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Abstract C-reactive protein (CRP) has been suggested to
exert direct adverse effects on the vasculature in experimen-
tal setups, including endothelial dysfunction and proinflam-
matory changes. Here, we assessed the consequences of
1.25 mg/kg highly purified recombinant human CRP, ad-
ministered as an intravenous bolus, in six patients with
familial hypercholesterolemia (FH) and six normocholes-
terolemic subjects. Endothelium-dependent and -independent
vasoreactivity to serotonin and nitroprusside, respectively,
were assessed using venous occlusion plethysmography
before and after CRP infusion. For biochemical analyses,
blood was drawn at different time points. At baseline, FH
patients showed blunted endothelium-dependent vasodila-
tion (maximum, 89.2 *= 30.0% vs. 117.7 = 13.1% in nor-
molipidemic subjects; P = 0.037). Procoagulant activity
was also higher in FH patients, illustrated by increased
prothrombin fragment 1+2 (Fy ) levels (P = 0.030) and
plasminogen activator inhibitor type-1 (PAI-1) activity (P =
0.016). Upon CRP challenge, endothelium-dependent
vasodilator capacity further deteriorated in FH patients
(P = 0.029), whereas no change in vascular reactivity was
observed in normolipidemic subjects. Additionally, coagu-
lation activation was augmented in FH patients compared
with normolipidemic subjects (P = 0.009 for F; , ; levels; P =
0.018 and P = 0.003 for PAI-1 antigen and activity, respec-
tively). No difference in inflammatory responses was ob-
served between groups. In hypercholesterolemic patients,
CRP aggravates endothelial dysfunction and also evokes
augmented procoagulant responses.lll These findings sug-
gest that particularly in hypercholesterolemia, CRP-lowering
strategies should be considered in addition to LDL reduc-
tion.—Bisoendial, R. J., ]J. J. P. Kastelein, S. L. M. Peters,
J. H. M. Levels, R. Birjmohun, J. I. Rotmans, D. Hartman,
J. C. M. Meijers, M. Levi, and E. S. G. Stroes. Effects of
CRP infusion on endothelial function and coagulation in
normocholesterolemic and hypercholesterolemic subjects.
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Low density lipoprotein-cholesterol (LDL-C) is a prin-
cipal risk factor for atherogenesis. More recently, the im-
pact of classical risk factors on atherogenesis has been
acknowledged to increase in a proinflammatory environ-
ment. Thus, direct interactions have been reported be-
tween LDIL-C and inflammatory activation. Oxidative
modification of LDL-C may evoke a strong inflammatory
response (1), whereas inflammatory activation causes re-
dox dysregulation and upregulation of lectin-like oxidized
low density lipoprotein (OxLDL) receptor-1 (LOX-1) (2),
promoting LDL uptake within the arterial wall.

C-reactive protein (CRP), in its role as inflammatory
marker, has emerged as a relevant predictor of future car-
diovascular events (3, 4). CRP constitutes a member of the
innate host defense against pathogens, and among its
activities are regulation of the complement system (5),
binding to OxLDL (6) as well as facilitating its clearance,
and mediating neutrophil responses and phagocytosis (7).
More recently, experimental studies have revealed that
CRP itself may also exert proatherogenic actions, partic-
ularly at the level of the arterial wall and inflammatory cells
(8, 9). Whereas opposing observations in human CRP-
transgenic mice have ignited debate on the in vivo rele-
vance of these findings, it has also become clear that the
CRP-transgenic mouse model is not suitable to provide
solid answers in this particular case (10, 11). As a conse-
quence, human studies addressing the concept of CRP
adversely affecting the vessel wall are warranted. In this
respect, we recently found that CRP infusion elicits the
activation of inflammatory and coagulation pathways in
healthy volunteers (12).
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To date, we have not addressed whether or not CRP may
impair endothelium-derived vasomotor function, as indi-
cated by several in vitro studies (13). We also considered
that CRP infusion would have a greater impact on endo-
thelial vasoreactivity in humans with hypercholesterol-
emia. The basis for this hypothesis are several observations
in different animal species of hypercholesterolemia show-
ing exaggerated responses, including endothelial dys-
function, to experimental endotoxemia (14, 15). Thus,
to further explore the potential proatherogenic function
of CRP in humans, we evaluated the impact of CRP infu-
sion on vascular reactivity, inflammation, and coagulation
in subjects with increased LDL-C levels [familial hypercho-
lesterolemia (FH)] as well as in normolipidemic subjects.

