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Chao J, Blanco G, Wood JG, Gonzalez NC. Renin released from
mast cells activated by circulating MCP-1 initiates the microvascular
phase of the systemic inflammation of alveolar hypoxia. Am J Physiol
Heart Circ Physiol 301: H2264–H2270, 2011. First published Sep-
tember 30, 2011; doi:10.1152/ajpheart.00461.2011.—Reduced alveo-
lar PO2 in rats produces a rapid systemic inflammation characterized
by reactive O2 species generation, mast cell (MC) degranulation,
leukocyte-endothelial interactions, and increased vascular permeabil-
ity. The inflammation is not initiated by the low systemic PO2 but
rather by the release of monocyte chemoattractant protein-1 (MCP-1)
from alveolar macrophages (AMO) activated by alveolar hypoxia.
Circulating AMO-borne MCP-1 induces MC degranulation, which
activates the local renin-angiotensin system (RAS) and mediates the
microvascular inflammation. This study was directed to determine the
mechanism of RAS activation by MCP-1-induced MC degranulation.
Experiments in isolated rat peritoneal MCs showed the following:
1) Western blots and immunocytochemistry demonstrated the pres-
ence of renin and angiotensin-converting enzyme (ACE) in MCs and
their release upon degranulation; 2) MCP-1-induced degranulation of
MCs incubated in plasma produced an increase in angiotensin II
(ANG II) concentration; and 3) this increase was inhibited completely
by the following agents: the MCP-1 receptor antagonist RS-102895,
the specific rat renin inhibitor WFML, or the ACE inhibitor captopril
administered separately. Captopril also inhibited ANG II generation
by MCs incubated in culture medium plus ANG I. The results show
that peritoneal MCs contain active renin, which activates the RAS
upon degranulation, and that peritoneal MCs are a source of ACE and
suggest that conversion of ANG I to ANG II is mediated predomi-
nantly by ACE. This study provides novel evidence of the presence of
active renin in rat peritoneal MCs and helps explain the mechanism of
activation of the RAS during alveolar hypoxia.

monocyte chemoattractant protein-1; angiotensin-converting enzyme

REDUCTION OF INSPIRED PO2 in rats produces a rapid and wide-
spread systemic inflammation characterized by microvascular
generation of reactive O2 species (30), mast cell (MC) degran-
ulation (22), increased leukocyte-endothelial interactions (31),
and extravasation of albumin (32). This response, which has
been observed directly in the mesentery (4, 5, 22, 30–32) and
skeletal muscle (6, 10, 21) and pial microcirculations (13), is
not initiated by the low tissue PO2 but rather by the rapid
release into the circulation of a chemokine, monocyte chemoat-
tractant protein-1 (MCP-1), also known as CCL2, from alve-
olar macrophages (AMO) activated by the low alveolar PO2

(4). Circulating MCP-1 induces degranulation of perivascular
MCs (4), which, in turn, leads to activation of the renin-

angiotensin system (RAS) and microvascular inflamma-
tion (10).

The possibility that the systemic inflammation is initiated by
a mediator released from a distant site and transported by blood
had been suggested by two critical findings: the first is a
dissociation observed between tissue microvascular PO2 and
inflammation: MC degranulation and leukocyte recruitment
occur only when alveolar PO2 is reduced, independent of the
systemic PO2 (6, 22). The second finding is that plasma from
hypoxic rats evokes an inflammatory response in tissues of
normoxic rats (16). The evidence supporting an inflammatory
cascade initiated by AMO activation by low alveolar PO2 is the
following: 1) Reduction of PO2 in primary cultures of AMO
results in rapid (�15 min) release of H2O2 and MCP-1. In
contrast, neither primary cultures of peritoneal macrophages or
peritoneal MCs are activated by exposure to low PO2 for 30
min (5). The lack of response of systemic tissue macrophages
and MCs is in agreement with the in vivo observation that
selective reduction of tissue PO2 does not elicit inflammation if
alveolar PO2 is normal (21). 2) The supernatant of hypoxic
AMO, but not of hypoxic systemic tissue macrophages, in-
duces MC degranulation in vivo and in vitro. (4, 5). 3) Plasma
MCP-1 concentration increases rapidly in rats breathing 10%
O2; this increase does not occur in AMO-depleted rats (4). This
is consistent with previous observations that AMO depletion
prevents the systemic inflammation of alveolar hypoxia and
that plasma from intact hypoxic rats, but not of AMO-depleted
rats, elicits inflammation in normoxic tissues (5, 9). 4) MCs
undergo degranulation when immersed in plasma from intact
hypoxic rats but not in plasma from AMO-depleted hypoxic
rats (5). 5) MCP-1 induces concentration-dependent MC de-
granulation (4). 6) MCP-1 administration to normoxic rats
replicates the inflammation of hypoxia; conversely, MCP-1
receptor antagonist blocks the systemic inflammation of hyp-
oxia in intact rats (4).

