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Abstract
Chymase is a major angiotensin-converting enzyme (ACE)-independent angiotensin convertase, and its expression is
upregulated in the maternal vascular endothelium in preeclampsia, a hypertensive disorder in human pregnancy. Increased
chymase-dependent angiotensin II generation has been reported in several cardiovascular diseases, including atherosclerosis
and aneurysmal lesions. However, it remains unclear how chymase is activated. Histone modification is an important
regulatory mechanism that controls gene expression. In this study, using a chymase overexpression cell model, we
investigated the mechanisms of chymase activation to test our hypothesis that histone acetylation could promote endothelial
chymase expression. Human umbilical vein endothelial cells were transfected with the chymase gene. Trichostatin A was
used to inhibit histone deacetylases (HDACs). The expression levels of chymase, ACE, and HDACs were determined by
western blotting. Our results showed that ACE was strongly expressed in control cells, but was significantly downregulated
in cells transfected to express chymase. Strikingly, we also found that HDAC inhibition resulted in a dose-dependent
increase in chymase expression but a dose-dependent decrease in ACE expression in cells transfected with the chymase
gene. HDAC inhibition was confirmed by the decreased expression of HDAC1 and HDAC6 in cells treated with trichostatin
A. Increased chymase expression associated with reduced histone deacetylase expression was further confirmed by
immunostaining of subcutaneous adipose sections from women with preeclampsia. We conclude that aberrant HDAC
expression/activity could disturb the balance between ACE and chymase expression in endothelial cells. Our results support
the clinical importance of chymase as a new pharmacological target for cardiovascular disorders.
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Introduction

Angiotensin II is a major bioactive product of the
renin–angiotensin system (RAS) that is converted from
angiotensin I to angiotensin II by angiotensin-converting
enzyme (ACE). ACE is present in endothelial cells
throughout the body. Angiotensin II is a potent

vasoconstrictor, and increased angiotensin II formation has
been demonstrated to play fundamental roles in the patho-
physiology and pathogenesis of many cardiac and vascular
diseases, such as hypertension and arteriosclerosis. Angio-
tensin II promotes oxidative stress and inflammatory
responses, stimulates matrix metalloproteinase (MMP)
activation, and induces vascular endothelial dysfunction [1].
Therefore, ACE inhibition blockade of angiotensin II for-
mation and angiotensin II receptor-1 (AT-1) blockers limit
angiotensin II actions represent the primary therapies for the
management of hypertensive disorders.

Chymase is a chymotrypsin-like serine protease that
was originally found in the secretory granules of mast
cells, and it has recently been implicated in several cardi-
ovascular diseases, including heart failure, cardiac hyper-
trophy, and diabetes mellitus [2–5]. Like ACE, chymase
can to convert angiotensin I to angiotensin II. Studies
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have shown that chymase is actively responsible for
~70–80% of the angiotensin II generation in human heart
tissue [6]; Chymase is also a major ACE-independent
source of angiotensin II in human arteries [7]. Therefore,
it has been speculated that chymase activation would
have profound effects on the cardiovascular system because
of its downstream vasoconstrictor actions via the generation
of angiotensin II and endothelin [8]. Although the role
of chymase in the systemic vasculature is unclear under
physiological conditions, the chymase-dependent angio-
tensin II-generating capacity was found to be increased
in several cardiovascular diseases, including atherosclerosis
and aneurysmal lesions [9]. Increased chymase expression
was also detected in vascular endothelium in women with
preeclampsia, a hypertensive disorder in human pregnancy
[10, 11]. Additionally, results from animal studies also
support chymase participation in the development of
vascular diseases, such as cigarette smoke-induced pul-
monary hypertension (in hamsters) [12], abdominal aortic
aneurysms (in dogs) [13], and salt-induced hypertension
(in mice) [14].

Chymase is now considered a novel pharmacological
target in several cardiovascular diseases [2]. However, the
underlying mechanisms of chymase activation in diverse
cardiovascular diseases remain largely unknown. Histone
modification has been studied as a major regulatory event
that is involved in many different stages of gene control.
In the present study, using a chymase overexpression
model, we investigated the relationship between chymase
and ACE expression in endothelial cells to test our
hypothesis that histone acetylation promotes chymase
expression and activation in vascular endothelial cells.
Increased chymase expression associated with reduced
histone deacetylase (HDAC) expression was demonstrated
by the immunostaining of subcutaneous adipose sections
from women with preeclampsia.

