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Homocysteine-induced oxidative stress upregulates
chymase in mouse mastocytoma cells

Kanta Fujimi1, Yoshinari Uehara1, Satomi Abe1, Akira Kawamura1, Sankar Devarajan2, Shin-ichiro Miura1,
Keijiro Saku1 and Hidenori Urata2

Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), O
��
2 and OH� participate in the pathogenesis of ischemia/

reperfusion injury, inflammation and atherosclerosis. Our previous studies have suggested that increased angiotensin II (Ang II)-

forming chymase may be involved in the development of atherosclerosis. However, the regulatory mechanism of chymase

expression has not yet been clarified. In this study, we tested whether oxidative stress upregulates mouse mast cell proteinase

chymase, mouse mast cell proteinase (MMCP)-5 or MMCP-4. We also examined the expression and activity of these proteins

after treatment. Cultured mouse mastocytoma cells (MMC) displaying chymase-dependent Ang II-forming activity were treated

with H2O2 and several aminothiols with or without anti-oxidants. The levels of MMCP-5 and MMCP-4 expression were

determined by quantitative RT-PCR; the level of chymase-dependent Ang II-forming activity was measured by high performance

liquid chromatography using Ang I as a substrate. Treatment of MMC with homocysteine (0.1–3mmol l–1) significantly increased

MMCP-5 and MMCP-4 expression, as well as Ang II-forming activity. These effects were significantly inhibited by the addition of

catalase and further suppressed by the combination of catalase and superoxide dismutase. Incubation with hydrogen peroxide

alone caused a significant increase in Ang II-forming activity, which was completely suppressed by co-treatment with catalase.

Furthermore, MMCP-5 and MMCP-4 expression levels were drastically suppressed and chymase induction by homocysteine was

diminished under the GATA-inhibited condition. Homocysteine increased mast cell chymase expression and activity through the

mechanism of oxidative stress. Our results suggest that there is a biochemical link between oxidative stress and the local Ang II-

forming system.
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INTRODUCTION

Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2),
superoxide anion (O��

2 ), and hydroxyl radical (OH�) participate in the
development of atherosclerosis. Many cells that comprise the vascu-
lature generate ROS. These molecules are generally thought to be
harmful to the vasculature and lead to pathological processes such as
hypertension, restenosis and atherosclerosis. Several studies have
provided clear evidence that vascular disorders, including athero-
sclerosis, at least in part result from the presence of these ROS.1

Several aminothiols, including homocysteine and cysteine, can pro-
mote atherogenesis by virtue of their effects on endothelial function,
vascular smooth muscle cell activation and hemostatic activation.2–8

These aminothiols have a critical role as intracellular redox buffers,
and it is also becoming increasingly recognized that they comprise
an important extracellular redox system.9,10 It has also been reported
that homocysteine exerts its detrimental effects in part through a
mechanism involving oxidative stress.11,12

The renin–angiotensin system has an important role in the
development of cardiovascular diseases. In addition to previously
known pathological effects of angiotensin II (Ang II), recent
studies have shown that Ang II induces superoxide overproduction,
which promotes the proliferation of vascular smooth muscle
cells, lipid peroxidation, inactivation of nitric oxide and stimulation
of adhesion molecule expression.13,14 These direct and indirect
effects of Ang II appear to contribute to the formation of athero-
sclerotic lesions. Several recent studies have shown the existence of an
alternative Ang II-forming pathway, independent of ACE. Several
serine proteinases, such as chymase, kallikrein and cathepsin G, are
probably responsible for ACE-independent Ang II-forming activity in
human tissue.15 Among them, chymase is the most abundant, and its
immunoreactivity is observed primarily in the secretory granules
of mast cells. Our preliminary experiment revealed that mouse
mastocytoma cells (MMC) used in this study expressed mRNA
for mouse mast cell proteinase (MMCP)-5, which is known to
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enzymatically cleave Ang I to Ang II.16 We did not detect mRNA for
MMCP-1, 2 or L.

