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Upregulation of cathepsin C expression contributes to
endothelial chymase activation in preeclampsia

Yang Gu1, David F Lewis1, J Steven Alexander2 and Yuping Wang1,2

Chymase is an ACE (angiotensin-converting enzyme)-independent angiotensin II-forming enzyme whose expression is increased in

the maternal vascular endothelium in preeclampsia. However, mechanisms underlying chymase activation in preeclampsia

remain unclear. Cathepsin C is a key enzyme in the activation of several serine proteases including chymase. In this study, we

determined whether increased cathepsin C expression/activity might be responsible for the upregulation of chymase expression in

preeclampsia. Maternal vascular cathepsin C, chymase and ACE expression were examined through immunohistochemical

staining of subcutaneous fat tissue sections of normal and preeclamptic pregnant women. The role of cathepsin C in endothelial

chymase and ACE expression was determined in cells treated with cathepsin C. Consequences of chymase activation were then

determined by measurement of angiotensin II production in cells treated with the ACE inhibitor captopril and the chymase

inhibitor chymostatin, separately and in combination. Expression of both cathepsin C and chymase, but not ACE expression, was

markedly increased in the maternal vascular endothelium in subjects with preeclampsia compared with normal pregnant

controls. Exogenous cathepsin C induced a dose-dependent increase in expression of mature cathepsin C and chymase, but not

ACE, in endothelial cells. Moreover, angiotensin II production was significantly inhibited in cells treated with captopril or

chymostatin alone and was further inhibited in cells treated with both inhibitors. These results suggest that cathepsin C

upregulation induces chymase activation and subsequently promotes angiotensin II generation in endothelial cells. These data

also provide evidence of upregulation of the cathepsin C–chymase–angiotensin signaling axis in maternal vasculature in

preeclampsia.
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INTRODUCTION

Chymase is a chymotrypsin-like serine protease originally identified in
mast cells.1 Chymase has a broad peptidolytic activity and is involved
in a variety of cellular functions including cleavage of stem cell factor,2

stimulation of inflammatory cytokine production and induction of
endothelial adhesion molecules.3–5 Chymase has important roles in the
regulation of vascular function, through its ability not only to convert
angiotensin I to angiotensin II, but also to convert big endothelin to
endothelin-1.6,7 It has been reported that chymase is responsible for
~ 70–80% of the angiotensin II generated in human heart tissue,6 and
chymase is also a major producer of angiotensin-converting enzyme
(ACE)-independent angiotensin II in human arteries.8 Consequently,
it is widely accepted that chymase is a major non-ACE angiotensin II-
generating enzyme in humans. Although the physiological role of
chymase is still not understood, chymase has been implicated in the
pathogenesis of several cardiovascular diseases, including heart failure,
cardiac hypertrophy and diabetes mellitus.9 It has been speculated that
activation of chymase may have profound effects on the vascular

system because of its downstream vasoconstrictor-generating actions
via angiotensin II and endothelin.10

Altered renin–angiotensin system activity is responsible for
increased vascular resistance and has a significant role in the
pathogenesis and pathophysiology of preeclampsia, a hypertensive
disorder unique to human pregnancy. This notion is supported by
several important findings. First, increased maternal vascular sensitiv-
ity to angiotensin II contributes to the development of
preeclampsia.11,12 Second, increased maternal levels of auto-antibody
to angiotensin II receptor-1 are highly prevalent in women with
preeclampsia.13 Third, expression and activity of chymase are
increased not only in placental trophoblasts but also in the maternal
systemic vasculature in preeclampsia.14,15 Therefore, the activation of
chymase is thought to significantly affect the renin–angiotensin system
alterations associated with the increased angiotensin II generation and
increased vasocontractility in preeclampsia. However, the mechanism
by which chymase is activated in the vascular endothelium and
placental trophoblasts in preeclampsia is largely unknown.
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Cathepsin C, also known as dipeptidyl peptidase I (DPP-I), is a
lysosomal exocysteine protease belonging to the peptidase C1 family.
Cathepsin C is a key enzyme in the activation of many serine proteases
in inflammatory cells.16–19 Cathepsin C is essential for the activation of
mast cell chymase in mice.18 In the present study, we investigated
whether cathepsin C expression was upregulated in the maternal
vasculature in women with pregnancy complicated by preeclampsia
and determined whether increased cathepsin C expression might
promote chymase activation and angiotensin II generation by vascular
endothelial cells.