Materials and methods

Endothelial cell isolation and culture

Human umbilical vein endothelial cells (HUVECs) isolated
from uncomplicated term-delivered placentas were used
in the present study. The collection of placentas for HUVEC
isolation was approved by the Institutional Review Board
(IRB) at Louisiana State University Health Sciences Center-
Shreveport (LSUHSC-S), Louisiana. HUVECs were iso-
lated by collagenase digestion as previously described [15].
Isolated HUVECs were seeded into fibronectin (10 ng/ml)
(Sigma, St. Louis, MO)-coated cell culture plates or flasks
and were incubated with endothelial growth medium
(Lonza, Walkersville, MD).

Construction of chym/ZsGreen1 vector and chymase
gene transfer

Vector pZsGreen1-N1 (pZs) obtained from Clontech (Palo
Alto, CA) was used to construct the chymase vector,
pChym. Briefly, the open reading frame of human chymase
was amplified from human cDNA by polymerase chain
reaction (PCR) using oligonucleotide to create restriction
sites for Nhe І and Kpn І at the 5ʹ and 3′ ends of the
chymase sequence using the following primers: sense
primer: 5′ -AGCGCTAGCACCATGCTGCTTCTTCCTCT
CC-3′ antisense primer: 5′-GGTGGTACCCAATTTGCCT
GCAGGATCTG-3′. The restriction sites for Nhe I (5′-GC
TAGC-3′) and Kpn I (5′-GGTACC-3′) are underlined. The
primers were designed based on NCBI accession # M64269
and were synthesized by Integrated DNA Technologies
(IDT, Coralville, IA). PCR was performed using platinum
pfx DNA polymerase (Invitrogen, Carlsbad, CA). The PCR
product and pZsGreen1-N1 were digested with Nhe І and
Kpn І (New England Lab, Ipswich, MA). After ligation,
competent Ecoli-Top10 (Invitrogen) was transformed with
the plasmid, and selected positive clones were amplified.
The chymase sequence was verified by Mclab sequencing
(South San Francisco, CA).

Chymase gene transfer

Chymase gene transfer was accomplished in passage 2–3
HUVECs using the Pulser XcellTM electroporation system
(Bio-Rad, Hercules, CA) and was confirmed by immuno-
fluorescence staining. Cells transfected with vector pZs only
served as the control. Briefly, an 20-μg aliquot of plasmid
DNA was mixed with 5 × 106 cells in 600 μL of buffer
per 4-mm electroporation cuvette. Fixed electroporation
was carried out using a capacitance of 950μf and 250 v.
The cells transfected with pZs vector only were used as the
control. Twenty-four hours after pChym gene transfer, the
cells were treated with HDAC inhibitor. The treatment was
carried out for 24 h, and total cellular protein was then
collected and stored at −80 °C until analyzed by western
blotting.

Protein expression

Protein expression for chymase and ACE was examined by
western blotting. Briefly, 10-µg aliquots of total cellular
protein per sample were subjected to electrophoresis (Mini-
cell protein-3 gel running system; Bio-Rad) and then were
transferred to nitrocellulose membranes. The membranes
were then probed with a primary antibody against chymase
(cat# 444904; Calbiochem, San Diego, CA) or ACE anti-
body (sc-121187; Santa Cruz, San Diego, CA), followed
by a species-targeted secondary antibody. The bands were
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then visualized by enhanced chemiluminescence (ECL)
(Amersham Corp, Arlington Heights, IL). The HDAC1 and
HDA6 expression levels, were both determined. Antibodies
for HDAC1 (cat# 5356) and HDAC6 (cat# 7558) were
purchased from Cell Signaling Technology (Danvers, MA).
β-Actin expression was also determined for each sample
and was used to normalize the protein expression for each
sample. The density of protein bands was scanned and
analyzed by NIH Image program 1.16.