A mouse mastocytoma cell line, P815 MMC, was established from a
mastocytoma in a DBf/2 mouse and can proliferate in the peritoneal
cavity of the syngenic mouse.17 The P815 cell line has been reported to
show constitutive phosphorylation on a tyrosine residue on the c-kit
tyrosine kinase receptor in the absence of stimulation with stem cell
factor. Furthermore, P815 MMC does not express the endogenous
high-affinity multisubunit receptor for IgE, Fc epsilon receptor type I;
Fc epsilon receptor type I is found only on mast cells and baso-
phils.17,18 These observations indicate that P815 MMC has no
similarity in terms of physiological properties to classical mast cells.
However, P815 MMC can be induced to differentiate towards a mast
cell-like phenotype, as shown by the activation described below.

Our previous reports show a strong positive association between
hypercholesterolemia and arterial Ang II-forming chymase expres-
sion,19 which is further augmented in established atherosclerotic
lesions.20 However, the detailed regulatory mechanism of chymase
expression has not yet been clarified. In this study, we tested the
existence of chymase-dependent Ang II-forming activity in P815
MMC. We also investigated whether oxidative stress upregulates
mouse mast cell chymase expression and chymase-dependent Ang
II-forming activity in cultured MMC and examined the effects of
antioxidants such as superoxide dismutase (SOD) and catalase.

METHODS

Materials
DL-homocysteine, catalase, SOD, chymostatin and aprotinin were obtained

from Sigma (St Louis, MO, USA). H2O2 was obtained from Mitsubishi Gas

Chemical Company (Tokyo, Japan). A specific GATA inhibitor, K-11706, was

purchased from Kowa Co. Ltd (Tokyo, Japan).

Cell culture
P815 MMC were obtained from the American Type Culture Collection

(Manassas, VA, USA). MMC were maintained in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 1% fetal bovine serum. MMC were

plated at a density of 1�105, harvested every 72 h, and kept at 37 1C in an

atmosphere of 5% CO2/air. Catalase, SOD and GATA inhibition were initiated

30 min before incubation with homocysteine or hydrogen peroxide.

Cell preparation and assessment of Ang II formation
MMC were detached by a cell scraper in PBS, washed twice with PBS, and then

placed in 50 mmol l–1 NaH2PO4 buffer, pH 7.4, at 4 1C. Harvested cells were

homogenized with a glass/glass homogenizer and finally resuspended with the

same buffer. The protein concentration of the cell homogenate was measured

using Protein Assay Reagent (Pierce, Rockford, IL, USA). The extent of Ang II

formation from Ang I was determined as described elsewhere, with some

modifications.21 The cells prepared as above were incubated with Ang I at 37 1C

for 30 min. The amount of Ang II formed was analyzed by reversed-phase high-

performance liquid chromatography (HPLC) using a C18 reversed-phase

column (2.2�25 cm; Vydac, Hesperia, CA, USA) with a 15-min linear acetonitrile

gradient (3–13%) in 25 mmol l–1 triethylamine-phosphate buffer, pH 3, at a

flow rate of 2 ml min–1. Ang II-forming activity was expressed as nanomoles of

Ang II formed per minute per milligram of protein. Chymostatin (0.1 mmol l–1)

—inhibitable and aprotinin (0.24 mmol l–1)—insensitive Ang II formation were

expressed as chymase-dependent Ang II-forming activity (chymase-like activ-

ity). All analyses for each sample were performed in duplicate, and the

reproducibility and quality of all data were confirmed before statistical analysis.

Reverse-transcribed PCR
Total RNA was extracted from cells in 9.6 cm2 dishes using the RNeasy kit

(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Cells

were treated with DNase to remove residual contaminating DNA. The RNA was

reverse-transcribed and cDNA was amplified by PCR using Superscript II

reverse transcriptase and oligo-dT primers from Invitrogen (Carlsbad, CA, USA).