MATERIALS AND METHODS

Chemicals and reagents
Anti-human antibodies specific for cathepsin C (sc-74590) and ACE (sc-12187)

were purchased from Santa Cruz (San Diego, CA, USA). An anti-chymase

antibody (MA5-11717) was purchased from Thermo Scientific (Rockford, IL,

USA). A β-actin antibody and angiotensin I were obtained from Sigma

Chemicals (St Louis, MO, USA). Captopril and chymostatin were obtained

from EMD Millipore (Darmstadt, Germany). All the other chemicals and

reagents were obtained from Sigma Chemicals unless otherwise noted.

Sample collection
Maternal subcutaneous fat tissue was collected during cesarean section delivery

from 12 pregnant women (six from normal and six from preeclampsia) and

was used for examination of cathepsin C, chymase and ACE expression. The

protocol for collection of subcutaneous fat tissue was approved by the IRB at

Louisiana State University Health Sciences Center—Shreveport (LSUHSC-S),

LA, USA. Normal pregnancy was defined as pregnancy with blood pressure

o140/90 mm Hg, absence of proteinuria and the absence of obstetrical and

medical complications. Diagnosis of preeclampsia was defined as follows:

sustained systolic blood pressure of ⩾ 140 mm Hg or a sustained diastolic blood

pressure of ⩾ 90 mm Hg on two separate readings; proteinuria measurement of

1+ or more on a dipstick, or 24 h urine protein collection with ⩾ 300 mg in the

specimen. Smokers were excluded from the study, and no study subjects had

signs of infection. To avoid clinical phenotypic differences in preeclamptic

patients, patients with HELLP syndrome (hemolysis, elevated liver enzyme and

low platelet count), diabetes and/or renal disease were excluded. None of the

subjects in the preeclampsia group had a history of chronic hypertension. The

clinical characteristics of the study subjects are presented in Table 1.

Immunohistochemistry
Freshly obtained subcutaneous fat tissue was immediately fixed in 10%
formalin and then embedded in paraffin. Expression of cathepsin C, chymase
and ACE was examined through immunohistochemistry in paraffin-embedded
tissue sections. Stained slides were counterstained with Gill’s formulation
hematoxylin. Tissue sections stained with secondary antibody only were used as
controls. All slides stained with the same antibody were processed at the same
time. Stained tissue slides were reviewed under an Olympus microscope, and
images were captured.

Endothelial cell isolation and culture
Human umbilical cord vein endothelial cells (HUVECs) from normal-term
placentas were isolated as previously described.20,21 Isolated endothelial cells
were cultured with endothelial growth medium (Lonza, Allendale, NJ, USA)
supplemented with hydrocortisone, ascorbic acid, bovine brain extract,
epidermal growth factor, gentamicin sulfate amphotericin (GA-1000) and fetal
bovine serum. HUVECs at passage 1–2 were used for the experiments. Uterine
myometrium vascular endothelial cells (UtMVECs) purchased from Lonza were
also used in the study. UtMVECs were also incubated with endothelial growth
medium (Lonza).

Protein expression
Protein expression of cathepsin C, chymase and ACE was determined by
western blot analysis. Briefly, 10 μg of total cellular protein was subjected to
electrophoresis (Bio-Rad, Hercules, CA, USA) and then transferred to
nitrocellulose membranes. After being blocked, the membrane was probed
with primary antibody (same antibody as used for IHC), followed by a relevant
secondary antibody. An enhanced chemiluminescent detection kit (Amersham
Corporation, Arlington Heights, IL, USA) and X-ray film were used to visualize
the bound antibody. β-actin expression was determined for each sample. After
scanning, the density of bands was analyzed with the NIH ImageJ analysis
program. β-actin expression was used to normalize cathepsin C, chymase and
ACE expression. Data are presented as the mean± s.e. from three independent
experiments.

Angiotensin II measurement
Endothelial angiotensin II production was measured through an enzyme-linked
immunoassay. The angiotensin II enzyme-linked immunoassay kit was
purchased from Cayman Chemical (Ann Arbor, MI, USA) and consisted of
angiotensin II standard, anti-angiotensin II IgG tracer, glutaraldehyde, borane
trimethylamine, Ellman’s reagent, assay and wash buffers. The assay was
performed according to the manufacturer’s instructions. The range of the
standard curve was 0.98–125 pg ml− 1. Medium samples were diluted 1:10 and
measured in duplicate. Within-assay variation was o6%. The enzyme-linked
immunoassay plate was read at 405 nm with an auto-plate reader (Molecular
Devices, Sunnyvale, CA, USA).