Subcutaneous fat tissue collection

Maternal subcutaneous adipose tissue was collected during
cesarean section delivery from normotensive and pre-
eclamptic pregnant women, as we previously described
[11]. The collection of subcutaneous adipose tissue was
approved by the IRB at LSUHSC-S, LA. Normotensive
pregnancy was defined as pregnancy with a blood pressure
< 140/90 mmHg and the absence of obstetric and medical
complications. Preeclampsia was defined as follows: sus-
tained systolic blood pressure ≥ 140 mmHg or a sustained
diastolic blood pressure ≥ 90 mmHg on two separate read-
ings; proteinuria measurement of 1+ or more on dipstick
or 24-h urine collection with ≥ 300 mg of protein in the
specimen. Smokers and patients with signs of infection
were excluded. To avoid clinical phenotypic differences
in preeclamptic patients, patients with HELLP syndrome
(hemolysis, elevated liver enzyme, and low platelet count),
diabetes and/or renal diseases were excluded. In this study,
subcutaneous tissues from 12 pregnant women, 6 normal
and 6 preeclamptic, were examined. Tissue sections from
the study subjects had been used in our previously pub-
lished work [11]. Table 1 presents the demographic data
for the study subjects.

Immunohistochemistry

Fresh subcutaneous adipose tissue was fixed immediately
with 10% formalin and then was embedded in paraffin.
A standard immunohistochemistry staining procedure was
performed. Briefly, a series of deparaffinization procedures
were performed with xylene and a graded ethanol series.
Antigen retrieval was performed by boiling tissue slides
with 0.01M citric buffer. Hydrogen peroxide was used to
quench the endogenous peroxidase activity. After blocking,
the sections were incubated with primary monoclonal anti-
bodies against human antigens overnight at 4 °C. The anti-
body against chymase (cat# MA5-11717) was purchased
from ThermoFisher Scientific (Rockford, IL); ACE (sc-
12187), AT-1 (sc-1173), HDAC1 (sc-81598), HDAC3
(sc11419), and HDAC6 (sc-11420) antibodies were from
Santa Cruz Biotechnology (San Diego, CA). Corresponding
biotin-conjugated secondary antibodies and the ABC

staining system (Santa Cruz) were used according to the
manufacturer’s instructions. Stained slides were counter-
stained with Gill’s formulation hematoxylin. Tissue sections
stained with isotype IgG were used as controls. All slides
stained with the same antibody were processed at the same
time. The stained tissue slides were reviewed under an
Olympus microscope (Olympus IX71, Olympus Corpora-
tion, Tokyo, Japan), and images were captured by a digital
camera and were recorded into a microscope-linked PC
computer.

Statistical analysis

The data are expressed as the means ± standard error (SE).
Statistical analysis was performed by paired t test or
analysis of variance (ANOVA) using Prism 5 computer
software (GraphPad Software, Inc. La Jolla, CA). The
Student–NewmanKeuls test was used as a post-hoc test. A
probability level less than 0.05 was considered statistically
significant.

Results

Chymase overexpression downregulates
ACE expression in endothelial cells

ACE was found to be present mainly in endothelial cells.
To determine the consequences of chymase upregulation

Table 1 Demographic data for normotensive and preeclamptic
pregnant women from whom the subcutaneous fat tissue was used
in the study

Variables Normotensive
(n=6)

Preeclampsia
(n=6)

p-value

Maternal age (years) 26 ± 6 (19–37) 25 ± 6 (18–33) 0.748

Racial status

White 2 2 ND

Black 4 4 ND

BMI 45 ± 7 (32–53) 40 ± 8 (26–51) 0.310

Blood pressure (mmHg)

Systolic 128 ± 6
(118–133)

170 ± 12
(150–182)

<0.01

Diastolic 79 ± 9 (68–89) 102 ± 3
(100–105)

<0.01

Primigravida 1/6 3/6 ND

Proteinuria N/A 1–4+ ND

Gestational age

At delivery
(weeks+days)

