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Abstract
BACKGROUND—C-reactive protein (CRP), the prototypic marker of inflammation, is present in
atherosclerotic plaques and appears to promote atherogenesis. Also, CRP has been localized to
monocytes and tissue macrophages, which are present in the necrotic core of lesions prone to plaque
rupture. Leukocyte-derived myeloperoxidase (MPO), primarily hosted in human polymorphonuclear
cells (PMNs), has also been shown to be present in human atherosclerotic lesions. Because MPO
and CRP concentrations are increased in acute coronary syndrome (ACS) patients and predict poor
outcomes, we tested the effect of CRP on MPO release from PMNs and monocytes.

METHODS—We treated human PMNs and monocytes with CRP (25 and 50 mg/L for 6 h) and
measured MPO release as total mass and activity in culture supernatants. We also measured nitro-
tyrosinylation (NO2-Tyr) of LDL as an indicator of biological activity of CRP-mediated MPO
release. Furthermore, we explored the effect of human CRP on MPO release in the rat sterile pouch
model.

RESULTS—CRP treatment significantly increased release of MPO (both mass and activity) from
human PMNs as well as monocytes (P < 0.05) and caused NO2-Tyr of LDL. Human CRP injection
in rats resulted in increased concentrations of MPO in pouch exudates (P < 0.05), thus confirming
our in vitro data.

CONCLUSIONS—CRP stimulates MPO release both in vitro and in vivo, providing further cogent
data for the proinflammatory effect of CRP. These results might further support the role of CRP in
ACS.

C-reactive protein (CRP), the prototypic marker of inflammation, has been shown in numerous
studies to predict cardiovascular events (1). CRP induces oxidative stress via superoxide
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production in various cells involved in the process of atherosclerosis (1,2). Myeloperoxidase
(MPO) is a leukocyte-derived enzyme that catalyzes the formation of a number of reactive
oxidant species (3). MPO, primarily hosted in human polymorphonuclear cells (PMNs)
(approximately 5% of total proteins), has also been localized to monocytes (approximately 1%
of total proteins), and tissue macrophages [reviewed in (3)]. Increased MPO in blood and
leukocytes is associated with coronary artery disease and acute coronary syndrome (ACS)
(4). Widespread activation of PMNs has been defined in patients with coronary artery disease
(5). Previously, pentameric CRP has been reported to modulate the activity of neutrophils
(6); however, no data exist indicating an effect of CRP on MPO release in monocytes or in
vivo model systems. Thus, we tested the effect of CRP on MPO release from leukocytes both
in vitro and in an in vivo system. Additionally, because MPO is expressed in human
atherosclerotic lesions, MPO-derived NO2 has emerged as an important source of oxidation
and nitro-tyrosinylation (NO2-Tyr) formation in LDL (7). We also tested whether CRP-
mediated MPO release results in nitration of LDL.

Development of a valid animal model to test the effects of human CRP (hCRP) has been an
important topic of investigation. Pepys and coworkers reported that hCRP administration in
rats promotes myocardial as well as cerebral infarcts and have furthermore validated the rat as
an appropriate model to test the effect of hCRP by using small-molecule inhibitors of CRP
(8). Also, we reported recently that hCRP promotes oxidized-LDL uptake and matrix
metalloproteinase-9 release in peritoneal and pouch macrophages in Wistar rats (9). Based on
these data, we explored the effect of hCRP on MPO release in vivo in rat pouch exudates.