Conventional PCR. Gene-specific primers for conventional PCR were used

as follows: MMCP-5 5¢-CCAAAATATGATGAGAATTTGGTTGTCC-3¢ (for-

ward), 5¢-GGGGCTTTGCATTCCGATGTA-3¢ (reverse), annealing at 60 1C,

1.5 mmol l–1 MgCl2. The amplification conditions for MMCP-5 were 96 1C

for 30 s, 60 1C for 30 s and 72 1C for 90 s; 40 cycles. PCR products were

electrophoresed on 1.5% agarose gel, visualized with ethidium bromide and

photographed. The proportions of MMCP-5 and b-actin mRNA were deter-

mined by densitometric scanning (300 Å Computing Densitometer and Image

Quant Software v3.0 Fast Scan; Molecular Dynamics, Sunnyvale, CA, USA).

The chymase mRNA levels were normalized to those of b-actin mRNA.

Real-time PCR. Gene-specific primers for real-time PCR were used as follows:

MMCP-5 5¢-CCTGTCTGTAGTTCCTGCTG-3¢ (forward), 5¢-CAGTTGACAAT

CTGGGTCTT-3¢ (reverse), MMCP-4 5¢-GCAGTCTTCACCCGAATCTC-3¢
(forward), 5¢-CAGGATGGACACATGCTTTG-3¢ (reverse), GAPDH 5¢-AACGA

CCCCTTCATTGAC-3¢ (forward), 5¢-TCCACGACATACTCAGCA-3¢ (reverse),

annealing at 60 1C, 1.5 mmol l–1 MgCl2. Human MMCP-4, MMCP-5 and

GAPDH gene expression were quantified by real-time PCR using the Applied

Biosystems GeneAmp 7500FAST sequence detection system (ABI, Foster City,

CA, USA). Amplification was detected with SYBR Green as a fluorogenic probe

specific for double-stranded DNA by using a QuantiTect SYBR Green PCR Kit

(Qiagen). Threshold cycle, Ct, which correlates inversely with the target mRNA

level was measured as the cycle number at which the reporter’s fluorescent

emission increased above a threshold level. Melting curves were recorded and

the size and specificity of PCR products were checked on 2% agarose gel. Only

reactions that produced a single band of the expected size were used for

analysis. Data analysis was performed using the DDCt method.

Transient transfections and reporter assays
MMCs were transfected with 1mg of p(AP-1)7-Luc plasmids and co-transfected

with 5 ng of pGL4.74 (hRluc/TK) vector for the control (Renilla luciferase) by

using Lipofectamine 2000 (Invitrogen). Lysates were assayed for luminescence

intensity using the Dual-luciferase Assay System (Promega, Madison, WI,

USA). AP-1 luciferase activity was divided by Renilla activity to obtain

a normalized value: relative luciferase unit (RLU).

Statistical analysis
Data were analyzed using SAS enterprise guide 3.0 software (SAS Institute Inc.,

Cary, NC, USA). All data are presented as means±s.d. Differences between

groups were evaluated by one-way analysis of variance. Significance level was set

at Po0.05.

RESULTS

Cell culture conditions
The basic characteristics of cultured MMC were ascertained before the
main study to determine the experimental conditions. Cultured MMC
were originally floating cells. However, as the cell culture progressed,
some MMC (65±5%) attached to the bottom of the flask. The
chymase-like activities of these two types of cells (floating and
adhered) were measured separately on day 3 of culture. Chymase-
dependent Ang II-forming activity of adhered cells was significantly
higher than that of floating cells. In addition, the effect of homo-
cysteine on chymase-dependent Ang II-forming activity was more
prominent in adhered cells than in floating cells. Based on these
observations, the following analysis was performed only for adhered
cells (data not shown).