METHODS

Study design

Twelve healthy, nonsmoking, male individuals, including six
FH heterozygotes [age, 36.3 = 11.5 years (mean * SD) ] recruited
from Dutch kindreds with known LDL receptor mutations and
six normolipidemic subjects (35.8 * 10.9 years), were enrolled in
the study. The FH subjects were carriers of the N543H/2393del9
combo-mutation with on-treatment LDL-C levels of 3.6 =
1.8 mmol/1. Written informed consent was obtained from all par-
ticipants. The study protocol was approved by the Institutional
Review Board of the Academic Medical Center in Amsterdam.
The FH patients had no history of overt cardiovascular disease,
and none of them was receiving any drugs besides statins. Before
inclusion, statin use in the FH cohort had been stable for many
years. Lipid-lowering medication and antioxidant supplementa-
tion was discontinued for 6 weeks. All subjects were free from
febrile illness at least 4 weeks before the study. They refrained
from alcohol- and caffeine-containing drinks for >24 h before
the study. During the statin washout period, FH patients were
instructed by the department’s dietician to maintain their lipid-
lowering diet, as recommended by the American Heart Association/
National Cholesterol Education Program-1 (step 1 diet). Based
on results from the dose-escalation study, as described below, an
intravenous bolus of 1.25 mg/kg CRP was administered after an
overnight fast. Endothelium-dependent and -independent vas-
cular reactivity was assessed under standardized conditions be-
fore and 6 h after CRP infusion. Blood was drawn at baseline and
at 1, 4, and 8 h after infusion.

Dose-escalation study

To establish an adequate CRP concentration for examining
the acute effects of CRP under both normocholesterolemic and
hypercholesterolemic conditions, a dose-escalation infusion was
performed in healthy volunteers different from those participat-
ing in the main study. Thus, 21 men were randomly assigned
to one of three dose groups: 7 in the 0.25 mg/kg group (52.1 *
5.8 years), 7 in the 0.5 mg/kg group (52.0 * 5.1 years), and 7 in
the 1.25 mg/kg group (35.9 * 17.2 years).

Recombinant human CRP

Escherichia coli-derived recombinant human (rh) CRP (BiosPacific)
was supplied in 20 mM Tris, 140 mM NaCl, 2 mM CaCly, pH 7.5,
and 0.05% (w/v) sodium azide and revealed a single 23 kDa band
(>99%) after Coomassie Brilliant Blue R-250 staining (1 pg; SDS-
polyacrylamide gel). The host cell protein concentration was
85 ppm before purification, as determined by a highly sensitive

ELISA in accordance with the manufacturers’ instructions (Cygnus
Technologies, Inc.). Subsequently, the rhCRP was purified using
size-exclusion chromatography to remove contaminants, includ-
ing endotoxin and sodium azide (Univalid BV, Leiden, The
Netherlands). High purity was demonstrated by high-pressure
size-exclusion chromatography HPLC and reverse-phase HPLC
as well as time-of-flight mass spectrometry, showing no other
protein fractions than rhCRP. As evaluated by the Limulus assay
(turbidimetric kinetic method; ACC, Inc., East Falmouth, MA),
endotoxin levels in the end product were <1.5 endotoxin units/
ml at 0.91 mg/ml rhCRP. Cell culture experiments using human
umbilical vein endothelial cells revealed no toxicity of the end
product with regard to cell viability and cell growth. Single-dose
toxicity studies in mice (n = 6) reaching CRP levels greater than
four times that obtained in humans demonstrated no direct ef-
fects of the end product on temperature, blood pressure, or heart
rate. The end product was stored under sterile conditions in a
CaCls-containing buffer (pH 8.5) at 0-4°C, and all experiments
were performed within 4 weeks after preparation. We repeatedly
evaluated the rhCRP content by HPLC analysis during the course
of the protocol. Pentameric 125 kDa protein was the sole protein
present; no aggregate formation and/or monomeric protein
could be observed during the study period. Thus, HPLC analysis
clearly showed one peak corresponding to the CRP pentamer,
even after 4 and 8 weeks. The latter finding underscores the
stability of our product. Thus, at the time of presentation, there
was only the CRP pentamer.

