 5 min (phosphorylation of ERK) or
1 h (expression of Egr-1, PKC� and PKC�). A, Western blot analysis of cellular
protein levels of PKC�, PKC�, and Egr-1, and phosphorylation levels of ERK.
B, quantitative analysis of the effects of PKC� siRNA, PKC� siRNA, and nonsi-
lencing siRNA on ERK phosphorylation and Egr-1 expression. Averaged data
quantified by densitometry of Western blots are shown. **, p � 0.01 for the

decrease of protein expression (PKC� or PKC�) versus non-silencing control
(100%), and the decrease of ERK phosphorylation and Egr-1 protein expres-
sion in the specific siRNA treatment versus in non-silencing RNA treatment.

FIGURE 9. Histamine activation of CREB, and H1 receptor, PKC�, and ERK
mediation of histamine-induced CREB phosphorylation. A, time course of
histamine induction of CREB phosphorylation in HAECs. Cultured HAECs were
starved for 16 h prior to 10 �M histamine stimulation. Cell lysates were exam-
ined by Western blot analysis. B, effects of histamine receptor antagonists on
histamine-induced CREB phosphorylation. HAECs were pretreated with the
specific histamine receptor antagonists mepyramine (10 �M), chlorphenira-
mine (10 �M), or cimetidine (10 �M) for 40 min, and then were treated with
histamine (10 �M) for 5 min. Cell lysates were examined by Western blot
analysis. C, effect of PKC� siRNA on histamine-induced phosphorylation of
CREB. HAECs were transfected with PKC� siRNA (20 nM), PKC� siRNA (20 nM),
or non-silencing siRNA (20 nM). 48 h after transfection, cells were starved for
16 h followed by stimulation with histamine (10 �M) for 5 min. Cell lysates
were examined by Western blot analysis. D, effects of specific MAPK inhibitors
on CREB phosphorylation induced by histamine. Cells were pretreated with
PD98059 (10 �M), SB203580 (10 �M), SP600125 (10 �M), or U0126 (10 �M) for
40 min, and then were treated with histamine (10 �M) for 5 min. Cell lysates
were examined by Western blot analysis. Protein loading was confirmed by
re-probing the membrane with an actin antibody (A–D).
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Ourdata from the experiments investigating the intracellular
signaling cascade demonstrate that ERK MAPK mediates his-
tamine-induced Egr-1 expression. The role of MAPK in hista-
mine induction of endothelial gene expression has not been
well explored, although a previous report suggested that ERK,
p38, and JNKMAPKmay all contribute to histamine induction
of tissue factor expression (11). Our data clearly show that acti-
vation of ERK, but not of JNK or p38, is required for histamine-
induced Egr-1 expression. These results not only provide fur-
ther support for the essential role of MAPK in histamine
activation of vascular endothelial cells, but also reveal a specific
ERK MAPK pathway leading to histamine-induced Egr-1
expression.
We systematically determined which specific PKC isoform

was responsible for histamine-induced Egr-1 expression. Infor-
mation available in the literature shows that PKC�, �, �, �, 	, �,
and � are expressed in endothelial cells (20, 21). First, we exam-
ined which specific isoform of PKCwas activated by histamine.
Interestingly, we observed that PKC� was the only one being
rapidly phosphorylated upon histamine stimulation, starting
after 45 s and reaching its maximum phosphorylation between
2 and 15 min (Fig. 4, A and B). Second, the fact that the H1
receptor antagonists blocked both histamine-induced Egr-1
expression (Fig. 3) and histamine-induced PKC� activation
(Fig. 6) suggests the possibility that PKC� may be involved in
histamine-induced Egr-1 expression. Third, general PKC
inhibitors GF109203X and Go6983 completely blocked Egr-1
expression, indicating that PKC is indeed involved in hista-
mine-induced Egr-1 expression (Fig. 7). Fourth, rottlerin, a
selective PKC� inhibitor, dramatically reduced histamine-in-
duced Egr-1 expression, strongly suggesting a functional role of
PKC� in histamine-induced Egr-1 expression (Fig. 7). This
speculation is further supported by the fact that Go6976, a spe-
cific inhibitor of PKC� and -�, had no effect on histamine-
induced Egr-1 expression, ruling out the involvement of PKC�
and � in histamine induction of Egr-1 expression (Fig. 7). Fifth,
to confirm the functional role of PKC� in histamine-induced
Egr-1 expression, we employed the RNA interference ap-
proach, which has recently emerged as a powerful tool to
deplete the expression of a protein of interest. We found that
depletion of PKC�, but not PKC�, nearly completely blocked
histamine-induced Egr-1 expression and ERK activation (Fig.
8). Thus, our data clearly establish a functional role of PKC� in
histamine-induced Egr-1 expression in HAECs.
Our findings provide the first evidence that activated PKC�

mediates up-regulation of the expression of the key transcrip-
tion factor Egr-1. In a previous study, PKC� was constitutively
activated in senescent fibroblast cells, and overactivation of
PKC� may have accounted for the loss of the ability of these
cells to replicate in response to growth factors. As cells become
senescent, they become unable to express growth-associated
immediate-early genes, including c-fos and Egr-1 (33). There-
fore, PKC� could have divergent functions in either up-regulat-
ing or down-regulating gene expression in proliferating or non-
proliferating cells. Indeed, the involvement of PKC� in both
anti-apoptosis and pro-apoptosis has been reported (34).
Our results also reveal that the histamine-triggered pathway

leading to Egr-1 expression is distinct from the hypoxia-in-

duced pathway, in which activation of PKC� or PKC� leads to
Egr-1 expression in endothelial cells and in amonocyte-like cell
line (35, 36). These results indicate that these specific PKC iso-
forms serve as the central mediators for Egr-1 expression in
various cell types and in response to different stimuli.
In further pursuit of the molecular mechanism of the regu-

lation of Egr-1 expression downstream fromERK, we identified
that CREB, a nuclear transcription factor shown to turn on
Egr-1 transcription in several cell types (17, 26), is a down-
stream component of the histamine-induced ERK pathway.
These results imply a nuclear regulatory role of CREB in hista-
mine-induced Egr-1 expression.
Taken together, our results not only provide the first evi-

dence that histamine induces Egr-1 expression in mammalian
cells, but also reveal novel insights into the mechanism by
which histamine regulates Egr-1 expression. Our data clearly
establish a signaling pathway that mediates histamine induc-
tion of Egr-1, i.e. the effect of histamine is specifically mediated
by the H1 receptor, the activated PKC� and the ERK cascade.
Our data also imply that CREB, a downstream component of
the ERK pathway, regulates Egr-1 expression in HAECs.
Because it was reported previously that histamine induces the
expression of p-selectin (9), ICAM1, VCAM1 (10), IL6, IL8 (8),
cyclooxygenase-2 (27), and tissue factor (11) in endothelial
cells, and that Egr-1 can serve as a transcription factor for reg-
ulating these genes in response to other stimuli (15, 30–32), our
result that histamine induces Egr-1 expression points out that
Egr-1may be the previouslymissed link between histamine and
the pro-inflammatory genes. Of particular significance is that
our findings imply that histamine-induced Egr-1 transcription
activity could serve as a central control regulating transduction
of the histamine signal and consequently governing histamine
induction of multiple inflammatory genes, which in turn, trig-
ger inflammation and atherosclerosis.
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