Degranulation of MCs by circulating AMO-borne MCP-1 is
followed by activation of the local RAS. The evidence that MC
degranulation causes activation of the local RAS and genera-
tion of ANG II is convincing. First, alveolar hypoxia does not
induce an increase in circulating plasma renin activity or ANG
II concentration in conscious intact rats (10), suggesting that
activation of the RAS in this case occurs at the local level,
rather than as a result of renin release by the renal juxtaglo-
merular cells. Second, it is clear that RAS activation does
mediate the microvascular response to alveolar hypoxia: block-
ade of the RAS with ANG II receptor antagonists or with
angiotensin-converting enzyme (ACE) inhibitors prevents the
systemic inflammation of alveolar hypoxia, as well as that
elicited by related stimuli like topical application of plasma
from hypoxic rats, supernatant of hypoxic AMO, and MCP-1
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(4, 5, 10); however, RAS blockade does not prevent the MC
degranulation initiated by these stimuli. Third, the inflamma-
tory response to ANG II does not involve MC degranulation (5,
17, 26); and finally, the inflammation elicited by MC degran-
ulation with compound 4880 (C4880), a MC secretagogue, is
prevented by blockade of the RAS (5, 10).

While the mechanisms underlying the inflammatory cascade
initiated by activation of AMO are understood, a question
remaining is the mechanism by which MC degranulation leads
to activation of the local RAS. One possibility is the presence
of renin in MCs, which would be released after MC degranu-
lation to activate the local RAS. Renin was demonstrated in
myocardial MCs (14, 20) and more recently in MCs of the
lungs (1, 25), although its pathophysiological role at this site is
debated (11). The role of activation of the RAS in the systemic
inflammation of alveolar hypoxia was demonstrated in the
mesentery and skeletal muscle microcirculations (4, 10); how-
ever, it is not known if MCs in those sites contain renin. A
second unanswered question relates to the transformation of
ANG I to ANG II. In addition to endothelial and circulating
ACE, ANG II may be generated from ANG I by chymase,
which is contained in MCs (19).

The objective of these experiments was to answer these
remaining questions. Specifically, we inquired whether renin is
contained in peritoneal MCs and whether release of renin after
MC degranulation could explain the activation of the RAS
during alveolar hypoxia. Peritoneal MCs were selected because
their role in the systemic inflammation of alveolar hypoxia has
been studied extensively in vivo and in vitro (4, 5, 22). The
results show that active renin is contained in peritoneal MCs
and that its release after degranulation of MCs with MCP-1
leads to the generation of ANG II. The data further show that
MC are a source of ACE and suggest that ANG II is formed
largely, if not uniquely, by conversion of ANG I by ACE.

METHODS

The Animal Care and Use Committee of the University of Kansas
Medical Center, an institution accredited by the American Association
for Accreditation of Laboratory Animal Care, approved all proce-
dures.