Effects of homocysteine on chymase-dependent
Ang II-forming activity
The time-course of homocysteine’s effect on chymase-dependent Ang
II-forming activity in MMC was determined. Chymase-dependent
Ang II-forming activity in MMC significantly increased 12 h after the
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addition of homocysteine (Figure 1a). The effect of homocysteine on
chymase-dependent Ang II-forming activity was dose-dependent at
concentrations of 0.1 to 3 mmol l–1. Chymase-dependent Ang II-
forming activity in MMC treated with homocysteine (2 or
3 mmol l–1) was significantly greater than that in non-stimulated
control cells (Figure 1b). The effect of homocysteine on MMC
chymase-dependent Ang II-forming activity was investigated. Incuba-
tion with homocysteine (3 mmol l–1 for 24 h) caused a significant
increase in chymase-dependent Ang II-forming activity (37-fold at
3 mmol l–1 homocysteine vs. control, Po0.01).

Involvement of reactive oxygen species in the action
of homocysteine
The effect of H2O2 on MMC chymase-dependent Ang II-forming
activity was investigated (Figure 2). Incubation with H2O2 alone
(250mmol l–1 for 30 min) caused a significant increase in chymase-
dependent Ang II-forming activity (n¼9, 28-fold vs. control, Po0.01),
which was completely suppressed by co-treatment with catalase. Next,
the effect of a radical scavenger was investigated. MMC were incubated
with homocysteine (3 mmol l–1) for 24 h with or without the radical
scavenger catalase (500 U ml–1) or SOD (200 U ml–1). As shown in
Figure 2, homocysteine-induced chymase-dependent Ang II-forming
activity was inhibited by the addition of catalase alone (n¼9, 78% less
than the homocysteine group, Po0.01) and completely suppressed by
the combination of catalase and SOD (n¼8, P¼0.01).

Effect of homocysteine on mouse chymase mRNA
The effect of homocysteine on MMCP-5 mRNA expression
was determined by semi-quantitative RT-PCR analysis (Figure 3).
Homocysteine (3 mmol l–1) was added at day 3 and MMC were
harvested 9 h later. A significant upregulation of MMCP-5 mRNA
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Figure 1 (a) Time-course of the effect of homocysteine on chymase activity

in mouse mastocytoma cells (MMCs). MMCs were grown in DMEM. At the

indicated times after the addition of 3 mmol l–1 homocysteine, chymase-

dependent Ang II-forming activity was measured by HPLC. Data are shown

as mean±s.d. (n¼4 each). wPo0.01 vs. 0 h. (b) Dose-response of the

homocysteine-induced increase in chymase-dependent Ang II-forming

activity in MMCs. MMCs were incubated in DMEM. Homocysteine was then
added at the indicated concentrations and the cells were incubated for

another 24 h. Chymase-dependent Ang II-forming activity was measured by

HPLC. Data are shown as mean±s.d. (n¼4 each). *Po0.001 vs. 0 mmol l–1.
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Figure 2 Effects of radical scavengers on the homocysteine- or hydrogen
peroxidase-induced increase in chymase-dependent Ang II-forming activity

in mouse mastocytoma cells (MMCs). MMCs were incubated with 500 U ml–1

catalase and/or 200 U ml–1 superoxide dismutase for 30 min before

incubation with homocysteine and hydrogen peroxide. Then cells were given

3 mmol l–1 homocysteine and 250mmol l–1 hydrogen peroxide. Data are

shown as mean±s.d. (n¼9 each). *Po0.001, **Po0.01 vs. control;
wPo0.01, wwPo0.001 vs. HCY; yPo0.001 vs. H2O2. CAT, SOD, HCY, C and

H2O2 indicate catalase, superoxide dismutase, homocysteine, control and

hydrogen peroxide, respectively.
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Figure 3 Effects of radical scavengers on homocysteine- or hydrogen

peroxidase-induced MMCP-5 mRNA expression in MMCs. MMCs were

incubated for 9 h with 500U ml–1 catalase and/or 200 U ml–1 superoxide

dismutase in the presence of 3 mmol l–1 homocysteine, and 250mmol l–1

hydrogen peroxide. MMCP-5 mRNA levels were normalized to those of

b-actin mRNA. Data are shown as mean±s.d. (n¼4 each). *Po0.01 vs.