Data analysis
Clinical demographic data are presented as the mean± s.d. Data for protein
expression and angiotensin II production are presented as the mean± s.e.
Statistical analysis was performed with Mann–Whitney test or analysis of
variance with the computer software Prism 5 (GraphPad Software, La Jolla, CA,
USA). The Student–Newman–Keuls test was used as a post hoc test.
A probability level less than 0.05 was considered statistically significant.

RESULTS

Cathepsin C and chymase expression are upregulated in the
maternal vascular endothelium in preeclampsia
To determine whether altered cathepsin C expression is present in the
maternal vascular endothelium in women with preeclampsia, cathe-
psin C expression was examined through immunohistochemical
staining in tissue sections of subcutaneous fat tissues from normal
and preeclamptic pregnant women. Our results showed that cathepsin
C was expressed at only low levels in the endothelium of maternal

Table 1 Clinical information of study subjects from which maternal

vessels were examined in the study

Variables Normal (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 (mm Hg)
Systolic 128±6 (118–133) 170±12 (150–182) o0.01

Diastolic 79±9 (68–89) 102±3 (100–105) o0.01

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

Abbreviations: BMI, body mass index; N/A, not applicable; ND, not determined.
Data are expressed as mean± s.d. (range).
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vessels from normal pregnant women, but was strongly expressed in
both the endothelium and the smooth muscle layer of vessels from
women with preeclampsia (Figure 1). Because cathepsin C is a key
protease that promotes chymase activation, and both chymase and
ACE convert angiotensin I to angiotensin II, we also examined
chymase and ACE expression in tissue sections from normal and
preeclamptic pregnant women. The results were consistent with our
previously reported finding that chymase is strongly expressed in
vascular endothelium in samples from preeclamptic pregnant women
compared with normal pregnant controls (Figure 1). ACE was
expressed in both endothelial and vascular smooth muscle layers in
vascular specimens but showed no difference between vessels from
normal and preeclamptic pregnant women (Figure 1).

Cathepsin C promotes expression of chymase but not ACE in
endothelial cells
Because cathepsin C has a key role in inducing activation of many
serine proteases, we next determined whether cathepsin C might
promote chymase activation. In this experiment, confluent endothelial
cells (HUVECs) grown in six-well plates were treated with different
concentrations of cathepsin C for 2 h, and total cellular protein was
collected. Protein expression for cathepsin C, chymase and ACE was
determined by western blotting. The results are shown in Figures 2a
and b. Figure 2a shows representative blots of cathepsin C, chymase
and ACE expression. Two bands were detected for cathepsin C: a band
at 55 kDa, which is the cathepsin C propeptide, and a band at 25 kDa,
which is mature cathepsin C. Mature cathepsin C expression was
markedly increased in cells treated with cathepsin C, and this
cathepsin C-induced mature cathepsin C expression was increased
in a dose-dependent manner, Figure 2b. Interestingly, chymase

expression was also increased in a dose-dependent manner in cells
treated with cathepsin C. However, ACE expression was not altered.
The bar graphs show mature cathepsin C, chymase and ACE
expression after normalization to β-actin expression for each sample
(Figure 2b). Data are presented as the mean± s.e. from three
independent experiments. The ratio of chymase to ACE expression
was also calculated and it showed a dose-dependent increase in cells
treated with cathepsin C in Figure 2b, thus indicating that cathepsin C
modulates the relationship between chymase and ACE expression in
endothelial cells.

Cathepsin C mediated chymase activation and angiotensin II
generation in endothelial cells
To further investigate whether cathepsin C-mediated chymase activa-
tion is responsible for increased angiotensin II generation by endothe-
lial cells, we evaluated angiotensin II production in cells treated with
cathepsin C in the presence of the ACE inhibitor captopril or the
chymase inhibitor chymostatin. Two types of endothelial cells were
used: HUVECs and UtMVECs. Our results showed that in HUVECs,
at least 50% of the angiotensin II generated was inhibited by either
captopril or chymostatin. Angiotensin II production was almost
completely inhibited when both inhibitors were added to these
cultures. In UtMVECs, a similar effect was found for captopril, but
chymostatin alone inhibited ~ 80% of the angiotensin II produced
(Figure 3, lower panel). These data suggested that chymase is a more
potent angiotensin II-generating enzyme than ACE in UtMVECs.