Isolation of Peritoneal MCs

Sprague-Dawley rats (250–300 g) were anesthetized with 45
mg/kg ketamine and 0.4 mg/kg atropine im, and a catheter was placed
in the jugular vein. Twenty milliliters of DMEM with 10% serum
containing penicillin (100 U/ml), streptomycin (100 �g /ml), and
heparin (5 U/ml) were injected into the peritoneal cavity, followed by
gentle massage and recovery of fluid into cooled polypropylene tubes.
Usually, cells obtained from two rats were pooled and used for each
experiment. Before the lavage was started, 3 ml of blood were
obtained from each rat and plasma was separated by centrifugation
and used for MC incubation. After the lavage was completed, the rats
were euthanized with an overdose of sodium pentobarbital (150
mg/kg iv). The cells were centrifuged at 400 g for 15 min at room
temperature and washed twice with serum-free DMEM. Cell pellets
were resuspended in 0.75 ml serum-free DMEM, and macrophages
were separated from MCs by differential centrifugation using a
Percoll solution as described before (18). MCs isolated by this
procedure exceed 95% in purity (4, 5, 18) as determined by light
microscopy. Approximately 1 � 106 MCs are usually harvested from
one rat. The separated MCs were resuspended in 2 ml of DMEM with
10% serum containing penicillin (100 U/ml) and streptomycin (100

�g/ml) and plated in a T-25 sterile flask at 37°C in 10% O2-5%
CO2-85% N2 for 45 min. The MCs were collected by centrifugation
at 3,000 rpm for 2 min. The supernatant was discarded with a pipette,
and the MCs were resuspended in 2 ml of serum-free DMEM. MCs
did not adhere to the culture plate; rather, they were suspended in
plasma, and the cell suspension was equilibrated with humidified gas
mixtures (10% O2-5% CO2-85% N2) via an 18-gauge needle placed
on the flask’s cap. Forty five minutes later, the suspension was divided
into aliquots of 0.4 ml containing 0.4 � 106 MCs each. The different
pharmacological agents described in Experimental Protocol were
administered at this step. The cells were then incubated for an
additional 20 min after which the aliquots were centrifuged at 3,000
rpm for 2 min. The supernatants were collected for ANG II concen-
tration measurement

ELISA Analysis for ANG II Measurement

A single-analyte ELISA was performed using the sandwich-based
ELISA technique to measure ANG II concentration in plasma or
supernatant samples. A 50-�l aliquot of each sample was added to the
well for measurement according to the instructions of the ANG II
ELISA kit (Cayman Chemical). Each sample was tested in triplicate.

Immunocytochemistry

MCs were suspended in DMEM and plated on coverslips coated
with poly-D-lysine at a cell density of 104 cells/ml. After 30 min, the
coverslips were rinsed twice with PBS. The cells were then fixed with
paraformaldehide, 4% in PBS, and were permeabilized for 30 min at
room temperature with a solution containing 0.3% Triton X-100
dissolved in PBS. After three washes with 0.3% Triton X-100 in PBS,
the cells were blocked with 10% normal goat serum, 0.3% Triton
X-100 in PBS at room temperature for 2 h. After three washes with
0.3% Triton X-100 in PBS, the cells were blocked with 10% normal
goat serum, 0.3%Triton X-100 in PBS at room temperature for 2 h.
Next, the permeabilized cells were exposed to goat anti-renin (sc-
27318; 1:100; Santa Cruz) and rabbit anti-ACE (sc-20791; 1:100;
Santa Cruz) antibodies in 10% normal goat serum, 0.3% Triton X-100
in PBS at 4°C overnight. Both these antibodies recognize the rat forms
of each polypeptide. Following three washes with PBS, the MCs were
exposed to secondary fluorescence antibody (donkey anti-goat Alexa
594-conjugated antibody and donkey-anti-rabbit Alexa 647-conju-
gated antibody; 1:500; Invitrogen) for 2 h. As a negative control, MCs
were processed as described above but without the primary antibody.
After being washed with PBS three times, the coverslips were
mounted with Prolong Gold containing DAPI to stain nuclei from
Molecular Probe (Eugene, OR) at room temperature. The slides were
examined with a Leica TSC STED confocal microscope.