38+2 ± 1+4

(35+4–39+5)
30+3 ± 3+4

(26+6–36+2)
0.008

BMI body mass index, N/A not applicable, ND not determined

Data are expressed as mean ± SD (range)
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in endothelial cells, we constructed a vector that contains
the human chymase gene (pChym) and transferred it into
endothelial cells. The confirmation of chymase gene
transfer in endothelial cells is shown in Fig. 1a. Posi-
tive chymase expression was detected in endothelial cells
transfected with pChym but not in control cells trans-
fected with the control vector only. Using this chymase
overexpression cell model, the endothelial expression of
ACE and chymase was then determined by western blot-
ting. Our results showed that chymase protein expression
was detected in cells transfected with chymase gene but
much more reduced in control cells. Surprisingly, we
found that ACE was strongly expressed in control cells
but was significantly reduced in cells transfected with
pChym (p < 0.01; Fig. 1b). The bar graph shows the
relative density of ACE and chymase expression after
normalization with β-actin expression in each sample.
These results demonstrated that ACE is likely the domi-
nant angiotensin-generating enzyme in endothelial cells
under unstimulated conditions. However, ACE expression
was significantly suppressed when chymase was induced
in endothelial cells.

HDAC inhibition promotes chymase activation
in endothelial cells

We previously reported that chymase expression is upre-
gulated in vascular endothelium in women with pre-
eclampsia [10, 11]. We also demonstrated that chymase
activation is associated with increased inflammatory
responses in endothelial cells [16]. However, the mechan-
ism(s) of chymase activation in vascular endothelium is
largely unknown. Because the acetylation of histones in
chromatin is one of the molecular mechanisms involved in
the regulation of gene transcription and is tightly controlled
by the balance of acetyltransferase and deacetylase activ-
ities, we tested whether HDAC inhibition could modulate
chymase expression in endothelial cells. In this experiment,
the HDAC inhibitor trichostatin A (TSA) was used, and the
chymase and ACE expression levels were then determined.
Cells transfected with pChym were treated with TSA at the
concentrations of 0, 0.1, 0.3, and 1.0 µM for 24 h. Cells
transfected with pZs vector were also treated with TSA and
served as controls. Interestingly, we found that chymase
expression was dose dependently increased in cells
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Fig. 1 Chymase and ACE
expression in endothelial cells
transfected with or without the
chymase gene. a Chymase
expression detected by
immunofluorescence staining in
endothelial cells transfected with
the chymase gene. Chymase
expression was barely detectable
in cells transfected with the
control vector. b Expression
of chymase and ACE in cells
transfected with or without
the chymase gene. ACE was
strongly expressed in control
cells, but ACE expression was
downregulated in cells
transfected with the chymase
gene. In this experiment, cellular
protein was collected 24–30 h
after pChym transfection. The
bar graphs show the relative
density of ACE and chymase
protein expression after
normalization with β-actin
expression in each sample.
The data are expressed as
the means ± SE from five
independent transfection
experiments. **p < 0.01: cells
transfected with the chymase
gene vs. control cells
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transfected with chymase gene. By comparison, chymase
expression was undetectable in control cells. A representa-
tive blot of chymase expression in cells with and without
pChym transfection is shown in Fig. 2a.

We next determined effect of chymase overexpression on
ACE expression in cells treated with TSA. As shown in
Fig. 2b, chymase expression was significantly increased in
cells treated with TSA. Again, TSA-induced upregulation of
chymase expression occurred in a dose-dependent manner.
Intriguingly, ACE expression was downregulated in a

dose-dependent manner in cells treated with TSA. Similar
results were also found in cells treated with the HDAC
inhibitor valproic acid (VPA) (data not shown). Thus, the
ratio of chymase to ACE expression was significantly
increased in cells in which chymase was overexpressed and
the increased chymase to ACE ratio was also dose-
dependent (Fig. 2b).