control, wPo0.01 vs. HCY; yPo0.05 vs. H2O2. CAT, SOD, HCY, C and H2O2

indicate catalase, superoxide dismutase, homocysteine, control and

hydrogen peroxide, respectively.
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was observed at 9 h after treatment with homocysteine (n¼4, 4.0-fold
vs. control, Po0.01). As shown in Figure 3, homocysteine-induced
MMCP-5 mRNA expression was inhibited by the addition of catalase
alone (n¼4, 75% less than the homocysteine group, Po0.01). The
effects of H2O2 and a radical scavenger were investigated. Incubation
with H2O2 alone caused a significant increase in MMCP-5 mRNA
expression (n¼4, 2.6-fold vs. control), which was suppressed by co-
treatment with catalase (n¼4, 47% less than the H2O2 group,
Po0.05) (Figure 3). Furthermore, the influence of the expression of
mouse chymase in MMCP-4 and MMCP-5 was analyzed by quanti-
tative RT-PCR. Homocysteine significantly increased both MMCP-4
and MMCP-5 mRNA expression, which displayed dose-dependent
induction patterns (Figures 4a and b). Interestingly, a GATA-specific
inhibitor, K-11706, significantly suppressed both MMCP-4 and
MMCP-5 expression. Moreover, the induction of mouse chymase
expressions by homocysteine was attenuated in the presence of K-
11706 (Figures 4c and d). Previous studies have shown that activator
protein-1 (AP-1) is indispensable for transactivation of the IL-13 gene
induced by GATA proteins in mast cells,22 and in mammalian systems,
AP-1 is involved in regulating the oxidative stress response.23 How-
ever, AP-1 is also strongly induced by some antioxidants such as n-
acetyl cystein.24 In this study, exposure of mouse mastocytoma cells to
homocysteine transiently transfected with AP-1 luciferase reporter
plasmid showed increased AP-1 activity (Figure 5).

DISCUSSION

Mouse mast cells are classified as one of two subtypes: mucosal or
connective tissue mast cells, both of which derive from common
precursor cells. Mature mast cells retain more intracellular granules
containing mast cell-specific proteases than do undifferentiated mast
cells. In connective tissue mast cells, the main granular proteases are
mast cell carboxypeptidase A (CPA), MMCP-4, MMCP-5 and MMCP-6.
The expression of each mast cell protease changes during differentia-
tion.25 A previous report showed that P815 MMC express CPA but no
other mast cell proteases. However, when P815 MMC were injected

into the peritoneum of mice they started to express mast cell
protease.26 As the present results suggest, activated adherent P815
MMCs displayed high levels of chymase-dependent Ang II-forming
activity.

This study showed for the first time a direct positive association
between ROS and increased mast cell chymase expression and activity.
We previously showed a positive correlation between plasma LDL-
cholesterol levels and arterial chymase activity.19 Our present results
showed that increased chymase expression and activity in vitro were
caused by oxidative stress. Several ROS including H2O2 and O��

2 are
produced by vascular endothelium during reperfusion after ischemic
injury.27,28 In addition, O��

2 can be generated by Ang II-mediated
activation of NADH/NADPH oxidase by the AT1 receptor in VSM
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cells,14,29 whereas H2O2 can be generated through the dismutation of
O��

2 , either spontaneously or by superoxide dismutase.30 These results
strongly suggest that Ang II is important in initiating local ROS
production. Therefore, it is quite interesting that an Ang II-forming
serine protease, chymase, is upregulated by ROS, because this suggests
that a vicious cycle is formed between ROS production and chymase
expression. Chymase is thought to be associated with atherogenic
processes,31 as a specific chymase inhibitor suppressed the develop-
ment of high-cholesterol diet-induced atherosclerotic lesions in the
hamster aorta.32 Decreases in local Ang II production following
treatment with a chymase inhibitor might reduce local ROS produc-
tion, which could be an additional benefit that would in turn limit
atherogenic changes. It is likely that chymase-mediated Ang II
formation may have a proatherogenic role.