DISCUSSION

In the present study, we investigated potential mechanisms underlying
chymase activation in endothelial cells and determined whether altered
cathepsin C expression was present in the maternal vasculature in
women with preeclampsia. Cathepsin C expression in maternal
vascular endothelium was examined through immunohistochemical
staining of subcutaneous fat tissue sections. Cathepsin C was scarcely
detected in the maternal vessels of normal pregnant women. However,
strong cathepsin C expression was detected not only in the vascular
endothelium but also in the smooth muscle layer of vessels from
women with preeclampsia. These findings clearly showed that
cathepsin C expression is upregulated in the maternal vasculature of
women with preeclampsia.
Cathepsin C is a key enzyme in the activation of many granule-

associated serine proteases or peptidases in inflammatory cells, such as
elastase and cathepsin G in neutrophils and chymase and tryptase in
mast cells. We have previously reported that chymase expression is
upregulated in the maternal vascular endothelium in women with
preeclampsia.15 Because cathepsin C is a chymase activator, and
chymase has a similar function as ACE in converting angiotensin I
to angiotensin II, we also examined chymase and ACE expression in
tissue sections from normal and preeclamptic pregnant women. We
found that endothelial expression of chymase, but not ACE, was
markedly increased in maternal vessels from preeclamptic women
compared with normal pregnant women. Although the sample size is
small in the present study, we have previously used a similar sample
size to demonstrate that downregulation of expression of the anti-
inflammatory mediator suppressor of cytokine signaling-3 is related to
the upregulation of inflammatory microRNA-203 expression in the
maternal vessel endothelium in preeclampsia.22,23 A similar sample
size has also been used by Shukla et al.24 to examine neutrophil
infiltration and myeloperoxidase expression in subcutaneous fat vessels
from normal and obesity pregnant women and by Mousa et al.25 to
examine DNA methylation in maternal vessels of omental fat tissues

Figure 1 Representative images showing cathepsin C, chymase and ACE
expression in maternal vessels of normal and preeclamptic pregnancies.
(a, c, e) Normal pregnancies; (b, d, f) preeclampsia; (a, b) cathepsin C;
(c, d) chymase; and (e, f) ACE. Scale bar= 50micron. Increased cathepsin C
and chymase expression was observed in maternal vascular endothelium
from preeclampsia compared with normal pregnancy. Endothelial ACE
expression was not different between normal and preeclamptic pregnancies.
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from women with normal and preeclamptic pregnancies. Therefore,
we believe that our finding of increased endothelial cathepsin C and
chymase expression in women with preeclampsia is valid. Although
information regarding maternal levels or activity of cathepsin C in
normal pregnancy and preeclampsia is lacking, increases in the
expression of both cathepsin C and chymase in the maternal vascular
endothelium in preeclampsia suggest that cathepsin C upregulation
may lead to chymase activation, which might subsequently trigger the
vascular dysfunction seen in women with preeclampsia.
To determine whether cathepsin C might promote chymase

expression in endothelial cells, we measured expression of cathepsin
C, chymase and ACE in endothelial cells treated with different doses of
cathepsin C. Interestingly, exogenous cathepsin C promoted mature
cathepsin C production/expression and concurrent chymase upregula-
tion in endothelial cells. Expression of mature cathepsin C and
chymase was increased in a dose-dependent manner, whereas ACE
expression was not affected. These data provided evidence of the
intimate association between cathepsin C and chymase showing that
cathepsin C activates chymase in endothelial cells. This concept is very
important in terms of vascular regulation, especially angiotensin II-
mediated vasocontractility, because chymase is a potent non-ACE
angiotensin II-generating enzyme, and angiotensin II is a potent
vasoconstrictor in humans. In addition, we observed that ACE

expression was a dominant regulator in non-stimulated endothelial
cells. This notion was supported by the observations of dominant
expression of ACE in the maternal vascular endothelium in normal
pregnant women and in cultured endothelial cells (in the absence of
cathepsin C stimulation). However, this relationship between ACE and
chymase expression was apparently reversed in maternal vessels during
preeclampsia and in cells treated with cathepsin C, in which chymase
expression dominated in maternal vessel endothelium in preeclampsia
and an increased ratio of chymase to ACE expression was found in
cells treated with cathepsin C. These observations led us to speculate
that chymase might be the major angiotensin II-forming enzyme
under conditions in which cathepsin C and chymase are activated.
To further characterize the consequences of cathepsin C and