Western Blotting Analysis

Each suspension of MCs was divided into two aliquots each; one of
them was treated with the MC secretagogue C4880 (10 mg/l) for 20
min, and the other remained untreated. The cell suspensions were
centrifuged at 3,000 rpm for 5 min at room temperature; the super-
natants were collected and the cell pellets were lysed using the
mammalian cell lysis kit (Sigma, St. Louis, MO). Supernatants and
lysates containing equal amounts of proteins were electrophoresed in
a SDS-PAGE under reducing conditions and were transferred to
PVDF membranes. The supernatant from untreated MCs contained
negligible amounts of proteins; in this case, a volume equal to that of
the supernatant from C4880-treated MCs was loaded for comparison.
The blots were blocked with 5% nonfat dry milk in PBS and were
probed with antibodies recognizing renin (sc-27318; 1:500; Santa
Cruz) or ACE (sc-20791; 1:500; Santa Cruz) of rat origin. The
secondary antibodies were alkaline phosphatase conjugated to donkey
anti-goat or rabbit IgG (1:5,000). Signals were detected by chemilu-
minescence (Pierce Thermo). After signal measurement, Western blot
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membranes were striped with stripping buffer (Thermo) to remove
primary and secondary renin antibodies and were reprobed with ACE;
the process was repeated and the membranes were reprobed with
GAPDH antibodies using the same protocol. Western blots from three
individual MC cultures were prepared using this protocol.

Experimental Protocol

The mechanism by which MC degranulation leads to activation of
the RAS was studied by determining the effect of different pharma-
cological agents on the generation of ANG II by MCs. MCP-1 was
used since this is the agent that activates MCs during alveolar
hypoxia. With the exception of the last series of experiments (see
below), MCs were suspended in plasma since it provides all the
substrates necessary to generate ANG II. ANG II generation, deter-
mined by the difference between untreated and MCP-1-treated plasma
ANG II concentration, was used as a marker for activation of the RAS
by MC degranulation. Aliquots of 400 �l, containing an average of
0.4 � 106 cells each, were used in the experiments described below.
In all cases, MCs were incubated for 20 min in the presence of the
specific agent after which plasma was removed and frozen for mea-
surement of ANG II with ELISA. The following experiments were
carried out.

Effect of MCP-1 on ANG II generation by MCs. MC aliquots were
incubated in plasma for 20 min with the following concentrations of
MCP-1 � 0, 15, and 30 ng/ml. A fourth aliquot was incubated with
MCP-1 (30 ng/ml) plus the CCR2 receptor blocker RS-102895
(10 �M).

Effect of renin inhibition on ANG II generation by MCs. In a
separate series of experiments using the same protocol, aliquots of
MCs were incubated in plasma with MCP-1 (0, 15, and 30 ng/ml) in

the presence and in absence of the rat renin inhibitor acetyl-His-Pro-
Phe-Val-Statine-Leu-Phe (WFML; ANASPEC, San Jose, CA; 3 �M).

Effect of ACE inhibition on the generation of ANG II by MCs.
Aliquots of MCs were incubated in plasma with 0 and 30 ng/ml
MCP-1 in the presence and in the absence of the ACE inhibitor
captopril (1 mM).

Effect of ACE inhibition on ANG II generation by MCs suspended
in medium containing ANG I. In these experiments, MCs were
suspended in serum-free culture medium containing ANG I (100 nM).
In this case, MC degranulation was elicited with the generic MC
secretagogue C4880 (10 mg/l), rather than MCP-1

Statistics

Data are presented as means � SD. In each set of experiments, the
data of three separate MC suspensions subjected to each of the
different treatments were averaged. Comparisons between treated and
control groups were carried out with a one-way ANOVA followed by
Bonferroni tests for multiple comparisons. A P value �0.05 was
considered to indicate a significant difference.

RESULTS

Figure 1 shows a series of confocal immunocytochemistry
images demonstrating the presence of renin and ACE in peri-
toneal MCs, and their release upon degranulation induced by
the general MC secretagogue C4880. The presence of renin
and ACE in MCs is confirmed by the immunoblots shown in
Fig. 2. Both renin and ACE protein are detected in the MC
lysates but not in the supernatant of the untreated MC suspen-

A

B

C

Fig. 1. Representative immunofluorescence images showing renin and angiotensin-converting enzyme (ACE) in peritoneal mast cells (MCs). DAPI staining (blue
fluorescence) identifies DNA that was used as a nucleus marker. Bright field (BF) pictures show MC morphology, both before and after degranulation with C4880.
A: images in the absence of primary antibodies (negative controls). B: images showing presence of renin (red fluorescence) and ACE (pink fluorescence) in intact,
isolated peritoneal MCs. C: images showing renin and ACE in the granules released from MCs after degranulation with MC secretagogue C4880.
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sions. After degranulation of MCs induced by C4880, both
proteins are detected in the lysate as well as the supernatant.
The demonstration of renin and ACE in the supernatant in this
case shows that renin and ACE contained in the MCs are
released into the supernatant after degranulation with C4880.
The barely detectable signal corresponding to GAPDH protein
in the supernatant of the untreated MCs is likely due to the
small number of MCs (�5–10% of the total MC number) that
undergo degranulation during the separation procedures (4, 5).