The effects of TSA on HDAC1 and HDAC6 expression
were examined in cells transfected with the chymase gene.
HDAC1 is a member of class I HDACs located in the
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Fig. 2 Effects of HDAC inhibition on chymase and ACE expression in
endothelial cells with or without transfection of the chymase gene.
TSA, an HDAC inhibitor, was used. a Chymase expression was dose
dependently increased in cells transfected with the chymase gene when
the cells were treated with TSA at the concentrations of 0, 0.1, 0.3, and
1.0 µM. This phenomenon was not seen in cells transfected with the
control vector. b TSA induced a dose-dependent increase in chymase
expression but a dose-dependent decrease in ACE expression in
endothelial cells transfected with the chymase gene. In this experi-
ment, cells were treated with TSA 24 h after cells were transfected
with the pChym gene. The treatment was carried out for 24 h, and then

total cellular protein was collected. The bar graphs show the relative
density of protein expression for chymase and ACE after normal-
ization with β-actin expression in each sample. The ratio of the relative
density for chymase to ACE expression was also dose dependently
increased. c HDAC1 and HDAC6 expression in TSA-treated cells. The
bar graphs show the relative density of HDAC1 and HDAC6
expression after normalization with β-actin expression in each sample.
HDAC1 and HDAC6 expression were dose dependently reduced in
cells treated with TSA. *p < 0.05 and **p < 0.01: TSA treated vs. not
treated. The data are expressed as the means ± SE from four inde-
pendent experiments
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nucleus, and HDAC6 is a member of class II HDACs
mainly located in the cytoplasm. As shown in Fig. 2c,
the expression levels of both HDAC1 and HDAC6 were
dose dependently reduced in cells treated with TSA. These
results indicate that altered HDAC activity/expression could
downregulate ACE expression when chymase is activated.

Increased chymase expression is associated with
reduced HDAC expression in the maternal
vasculature in preeclampsia

As previously mentioned, chymase expression is increased
in maternal vascular endothelium in preeclampsia. To fur-
ther confirm whether altered HDAC expression is present
in the maternal vasculature in preeclampsia, the chymase,
ACE, HDAC1, and HDAC6 expression levels were exam-
ined by immunostaining in subcutaneous adipose tissue
sections from normal and preeclamptic pregnant women.
Angiotensin II receptor-1 (AT-1) and HDAC3 expression
were also determined. Representative images for chymase,
ACE, AT-1, HDAC1, HDAC3, and HDAC6 expression are

presented in Fig. 3. Our results showed that chymase
expression is markedly increased in maternal vessel endo-
thelium in women with preeclampsia compared with that
in normal pregnant controls, a finding that is consistent with
our previous observations [10, 11]. ACE expression was
not significantly different in vessels between normal and
preeclamptic specimen. AT-1 expression was also markedly
increased in the smooth muscle layer of vessels from pre-
eclamptic women compared with AT-1 expression in the
smooth muscle layer of vessels from normal pregnant
women. As expected, the expression levels of HDAC1,
HDAC3, and HDAC6 were all markedly reduced in
maternal vessels from preeclampsia women compared with
normal pregnant controls.

Discussion

Chymase is well-documented as an ACE-independent
angiotensin convertase. The function of this serine pro-
tease in normal physiology is largely unknown, but
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Fig. 3 Vascular expression of
chymase, ACE, AT-1, HDAC1,
HDAC3, and HDAC6 in
normotensive and preeclamptic
pregnant women. Subcutaneous
adipose tissue sections from six
normotensive and six
preeclamptic pregnancies were
examined. Increased endothelial
chymase expression was
associated with increased AT-1
expression in vascular smooth
muscle layers and reduced
HDAC expression in systemic
vessels from women with
preeclampsia (PE) compared
with tissue specimens from
normotensive (Normal) pregnant
controls. Consistent results were
obtained. a, b chymase, c, d
ACE, e, f AT-1, g, h HDAC1,
i, j HDAC3, and k, l HDAC6.
a, c, e, g, i, k: Normal; b, d, f,
h, j, l PE. Bar= 50 micron
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chymase activation has been implicated in the pathogenesis
of several cardiovascular diseases, including heart failure,
cardiac hypertrophy, and diabetes mellitus [17–19]. Addi-
tionally, numerous studies have demonstrated that chymase
participates in vascular remodeling through the degradation
of extracellular matrix metalloproteinases (MMPs) and
activation of transforming growth factor beta (TGF-β)
[20–22]. Animal studies have also revealed that chymase
contributes to the development of atherosclerosis by elim-
inating high-density lipoprotein (HDL) and by inhibiting
apolipoprotein-dependent removal of cholesterol [23, 24].
Although it was reported that advanced glycation end pro-
ducts (AGEs), markers of oxidative stress, could activate
a chymase-dependent angiotensin II-generating pathway in
diabetic complications [25], the mechanism of chymase
activation in cardiovascular diseases is elusive. In the pre-
sent study, using chymase overexpression as a test situation,
we investigated the potential mechanism(s) of chymase
activation in endothelial cells. We specifically tested the
role of HDAC inhibition-mediated chymase activation. The
consequence of chymase activation on ACE expression was
also determined.