Vascular function

Assessment of vascular function was performed using venous
occlusion plethysmography (EC4; Hokanson, Inc.) (16). The
nondominant brachial artery was cannulated using a 20 gauge
polyethylene catheter under local anesthesia. At least 45 min
after cannulation, forearm blood flow (FBF), expressed in ml/
min/100 ml of forearm tissue volume (FAV), was measured si-
multaneously in both arms. During each measurement, blood
pressure cuffs around both upper arms were inflated (40 mmHg)
using a rapid cuff inflator. Synchronously, bilateral wrist cuffs
were inflated to greater than systolic blood pressure to exclude
the hand circulation (200 mmHg). Intra-arterial blood pressure
and heart rate were monitored continuously. Next, FBF responses
to cumulative doses of serotonin (5-HT; Sigma Chemical) (0.6,
1.8, and 6 ng/100 ml FAV/min) and nitroprusside (SNP; Spruyt
Hillen, Utrecht, The Netherlands) (6, 60, 180, and 600 ng/
100 ml FAV/min) were measured. All agents were administered
intra-arterially for 6 and 4 min at each dose, respectively, using a
constantrate infusion pump. Six measurements during the last
2 min (steady state) were averaged to determine mean FBF. The
two different infusion blocks were initiated after a 15 min rest
period or until FBF had returned to baseline. Six hours after
intravenous infusion of CRP, the two infusion blocks were re-
peated. Additionally, B-mode ultrasound measurement of ca-
rotid artery intima-media thickness was performed using an
Acuson 128XP/10v equipped with a 7.0 MHz linear array trans-
ducer, as described previously (17).

Biochemical analyses

Blood samples were processed immediately by centrifugation
at 1,700 g for 15 min and stored at —80°C until analysis. Total
cholesterol, high density lipoprotein-cholesterol (HDL-C), and
triglycerides were determined enzymatically (Boehringer Mann-
heim, Mannheim, Germany), and the interassay and intra-assay
coefficients of variation (CV) were <2% for all three. LDL-C was
calculated using the Friedewald equation. Apolipoprotein B-100
(apoB-100) and apoA-I were assayed by rate nephelometry (CV <
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5% for both). CRP was measured by a high-sensitivity method
(Roche Diagnostic Corp., Basel, Switzerland) and (in case CRP >
10 mg/ml) by immunonephelometry (P800 analyzer; Roche
Diagnostic Corp.) (CV < 4% for both). Interleukin-8 (IL-8) was
assayed by Cytometric Bead Array Analysis (BD Biosciences),
whereas ELISAs were used to measure fragment 1+2 (F; 4 9; Dade-
Behring, Marburg, Germany), plasminogen activator inhibitor
type-1 (PAI-1) antigen (Monozyme, Charlottelund, Denmark),
soluble E-selectin, and monocyte chemoattractant protein-1 (both
R&D Systems, Abingdon, UK) (CV < 10% for all assays). PAI-1
activity (CV < 6%) was determined on an automated coagulation
analyzer (Behring Coagulation System) with reagents and proto-
cols from the manufacturer (Dade Behring).

Statistical analysis

Unless stated otherwise, data are expressed as means *= SD.
Descriptive statistics between both groups were compared by
means of Student’s ttest or the Mann-Whitney test (nonpara-
metric), as appropriate. Statistical analysis was performed for the
FBF responses and clinical parameters between both groups
using two-way ANOVA for repeated measures (SPSS for Windows
12.0; SPSS, Inc.). For comparisons within groups, the Wilcoxon
signed rank test or the Mann-Whitney U test was used, as appro-
priate. P < 0.05 was considered significant.

RESULTS

Baseline clinical characteristics

Plasma levels of total cholesterol, LDL-C, and apoB-100
(all P < 0.010) were significantly higher in FH patients
(Table 1). Concomitantly, HDL-C (P = 0.045) and apoA-I
(P = 0.004) levels were lower in the FH cohort. Compared
with normolipidemic subjects, higher body mass index
values were found in the FH patients (P = 0.025), whereas
blood pressure, heart rate, and FBF were not different.
There was a trend toward higher intima-media thickness
values in FH patients compared with normolipidemic sub-
jects, whereas the latter did not reach statistical signifi-
cance because of the small sample size.