In this study, H2O2-induced increases in chymase-dependent Ang
II-forming activity were completely abolished by catalase. However,
homocysteine-induced increases in chymase-dependent Ang II-form-
ing activity were incompletely inhibited by catalase and completely
inhibited by SOD in combination with catalase. These results are
derived from the different actions of each antioxidant. Both catalase
and SOD are metalloproteins that catalyze ‘dismutation’ reactions,
which detoxify H2O2 and O��

2 , respectively. Namely, catalase catalyzes
the formation of oxygen and water from two H2O2 molecules, whereas
SOD catalyzes the formation of oxygen and H2O2 from two O��

2

molecules.33 Homocysteine-induced intracellular ROS formation
yields not only H2O2 but also O��

2 and OH� . Therefore, homocys-
teine-induced increases in chymase-dependent Ang II-forming activity
might have been incompletely inhibited by catalase.

Oxygen-derived molecules have been linked to endothelial toxi-
city.34 Experiments in which cultured venous endothelial cells were
exposed to homocysteine showed a major decrease in the adhesion of
the cells to their substrate of tissue culture plastic.12,35 Similarly, when
baboons were infused with homocysteine, substantial areas of vascular
endothelium became desquamated, and this was followed by oxidative
stress-induced atherogenic changes in the underlying vascular walls.35

Harker et al.36 suggested that homocysteine-induced cell injury results
in the loss of endothelial cells followed by platelet adherence and
release, as well as the development of progressive intimal athero-
sclerotic lesions.

Although several studies have provided evidence that various
cytokines, such as IL-337 and IL-438 are involved in mast cell
differentiation and the upregulation of chymase-dependent Ang II-
forming activity, this study is the first to show that homocysteine-
derived oxidative stress upregulates chymase expression and activity.
These findings are clinically relevant because it has been well docu-
mented that oxidative stress is increased in many cardiovascular
diseases,39 including hypertension, ischemic heart disease, cardiomyo-
pathy, myocarditis, heart failure and atherosclerosis. In fact, it has been
reported that tissue chymase-dependent Ang II-forming activity is
elevated in many cardiovascular diseases.31 In addition, ACE, another
important Ang II-forming enzyme, is known to also be upregulated by
oxidative stress40 and is elevated in many cardiovascular diseases.41

Therefore, Ang II formation is increased in cardiovascular diseases, at
least in part because of oxidative stress, and the Ang II produced by
ACE and/or chymase may have a role in organ damage and subse-
quent tissue remodeling. This concept has been supported by the
results of recent clinical studies using ACE inhibitors or AT1-receptor
antagonists in patients with acute myocardial infarction or congestive
heart failure.42

The mechanisms of chymase upregulation by homocysteine and
oxidative stress remain to be elucidated. Mast cells express high levels

of GATA-1 and GATA-2. The role of GATA in chymase gene
transcription has not been explored,43,44 but has previously been
shown in P815 mast cells.45 Various studies suggested that AP-1,
which is a dimeric complex of a Jun family protein and a Fos family
protein, may functionally interact with GATA proteins. The Jun/Fos
heterodimer was found to cooperate with GATA-2 in the transcription
of endothelin-1.46 Furthermore, the transcription of IL-13 is pro-
moted by the direct interaction between GATA proteins and AP-1 in
mast cells.22 In this study, GATA inhibition drastically decreased
chymase expression; moreover chymase induction by oxidative stress
was diminished under the GATA-inhibited condition. These results
suggest that ROS regulates chymase expression through the coopera-
tive activation of GATA and AP-1.

This is the first study reporting that homocysteine and ROS
increased mast cell chymase-dependent Ang II-forming activity. This
study reveals that there is a linkage between ROS and the local mast
cell-derived Ang II-forming system and that chymase may have a role
in ROS-induced cell injury.
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