Our results showed that ACE is strongly expressed
in control endothelial cells, in which chymase is weakly
detectable. By contrast, when cells were induced to express
chymase, ACE expression was significantly downregulated.
These observations suggest that, under normal physiologi-
cal conditions, ACE is likely the major angiotensin II-
generating enzyme in endothelial cells, but this may not be
the case when chymase is activated. Presently, we do not
understand why the upregulation of chymase expression
(chymase transfection) leads to the downregulation of ACE
expression. However, since both ACE and chymase convert
angiotensin I to angiotensin II, our data suggest that there
may be an intrinsic balance between ACE and chymase
that controls angiotensin II generation in endothelial cells.
Although we did not measure angiotensin II production,
our previous studies showed that endothelial angiotensin II
production is suppressed by chymase inhibition, but not
by ACE inhibition, when chymase is activated [11, 26],
indicating that endothelial chymase activation is responsible
for increased angiotensin II production.

Epigenetic regulation involving processes, such as
DNA methylation and histone modification, are important
mechanisms that regulate cellular functions like the stimu-
lation of cell proliferation, alteration of gene/protein activity
and expression, and induction of phenotypic changes. The
reason for the chymase overexpression-mediated down-
regulation of ACE expression is unknown. To study
whether epigenetic regulation participates in the regulation
of chymase and ACE expression in endothelial cells, the
HDAC inhibitor TSA was used. Surprisingly, we found
that, in cells induced with chymase, chymase expression

was dose dependently increased when cells were exposed
to the HDAC inhibitor TSA (Fig. 2). Most interestingly,
ACE expression was dose dependently decreased in cells
treated with TSA. Similar results were also seen in cells
treated with the HDAC inhibitor VPA (data not shown)—
i.e., chymase expression was dose dependently increased,
and ACE expression was dose dependently decreased in
chymase-overexpressed cells when they were treated with
HDAC inhibitors. Thus, the ratio of chymase to ACE
expression was significantly increased or vice versa. These
results suggest that chymase may represent the major
angiotensin II-producing enzyme when chymase is acti-
vated in endothelial cells [11]. Although there was a dis-
crepancy in chymase and ACE expression shown in Fig. 1b
and Fig. 2b in cells transfected with pChym, our results of
TSA-induced upregulation of chymase expression and the
increased ratio of chymase to ACE expression in cells
transfected with the chymase gene are consistent with our
observed increased chymase expression and reduced
expression of HDACs in maternal vessels from women with
preeclampsia.

TSA is an HDAC inhibitor that inhibits both class I and
class II HDACs but not class III HDACs (i.e., sirtuins). The
demonstration of HDAC inhibition was confirmed by the
detection of HDAC1 and HDAC6 expression. Our results
showed that reduced HDAC1 and HDAC6 protein expres-
sion is also dose-dependent. Additionally, we found that
acetylated histone proteins were accumulated in cells treated
with TSA, and the response was dose-dependent (data not
shown), indicating that HDAC activities are inhibited
in cells treated with TSA. Although we do not know how
TSA suppresses HDAC1 and HDAC6 protein expression, a
similar phenomenon that HDAC inhibitors (MHA219 and
SAHA) suppressed HDAC protein expression accompanied
with increased acetylated histone protein expression was
reported in DU145, LNCap, and PC3 cell lines [27]. In the
present study, we found that the upregulation of chymase
expression related to the reduced HDAC expression seen
in maternal vessels from women with preeclampsia is
consistent with the results of the downregulation of HDAC1
and HDAC6 expression in endothelial cells treated with
the HDAC inhibitor. Presently, we do not know whether
the changes in HDAC expression are physiologically
effective in vivo, and we do not know which HDAC(s)
regulate chymase expression. However, the observation
of the increased acetylated histone H3 and H4 protein
accumulation associated with chymase activation when
TSA is used in chymase-overexpressed cells suggest the
association of aberrant HDAC activity and chymase acti-
vation in endothelial cells.