Dose-escalation study

Upon CRP infusion, plasma CRP levels increased, peak-
ing after 1 h, from 2.5 + 4.0 to 7.9 £ 4.0, from 2.4 * 3.3 to

13.1 £ 2.8, and from 1.3 = 0.9 to 28.1 * 5.9 mg/1 in the
0.25, 0.5, and 1.25 mg/kg group, respectively (Fig. 1).
Subsequently, F, o levels increased from 0.8 £ 0.3to 1.9 =
0.8 nmol/1 (P = 0.018) in the 1.25 mg/kg group and from
0.8 £0.2to 1.1 = 0.3 nmol/l (P=0.028) in the 0.5 mg/kg
group, peaking after 4 h. Noticeably, a dose-dependent
activation of thrombin generation was observed at4 h (P <
0.0001). Also, CRP infusion resulted in a dose-dependent
increase in plasma IL-6 levels (overall P = 0.018), reaching
statistical significance only in the highest dose group at 4 h
(from 33.8 * 29.8 to 72.4 = 40.9 pg/ml; P = 0.018).
Augmented thrombin generation and inflammatory re-
sponses were absent in the lowest dose group.

CRP levels before and after CRP infusion

Based on the results from the dose-escalation study,
1.25 mg/kg CRP was administered in the FH patients and
normolipidemic subjects (Fig. 2). During the infusion
studies, none of the subjects experienced adverse effects.
Body temperature and hemodynamics remained constant
throughout the experiment. At baseline, CRP levels were
1.8 = 1.7 mg/1 in FH patients and 2.8 = 3.0 mg/1 in nor-
molipidemic subjects (P = 0.340). After CRP infusion,
CRP levels increased to 30.0 = 3.5 and 26.2 * 2.9 mg/l in
FH patients and normolipidemic subjects, respectively.

Vascular function

Intra-arterial infusion of the endothelium-dependent
vasodilator 5-HT increased FBF in a dose-dependent man-
ner in both groups (Fig. 3). At baseline, maximal 5-HT-
induced vasodilation was lower in FH patients (89.2 *
30.0%; P = 0.037) compared with normolipidemic sub-
jects. Six hours after CRP infusion, the blunted endothe-
lial vasodilator response to 5-HT decreased even further
in the FH patients (maximum, 42.3 * 25.7%; P = 0.029).
In normolipidemic subjects, maximal FBF responses
to 5-HT were similar before (117.7 £ 13.1%) and after
(110.3 = 22.0%) rhCRP infusion. The change in 5-HT-
induced vasodilation upon CRP infusion was significantly
more pronounced in FH patients than in controls (P =
0.014). Maximal SNP-mediated vasodilation at baseline was

TABLE 1. Demographic and baseline parameters of the study cohort

Familial Hypercholesterolemia

Mean (SD)
Median (95% CI)

Normolipidemic
Subjects (n = 6)

Mean (SD) Median
(95% CI) P

Parameters Patients (n = 6)
Age (years) 36.3 (11.5)
Body mass index (kg/m?) 28.3 (4.1)
Systolic blood pressure (mmHg) 130 (4)

Diastolic blood pressure (mmHg) 83 (6)

Basal forearm blood flow (ml/100 ml 2.8 (0.9)
forearm tissue volume/min)
Total cholesterol (mmol/1) 6.4 (0.9)
LDL-cholesterol (mmol/1) 4.6 (1.1)
HDL-cholesterol (mmol/1) 1.0 (0.2)
Triglycerides (mmol/1) 1.7 (1.4)
Apolipoprotein A-I (g/1) 0.8 (0.1)
Apolipoprotein B-100 (g/1) 1.2 (0.3)
High-sensitivity C-reactive protein (mg/1) 1.8 (1.7)
Intima-media thickness (X10~' mm) 8.3 (L.5)

41.5 (24.2-48.4) 35.8 (10.9) 31.5 (24.4-47.3)  0.870
97.5 (24.1-32.6) 93.2 (2.5) 92.2 (20.5-25.8)  0.025
129 (125-134) 131 (8) 133 (123-139) 0.470
82 (76-90) 80 (4) 82 (76-84) 0.480
2.7 (1.8-3.7) 2.7 (2.4) 2.0 (0.2-5.1) 0.210
6.4 (5.5-7.3) 4.0 (0.8) 3.9 (3.1-4.8) 0.004
4.6 (3.4-5.7) 2.2 (0.6) 2.2 (1.6-2.9) 0.004
1.0 (0.8-1.2) 1.2 (0.2) 1.2 (1.0-1.4) 0.045
1.2 (0.2-3.2) 1.1 (0.9) 0.8 (0.2-2.1) 0.340
0.8 (0.7-0.9) 1.1 (0.1) 1.1 (1.0-1.1) 0.004
1.1 (0.9-1.4) 0.7 (0.2) 0.7 (0.5-0.9) 0.006
1.5 (0-3.6) 2.8 (3.0) 2.3 (—0.3-6.0) 0.340
7.9 (6.6-9.9) 6.9 (0.7) 6.9 (6.2-7.6) 0.109