Human CRP was purified from human ascitic/pleural fluids as described (9). The pentameric
configuration of CRP was confirmed by running CRP on nonreducing gel, which showed a
single band of 118 kDa. Recently we have shown that our in-house purified, dialyzed CRP
mediates its inflammatory effects in toll-like receptor–4 knocked-down cells, providing cogent
data that CRP-mediated effects are not due to endotoxin contamination (10). Heparinized blood
was used for the isolation of PMNs and monocytes, according to the protocol approved by the
institutional review board of the University of California, Davis, by using a 1-step dextran-
sodium metrizoate density gradient (11). After centrifugation, 2 distinct layers were obtained.
The upper layer consisted of peripheral blood mononuclear cells and the lower layer of PMNs.
Both layers were aspirated separately and washed. Approximately 85%–90% of the cells in
the lower fraction were found to be neutrophils by differential leukocyte counting. Monocytes
were isolated from peripheral blood mononuclear cells by magnetic cell sorting using the
negative separation technique (Miltenyi Biotech) (12). Human PMNs and monocytes were
separately incubated with CRP (0, 25, and 50 mg/L) for 6 h, and then the culture supernatants
were harvested and stored at −70 °C. The cells were lysed for protein measurement. MPO
release in culture medium was measured as total mass (Oxis Search) and functional activity
(Calbiochem) by commercial ELISA kits. All results were expressed per milligram cell protein.
We also investigated whether CRP-mediated MPO release results in nitration of apoB100 of
human LDL (200 mg/L) isolated from healthy volunteers and incubated with PMNs. The cells
were pretreated with 4-aminobenzoyl hydrazide (ABAH, 20 μmol/L), an irreversible and
specific inhibitor of MPO (13), 1 h before CRP treatment to verify MPO-specific effects.
ApoB100 was immunoprecipitated from culture medium using antihuman apoB100 (1 mg/L)
and protein A Sepharose followed by western blotting and probing for NO2-Tyr using rabbit
antihuman NO2-Tyr anti-body (Santa Cruz Biotech). The blot was also probed for apoB100
(Gen Way Biotech) which served as a loading control. We further tested the effect of hCRP
on MPO release in Wistar rats using a sterile air-pouch model. The sterile air pouches were
formed on the dorsal surface of the rats by use of a slight modification of an established protocol
(14) that has been very recently published and validated by us to examine proinflammatory
effects of hCRP in rats in vivo (9). hCRP/human serum albumin (25 mg/L intrapouch) was
directly injected into the pouch cavities of rats on day 3 after pouch formation, and the rats
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were killed on the following day. We used the washouts of the pouch for the measurement of
rat MPO with a mouse MPO ELISA kit (Hycult Biotechnology), which has cross-reactivity
with rat MPO. All experiments were performed at least 3 times in duplicate. The comparisons
between group means were analyzed with ANOVA. The experimental results are presented as
the mean (SE). Paired t-tests were used to compute differences in the variables, and the level
of significance was set at P < 0.05.

Both monocytes and PMNs treated with CRP (25 and 50 mg/L) exhibited significantly
increased MPO release compared to controls (Table 1a). Although MPO (mass as well as
activity) release in monocytes and PMNs was first seen at 3 h, a significant increase in MPO
release was seen at 6 h following CRP treatment. Importantly, the biological activity of CRP
for MPO release was as potent as its release from PMNs with lipopolysaccharide (1 mg/L),
which is a known activator of leukocytes (Table 1a). Furthermore, MPO activity in the culture
supernatants was significantly decreased in cells pretreated with ABAH before CRP exposure
(Table 1b). There was increased NO2-Tyr of apoB100 of LDL incubated with PMNs with CRP
treatment (Fig. 1A). ABAH pretreatment of PMNs before CRP exposure resulted in decreased
NO2-Tyr of apoB100, suggesting that nitration of proteins was specifically due to CRP-
mediated MPO release. Importantly, the injection of hCRP compared to human serum albumin
(as a control protein) resulted in a significant increase in MPO release in pouch exudates in
vivo (Fig. 1B).