Although no artery function experiment was performed
in the present study, the work reported by Uehara et al.
demonstrated the importance of chymase-mediated
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angiotensin II generation in human vascular tissue [28].
Using human internal thoracic artery homogenates from
patients with hypercholesterolemia, Uehara et al. found that
the formation of angiotensin II was reduced by 95% when
chymase inhibitor chymostatin was used [28]. Similar
results were also obtained by Takai et al. in which, using
samples from human gastroepiploic arteries, they found that
angiotensin II formation was inhibited by 8% with the ACE
inhibitor lisinopril but by 95% with chymostatin [29]. Takai
et al. also compared ACE and chymase-mediated angio-
tensin II formation in tissue slices of human gastroepiploic
arteries [30] and found that angiotensin II formation was
reduced by 5% with lisinopril but was reduced by 90%
when chymostatin was used [30]. These findings are
important regarding the consequences of chymase activa-
tion and the role of chymase in angiotensin II generation in
the systemic vasculature. Recently, chymase-dependent
production of angiotensin II was also reported in aged
hearts in an animal study [31]. Although the report of
chymase-mediated angiotensin II generation in the vascu-
lature under in vivo conditions is lacking, the results from
these ex vivo studies with vessel homogenates and slices as
well as in vitro cell culture and animal studies provide
considerable evidence to support the notion that chymase
plays a key role in angiotensin II formation in the cardio-
vascular system when it is activated.

We previously reported increased chymase expression
in the maternal vascular endothelium from women with
preeclampsia [10, 11]. To determine whether altered HDAC
expression is also present in the systemic vasculature
in women with preeclampsia, we examined chymase, ACE,
HDAC1, HDAC3, and HDAC6 expression in subcutaneous
adipose tissue sections from normotensive and preeclamptic
pregnant women. Consistent with our previous findings,
chymase expression was found to be markedly increased
in the maternal vascular endothelium from preeclampsia
compared with those from normal pregnant controls.
Although immunostaining for ACE expression in maternal
vessel endothelium showed no difference between the
normal and preeclamptic groups among our study subjects,
noticeably increased chymase over ACE expression was
seen in the maternal vessel endothelium from preeclampsia,
a finding that is consistent with the observation of dominant
chymase expression over ACE expression in chymase-
overexpressed cells when HDACs are inhibited. We
understand there are limitations in our in vitro cell model
to explore the underlying mechanisms chymase activation
in preeclampsia—i.e., results obtained from in vitro studies
could not completely recapture the maternal systemic
vascular changes in preeclampsia. Moreover, it is impos-
sible to test the consequences of HDAC inhibition-induced
aberrant chymase and ACE expression under in vivo
condition in humans during pregnancy. However, the

phenomenon of dominant chymase expression over ACE
expression associated with reduced HDAC expression in
the maternal vasculature suggests that imbalanced chymase
and ACE expression is related to aberrant HDAC activity in
the systemic vasculature in women with preeclampsia
compared with normotensive pregnant controls.