Incubation with MCP-1 produced a concentration-dependent
increase in plasma ANG II concentration. This increase was
not observed when MCs were incubated with the MCP-1
receptor antagonist RS 102895, 10 �M (Fig. 3). The depen-

dence of ANG II generation by MCs on the MCP-1 concen-
tration parallels the relationship between MCP-1 concentration
and MC degranulation observed before (4). The inhibitory
effect of the MCP-1 receptor antagonist indicates that the
generation of ANG II is a specific effect of MC activation by
MCP-1.

Figure 4 depicts results of a separate series of experiments
showing that the increase in plasma ANG II that follows MC
activation with MCP-1 was inhibited by pretreatment with the
specific rat renin inhibitor WFML (Fig. 4). These results show
that MC renin, released from MC upon degranulation with
MCP-1, initiates the reaction that culminates in the generation
of ANG II.

Captopril, an ACE inhibitor, blocks the generation of ANG
II mediated by MCP-1 (Fig. 5). The concentration of ANG II
in the captopril-treated cultures was not significantly different
from that seen in the untreated cultures in which MCP-1 was
not added. This suggests that the generation of ANG II from
ANG I was mediated largely, if not exclusively, by ACE.

The experiments depicted in Fig. 6 were carried out to
determine if MC degranulation would lead to conversion of
ANG I into ANG II in a system in which ACE is not present
in the supernatant. C4880 was used instead of MCP-1 because
a cofactor, normally expressed in plasma, is necessary for
MCP-1 to induce MC degranulation at biologically relevant
concentrations (4). When MCs were incubated in culture me-
dium in the presence of 100 nM ANG I, the levels of ANG II

Fig. 2. A: Western blots of MC lysates and supernatant. Blots from 2 individual
MC suspensions show the presence of renin and ACE protein in untreated MC
lysates and in MC lysates and supernatant samples obtained after degranulation
of MC with C4880. Neither renin nor ACE proteins are detected in the
supernatant from MC cultures not treated with C4880 in which MCs did not
degranulate. Minute amounts of GAPDH protein in the supernatant of un-
treated MCs is likely due to the small amount MCs (�5–10% of the total
number) that undergo degranulation during the isolation procedure. B: average
densitometry ratio with respect to GAPDH. Given absence of renin and ACE
in the untreated supernatant, densitometry ratios could not be calculated. Each
bar represents the means � SE of data obtained in 3 separate MC suspensions.

Fig. 3. Effect of monocyte chemoattractant protein-1 (MCP-1) on ANG II
generation by MC suspended in plasma. RS 102895 is an MCP-1 receptor
antagonist. Data are means � SD. Each bar represents the average of 3
separate experiments . *P � 0.05 vs. MCP-1 � 0. §P � 0.05 vs. MCP-1 � 15
ng/ml.

Fig. 4. Effect of the specific rat renin inhibitor WFML on the generation of
ANG II mediated by MCP-1. Data are means � SD. Each bar represents the
average of 3 separate experiments. *P � 0.05 vs. corresponding untreated
group.

Fig. 5. Effect of captopril on the generation of ANG II induced by 30 ng/ml
MCP-1 Data are means � SD. Each bar represents the average of 3 separate
experiments. *P � 0.05 vs. corresponding captopril-treated culture.
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were negligible. Incubation with C4880 resulted in an increase
in ANG II concentration to levels comparable to those seen in
the cultures in which 30 ng/ml of MCP-1 were used. The
increase in ANG II produced by C4880 was blocked by
captopril, indicating that the conversion of ANG I to ANG II
was mediated by ACE. The increase in ANG II induced by
C4880 in MCs immersed in medium containing 100 nM ANG
I was similar to that induced by the same concentration of
C4880 in MCs incubated in plasma. This indicates that incu-
bation of MCs in medium plus 100 nM ANG I provided
conditions similar to those of plasma for the generation of
ANG II.