chymase activation in endothelial cells, we evaluated angiotensin II
production in endothelial cells treated with cathepsin C in the
presence of the ACE inhibitor captopril and the chymase inhibitor
chymostatin. Our results showed that both captopril and chymostatin
significantly inhibited angiotensin II generation in the presence of
cathepsin C. Furthermore, this inhibitory effect on angiotensin II
generation was further potentiated when both inhibitors, captopril and
chymostatin, were used in combination rather than when either was
used alone. These results suggested that vascular cathepsin C and
chymase activation may be at least partly responsible for increased
vasoconstriction through activation of the chymase–angiotensin II
regulatory pathways in hypertensive disorders including preeclampsia.
Cathepsins are a family of proteases involved in the turnover of

proteins, including extracellular matrix degradation. Cathepsins are
distinguished by their structure, catalytic mechanism and the proteins
that they cleave. Cathepsins A and G are serine proteases, cathepsins B,
C, F and S are cysteine proteases and cathepsins D and E are aspartyl
proteases. Cathepsins are also considered to be ‘inflammatory pro-
teases’, and the increased activity of several of these proteases has been
found in many inflammatory diseases, such as rheumatoid arthritis,
chronic obstructive pulmonary disease, inflammatory bowel disease
and asthma.26–30 Nakajima et al.31 have reported that maternal serum
cathepsin D activity was higher in women with preeclampsia than in
normal pregnant controls. Although little is currently known about
altered cathepsin C levels in pregnancy and preeclampsia, activation of
cathepsin C has been found to have a role in cardiovascular-related
disorders. For example, Herías et al.32 have reported upregulation of
cathepsin C gene and protein expression in atherosclerotic lesions in
both men and mice. These investigators have further found that
increased cathepsin C expression appears to be confined to inflam-
matory foci within the atherosclerotic plaque and is particularly
associated within intimal foam cells and macrophages. In contrast,
cathepsin C deficiency in monocytes and macrophages has been found
to decrease plaque size in aortic atherosclerotic lesions.32 These
findings suggest important contributions of this cysteine protease in
the development of atherosclerosis. An animal study conducted by
Pagano et al.33 has also shown that cathepsin C, through regulation of
the production of the CXC-chemokine ligand, increases neutrophil
recruitment during the development of experimental abdominal aortic
aneurysms in mice. Moreover, increased cathepsin C activity has also
been demonstrated in aortic artery tissues in renal-clip-induced
hypertension in rats.34 Our findings of increased chymase expression
associated with cathepsin C upregulation in the maternal vasculature
in women with preeclampsia, with existing evidence of cathepsin C’s
involvement in cardiovascular diseases in animal studies, indicate that
dysregulation of this cysteine protease potently contributes to the
development of cardiovascular disorders.

Figure 2 Effects of cathepsin C on chymase and ACE expression in
endothelial cells. Confluent endothelial cells were treated with different
concentrations of cathepsin C. Total cellular protein was collected and
protein expression for cathepsin C, chymase and ACE was determined by
western blotting. (a) Protein expression of cathepsin C, chymase and ACE in
endothelial cells treated with cathepsin C at concentrations of 0, 1, 5, 20
and 100 pg ml−1. (b) Bar graphs showing the mean± s.e. of cathepsin C,
chymase and ACE expression from three independent experiments. The ratio
of chymase to ACE expression was also calculated, *Po0.05 and
**Po0.01: treated vs. untreated control. Exogenous cathepsin C induced
expression of mature cathepsin C and chymase. Exogenous cathepsin C had
no effect on ACE expression in endothelial cells. A full color version of this
figure is available at the Hypertension Research journal online.
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In conclusion, this is the first study to show that cathepsin C
expression is upregulated in maternal vascular endothelium in women
with preeclampsia. We further demonstrated that cathepsin C induces
endothelial chymase activation, thus resulting in a discordant relation-
ship between ACE and chymase in endothelial cells. Although the
reason for the lack of stimulation of ACE expression in response to
chymase is not known, this phenomenon is very interesting and may
have a significant impact on the cardiovascular system, not only in
preeclampsia but also in cardiovascular diseases in general, because
both ACE and chymase are angiotensin II-generating enzymes.
Therefore, it is reasonable to speculate that upregulation of the
cathepsin C–chymase signaling pathway may have a critical role in
increasing vasoconstriction and vascular dysfunction in preeclampsia.
Moreover, the inhibitory effect of chymostatin against endothelial
angiotensin II generation further suggests that this novel cathepsin
C–chymase signaling axis may be a potential therapeutic target for the
management of hypertension-related cardiovascular diseases.
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