The HDAC family has 11 members. We examined the
expression of three major HDACs: HDAC1, HDAC3, and
HDAC6. HDAC1 and 3 belong to class I HDACs and
are located in the nucleus. HDAC6 belongs to class II
HDACs and is located mainly in the cytoplasm. Strikingly,
the expression levels of HDAC1, HDAC3, and HDAC6
were all reduced in the maternal vasculature in pre-
eclampsia women compared with that in normal pregnant
women. Although the sample size was small in the present
study, using a similar sample size, we previously demon-
strated that the downregulation of anti-inflammatory
mediator suppressor of cytokine signaling-3 expression,
upregulation of inflammatory microRNA-203 expression
and inflammatory cytokine IL-16 expression in the
maternal vessel endothelium in preeclampsia compared
with those in normal pregnant controls [32–34]. Addi-
tionally, we examined AT-1 expression in the same set of
subcutaneous adipose tissues from normal and pre-
eclamptic pregnancies. Our results showed that AT-1
expression is strongly expressed in the maternal vessel
smooth muscle layers in preeclampsia compared with that
in normal pregnant controls. It should be noted that
the representative imaging of the vascular expression of
chymase, ACE, AT-1, and HDACs shown in Fig. 3 were
all resistance arteries in the range of 100–300 microns in
diameter. Although the vascular responses to vasoactiva-
tors could differ between arteries and veins with vessel
size and location, our findings of increased endothelial
chymase expression and increased AT-1 expression in
vascular smooth muscle cells combined with reduced
HDAC expression in the maternal resistance vessels in
preeclampsia provide compelling evidence that the upre-
gulation of chymase expression is associated with
increased vascular resistance in preeclampsia.

Furthermore, our observations that the upregulation of
chymase resulted in the downregulation of ACE expression
in endothelial cells provides powerful evidence, which
may explain the source of angiotensin II in the circulation
in the so-called “ACE-escape” phenomenon, a clinical
situation in which the plasma levels of angiotensin II rise
above basal values or gradually return to the pretreatment
values in patients after the long-term use of ACE inhibitors
[35, 36]. The “ACE-escape” phenomenon is also the
rationale for dual RAS blockade of ACE inhibitors (ACEIs)
and angiotensin receptor AT-1 blockers (ARBs), which
lead to the synergistic blockade of RAS not obtainable
by the administration of either drug alone. Moreover, it is
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also expected that chymase will represent a significant
therapeutic target to treat cardiovascular diseases [2].

In addition to angiotensin II-generating activity, chy-
mase is also considered an inflammatory protease with
many potent pro-inflammatory properties [20]. Mast cell
chymase can induce the accumulation of neutrophils,
eosinophils, and other inflammatory cells in inflamed
tissues [22]. Animal studies have revealed that specific
chymase inhibition was able to suppress neutrophil
accumulation in the lung and to reduce silica-induced
pulmonary fibrosis (in mice) [37]. Chymase could also
trigger the production of cytokines and chemokines to
indirectly stimulate the infiltration of inflammatory cells.
In mast cells, degranulation not only releases chymase
but also biogenic amines, TNFα, serglycin proteoglycans,
and various lysosomal enzymes [38]. Moreover, increased
chymase expression was found to be temporally asso-
ciated with increased endothelial inflammatory responses
in preeclampsia, as evidenced by increased endothelial
P-selectin and E-selectin expression [39] and decreased
anti-inflammatory mediator suppressor of cytokine
signaling-3 expression in the maternal systemic vascu-
lature [32]. All these findings indicate that chymase
activation not only contributes to vasoconstriction via
the generation of angiotensin II but also potentially pro-
motes inflammatory responses via the production of
inflammatory mediators and cytokines in the vasculature.
Therefore, chymase activation could represent a sig-
nificant and important contributor to vascular dysfunction
in preeclampsia and other cardiovascular disorders.

In conclusion, this is the first study to show that
HDAC inhibition can trigger chymase activation and
inhibit ACE expression, consequently perturbing the
balance between ACE and chymase in endothelial cells
when chymase is activated. Increased chymase and AT-1
expression was related to reduced HDAC expression in
maternal-resistant vessels in preeclampsia compared with
that in normal pregnant controls. These results are highly
meaningful mechanistically and suggest that chymase
may be the major angiotensin II generating enzyme once
this serine protease is activated. In addition, a balance
between chymase and ACE activity in endothelial cells
could be the key feature to determine which is the
dominant angiotensin II-generating enzyme in the vascu-
lature. Therefore, chymase activation in vascular tissues
represents an underlying pathophysiological event in
hypertension-related diseases, supporting the clinical
importance of chymase as a new pharmacological target
for the treatment of cardiovascular disorders.
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