DISCUSSION

The results of these experiments show that renin is contained
in peritoneal MCs and that degranulation of MCs with MCP-1
leads to the release of renin and the resulting generation of
ANG II. The data also show that peritoneal MCs are a source
of ACE and suggest that the conversion of ANG I to ANG II
is largely mediated by ACE. The present results provide an
answer to an outstanding question, namely the mechanism by
which MC degranulation activates the RAS during the sys-
temic inflammation elicited by alveolar hypoxia (5, 10).

Since the discovery of renin in cardiac MCs, evidence has
been accumulating regarding the consequences of activation of
the myocardial RAS by MC renin in response to phenomena
such as ischemia/reperfusion (14, 20) The results presented
here help explain the mechanisms of activation of the RAS
initiated by a different stimulus, namely MCP-1 released by
AMO activated by alveolar hypoxia. The presence of active
renin in peritoneal MCs expands the previous findings of renin
in cardiac and pulmonary MCs and suggests a widespread role
for MC renin in the activation of the local RAS. While the
present experiments were carried out in peritoneal MCs, the
demonstration of similar in vivo interactions between MCs and
the RAS in mesentery and skeletal muscle demonstrate a
generalized role of the RAS in the systemic inflammation of
hypoxia and suggest a possible role for MC renin in various
organ systems (5, 10)

Renin in peritoneal MCs was identified by immunohisto-
chemistry coupled with demonstration of renin protein using

Western blot (Fig. 1). These findings were complemented by
experiments that determined the functional role of MC renin in
the activation of the RAS during alveolar hypoxia, using a
relatively simple experimental system consisting of peritoneal
MCs immersed in fresh plasma. Peritoneal MCs were used
because activation of the RAS by MCs has already been
demonstrated in the mesentery (5), as well as in skeletal muscle
(10), and the role of peritoneal MCs in the systemic inflam-
mation of alveolar hypoxia has been characterized extensively
in vivo and in vitro in our previous work (4, 5, 22). In addition,
peritoneal MCs can be harvested with minimal manipulation so
their responses are least affected by the isolation procedures.
MCP-1 was selected to induce MC degranulation because this
is the AMO-borne agent that activates MCs in vivo to initiate
the systemic inflammation of alveolar hypoxia (4). The highest
concentration of MCP-1 used in these experiments, 30 ng/ml,
is close to the plasma concentration detected in conscious rats
breathing 10% O2 (4). Accordingly, the conditions of these
in vitro experiments approximate those prevailing in vivo
during alveolar hypoxia. The cells were immersed in fresh
plasma to provide all the necessary substrates for the genera-
tion of ANG II. Generation of ANG II was assessed by the
change in plasma ANG II concentration as measured by
ELISA, a method that provides a reliable estimate of the
concentration of ANG II in biological fluids. Special care was
taken to use the same number of MCs in the different experi-
ments; under these conditions, differences in concentration of
ANG II reflect differences in the quantities of renin released by
MC degranulation.

MCP-1 produced a concentration-dependent increase in the
generation of ANG II (Fig. 3). Incubation of MCs with plasma
MCP-1 concentrations of 15 and 30 ng/ml produce degranula-
tion of �40 and 80% of immersed MCs, respectively (4). The
increase in plasma ANG II shown in Figs. 3 and 4 in response
to MCP-1 roughly parallels the concentration dependence of
MC degranulation induced by MCP-1 (4). Thus, as greater
numbers of MCs undergo degranulation, more renin is released
into plasma with the resulting increase in the generation of
ANG II. The effect of WFML, a specific rat renin inhibitor
(15), provides independent evidence that the generation of
ANG II after MC degranulation is mediated by active MC
renin.