Various clinical investigations support the concept that high concentrations of serum CRP are
associated with increased risk for CVD (1). Importantly, the colocalization of CRP and
macrophages has been demonstrated in advanced human atherosclerotic plaques, (15) and
infiltration of PMNs into culprit lesions has been found in ACS (16). Among patients with
established ACS, increased MPO concentrations are associated with worse clinical outcomes
(4), and on this basis MPO is attractive as an indicator of both prognosis and therapeutic
intervention in CVD. Because CRP and MPO have both been reported as powerful markers
for coronary artery disease/ACS and both predict poorer outcome at higher concentrations, we
hypothesized that CRP induces MPO release from leukocytes, a characteristic that might
support its role in ACS. In the present study, CRP induced the release of MPO from human
PMNs and monocytes at CRP concentrations ≥25 mg/L. Importantly, CRP concentrations up
to 50 mg/L in patients with myocardial infarction have also been reported by numerous
investigators (17). Thus, the concentrations of CRP shown to induce MPO release in the current
study can clearly be attained in patients, and CRP appears to be a mediator for leukocyte
activation and plaque destabilization. Monomeric CRP has been reported to induce IL-8 from
human neutrophils (18); however, we report MPO release from human leukocytes with
pentameric CRP. Our results are consistent with an earlier report (6). Importantly, increased
plasma concentrations of NO2-Tyr are also associated with the presence of CAD (7). Our group
and other investigators have previously reported increased nitration of prostacyclin synthase
in endothelial cells incubated with CRP [reviewed in (1)]. In this study, we demonstrated
increased NO2-Tyr of apoB100 from PMNs treated with CRP compared to control cells.
Importantly, Xu et al. (19) have reported that hypochlorous acid treatment of endothelial cells
caused nitration of cellular proteins. We further demonstrated that the effect was specifically
due to CRP-mediated MPO release, because ABAH pretreatment reversed CRP-mediated
NO2-Tyr of apoB100. Importantly, ABAH has been reported to be a specific and irreversible
inhibitor of MPO (13), resulting in loss of its activity. In the present investigation, the evidence
for inactivation of MPO was confirmed by our results that MPO activity was significantly
decreased in culture supernatants from cells treated with ABAH before CRP treatment
compared with those from cells treated with CRP alone. Because our in vitro model involved
PMNs and monocytes, our use of an in vivo rat sterile pouch model was an ideal choice to
confirm our in vitro findings. Importantly, pouch cellular exudates have been shown to have
recruitment of PMNs within 3 or 6 h of particular exposure and maintain a relatively constant
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level through 24 h (14). Our data reveal that results of injection of hCRP were comparable to
those of human serum albumin–induced MPO release in pouch exudates of rats. In conclusion,
we report the important observation that CRP stimulates MPO release both in vitro and in vivo.
This finding could have implications in ACS patients, because higher concentrations of CRP
as well as MPO portend a poor prognosis (5,20). Our future efforts will be directed toward
exploring the mechanistic pathways of CRP-mediated MPO release.
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Fig. 1. (A), Effect of CRP treatment on nitro-tyrosinylation of apoB100 of LDL (200 mg/L)
incubated with PMNs in the presence or absence of MPO specific inhibitor (ABAH; 20 μmol/L)
ApoB100 was immunoprecipitated from culture supernatants of PMNs as detailed in the
Methods. Immunoprecipitates were electrophoresed and blotted for NO2-Tyr. The blot was
also probed for apoB100 to ensure equal loading in each lane. The density ratio is shown for
NO2-Tyr/ApoB100. *P < 0.05 compared to control; **P < 0.05 compared to CRP. The gel is
representative of 3 different experiments. (B), Effect of hCRP/human serum albumin (HuSA)
injection (n = 6 rats per group) (250 μg protein in approximately 5 mL pouch volume;
approximately 25 mg/L) in the pouch cavities of Wistar rats on day 3 after the formation of
pouch. The rats were killed on the following day. Pouch fluid was aspirated and used for MPO
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measurement as described in Methods. The results are mean (SE) and are expressed per
milligram cell protein. *P < 0.05 compared to HuSA.

Singh et al. Page 7

Clin Chem. Author manuscript; available in PMC 2009 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Singh et al. Page 8
Ta

bl
e 

1
Ef

fe
ct

s o
n 

M
PO

.

a.
 M

PO
 r

el
ea

se
 fr

om
 h

um
an

 P
M

N
s a

nd
 m

on
oc

yt
es

 fo
llo

w
in

g 
C

R
P 

an
d 

L
PS

a  tr
ea

tm
en

t.

M
PO

 m
as

s, 
ng

/m
g 

pr
ot

ei
n

M
PO

 a
ct

iv
ity

, n
g/

m
g 

pr
ot

ei
n

C
el

l t
yp

e
C

on
tr

ol
C

R
P,

 2
5 

m
g/

L
C

R
P,

 5
0 

m
g/

L
C

on
tr

ol
C

R
P,

 2
5 

m
g/

L
C

R
P,

 5
0 

m
g/

L
L

PS
 1

, m
g/

L

M
on

oc
yt

es
61

 (2
2)

11
8 

(2
7)

b
15

7 
(3

2)
c

95
 (1

0)
19

8 
(1

7)
b

27
3 

(5
6)

c
N

D

PM
N

s
22

5 
(2

3)
44

6 
(3

1)
56

3 
(7

7)
c

41
0 

(3
4)

72
3 

(7
8)

b
89

8 
(9

8)
c

82
1 

(8
6)

b

b.
 E

ffe
ct

 o
f M

PO
 in

hi
bi

to
r 

(A
B

A
H

) o
n 

M
PO

 r
el

ea
se

 fr
om

 h
um

an
 P

M
N

s f
ol

lo
w

in
g 

C
R

P 
tr

ea
tm

en
t

M
PO

 a
ct

iv
ity

, n
g/

m
g 

pr
ot

ei
n

C
on

tr
ol

C
R

P,
 2

5 
m

g/
L

A
B

A
H

 3
 C

R
P,

 2
5 

m
g/

L

39
4 

(5
6)

84
2 

(1
07

)b
44

4 
(9

2)
c

a LP
S,

 li
po

po
ly

sa
ch

ar
id

e.

b P 
< 

0.
05

 c
om

pa
re

d 
to

 c
on

tro
l.

c P 
< 

0.
03

 c
om

pa
re

d 
to

 c
on

tro
l.

Clin Chem. Author manuscript; available in PMC 2009 March 30.