Captopril blocked the increase in plasma ANG II concen-
tration produced by MCP-1, showing a participation of ACE in
the conversion of ANG I to ANG II. The fact that plasma ANG
II concentration in the MC suspensions treated with captopril
was not different from that seen in the untreated controls (Fig.
5) suggests that the generation of ANG II was largely, if not
exclusively, mediated by ACE. The present findings are con-
sistent with earlier data in skeletal muscle: in this case, equally
effective inhibition of the MC-induced activation of the RAS
was obtained using either [Sar1,Thr8] ANG II, a combined
ANG II type 1 and 2 receptor antagonist, or teprotide, an ACE
inhibitor (9). Mounting evidence indicates that in addition to
ACE, MC chymase plays an important role in the conversion
of ANG I to ANG II in humans (3, 7, 23). However, it appears
that the relative contribution of ACE and chymase in the
generation of ANG II is highly species dependent and that the
role of MC chymase in rodents is much lower or nonexistent,
in contrast with other species like humans, rabbits, and dogs,
(2, 12). Rat connective tissue MCs, such as peritoneal MCs,

Fig. 6. Effect of captopril on the generation of ANG II by MCs suspended in
culture medium in the presence of ANG I. MCs were suspended in serum-free
DMEM culture medium containing 100 nM ANG I. Effect of C4880 in
cultures of MCs incubated in plasma is represented for comparison in the last
bar. Data are means � SD. Each bar represents the average of 3 separate
experiments. *P � 0.05 vs. corresponding captopril.
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express RMCP-5, an �-chymase that does not convert ANG I,
and RMCP-1, a �-chymase that generates ANG II with a rather
slow kinetics and that degrades ANG II (19, 28). Thus the
general consensus is that ANG II generation via MC chymase
in the rat is minimal (8). It is possible, however, that under
some conditions, chymase-dependent ANG II generation in
rodent MC may become more significant. For instance, evi-
dence of chymase activity was obtained in mice myocardial
MCs (27). In this case, however, it would appear that expres-
sion of myocardial MC chymase is secondary to the elevated
bradykinin levels that accompany prolonged ACE inhibition.
While an increased chymase expression in peritoneal MCs
during prolonged ACE inhibition cannot be ruled out, the
present data indicate that the generation of ANG II induced by
MCP-1 was largely, if not exclusively, mediated by ACE.

The experiments depicted in Fig. 6 show that MC degranu-
lation results in ANG II generation in a system in which ACE
is not present in the supernatant. In these experiments, com-
pound C4880 was used to induce MC degranulation, because
MCP-1 is ineffective in activating MCs immersed in culture
medium or other artificial solutions. In previous studies, we
demonstrated that MC degranulation with physiologically rel-
evant MCP-1 concentrations like those used in this study
requires the presence of an as yet unidentified cofactor present
in plasma (4). The available evidence indicates that this cofac-
tor is constitutively expressed in normoxic alveolar macro-
phages and is secreted into plasma (4). Since investigating
MCs as a source of ACE required incubation in an ACE-free
medium, C4880 was used to induce MC degranulation. The
concentration of C4880 used here results in MC degranulation
of an extent similar to that produced by 30 ng/ml of MCP-1 (4).
This is consistent with the observation that both agents resulted
in similar increases in ANG II concentration (compare Fig. 6
with Figs. 3–4). It is also evident that the concentration of
ANG I present in the medium was sufficient to support the
generation of ANG II elicited by MC degranulation of this
magnitude. The increase in ANG II produced by C4880 was
blocked by captopril, indicating that the conversion of ANG I
to ANG II was mediated by ACE. Since no ACE was contained
in the medium, it is reasonable to conclude that the generation
of ANG II was the result of conversion of ANG I by MC ACE
released into the medium upon MC degranulation.

The results support the idea that the generation of ANG II
after MC degranulation by MCP-1 is largely, if not uniquely,
mediated by ACE and, furthermore, that MC ACE contributes
to this phenomenon. While the results of Fig. 6 clearly show
that ACE released upon MC degranulation can effectively
generate ANG II when adequate amounts of ANG I are present
in the medium, it is unclear what the contribution of MC ACE
would be in the context of the intact animal. In addition to
pulmonary and renal endothelial cells, ACE is present in the
circulation and interstitial fluid of most tissues. Accordingly, it
is possible that its presence in MCs may be another example of
biological redundancy.

In summary, this study demonstrates the presence of active
renin and ACE in peritoneal MCs and helps explain the
mechanism of the activation of the RAS that follows degran-
ulation of perivascular MCs during alveolar hypoxia. In a
wider sense, the results suggest that the role of MC renin may
be more widespread than what is currently known and provide

another example of the role of the MC-initiated activation of
the local RAS in cardiovascular inflammation.
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