CI, confidence interval.
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Fig. 1. Dose-escalation study with levels of C-reactive protein
(CRP), interleukin (IL)-6, and fragment 1+2 (F;;5) before and
after CRP infusion. Values shown are concentrations (means = SD)
of CRP, IL-6, and F; . in response to recombinant human (rh)
CRP infusion. The rhCRP infusion was associated with an acute
and dose-dependent increase in CRP levels, peaking after 1 h.
Concentrations of =10 mg/1 (dose of 0.5 mg/kg body weight) were
required to activate both the inflammatory (IL-6) and coagulation
(F149) pathways. Notably, moderate CRP increases in the physi-
ological range were not associated with activation of either of
these pathways.

401 -@- hypercholesterolemic subjects
O normolipidemic subjects
30
O
B3
E
o A
& 20
(@]
10 =
30T
1.5 1
0.0
0 2 4 6 8
time (h)

Fig. 2. CRP levels before and after CRP infusion. At baseline, CRP
levels were 1.8 = 1.7 mg/1 in familial hypercholesterolemia (FH)
patients and 2.8 = 3.0 mg/l in normolipidemic subjects (P =
0.340). After CRP infusion, CRP levels increased maximally to
30.0 = 3.5 and 26.2 = 2.9 mg/1in FH patients and normolipidemic
subjects, respectively. Values shown are means = SD.

not significantly different between FH patients and normo-
lipidemic subjects and remained unaffected upon CRP
infusion within both groups [FH patients, 284.0 = 83.3%
(before) and 277.7 £ 61.7% (after); P = 0.110; normolipid-
emic subjects, 334.6 = 146.3% (before) and 341.8 + 94.7%
(after); P = 0.550].

Coagulation and fibrinolysis

At baseline, F; 9 levels were increased in FH patients
compared with normolipidemic subjects (0.8 * 0.2 vs.
0.6 = 0.1 nmol/1; P = 0.030) (Fig. 4). Additionally, PAI-1
activity was higher in FH patients than in normolipidemic
subjects (5.8 £ 1.0 vs. 3.7 = 1.4 U/ml; P = 0.016). No
significant differences regarding baseline values were ob-
served for PAI-1 antigen.

Four hours after CRP infusion, levels of F; .9 increased
to a greater extent in FH patients compared with normo-
lipidemic subjects (3.1 * 0.7 vs. 2.0 = 1.1 nmol/]; P =
0.009). In a similar manner, PAI-1 antigen (185.8 * 109.3
vs. 5b4.2 £ 25.2 ng/ml; P = 0.018) and PAI-1 activity
(11.0 = 3.6 vs. 4.7 = 1.5 U/ml; P = 0.003) increased to a
greater extent in FH patients compared with normolipid-
emic subjects, both peaking at 4 h.

Inflammation

CRP infusion was associated with a transient increase
in plasma levels of MCP-1 (for both groups, P < 0.01 vs.
baseline) and IL-8 (for both groups, P < 0.05 vs. baseline),
all peaking after 4 h (Fig. 5). However, no differences
in response were seen between groups. Moreover, CRP
infusion was followed by a gradual increase in plasma con-
centration of soluble E-selectin (for both groups, P < 0.05
vs. baseline), indicating endothelial cell activation, again
not significantly different between groups. During the 8 h
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Fig. 3. Endothelial vasodilator capacity before and after CRP in-
fusion. Forearm blood flow (FBF) dose-response curves to the
endothelium-dependent vasodilator 5-HT before and after rhCRP
infusion are shown for FH patients (before, open black circles;
after, closed black circles) and normolipidemic subjects (before,
open gray squares; after, closed gray squares). At baseline, maximal
5-HT-induced vasodilation was lower in FH patients (P = 0.037)
compared with normolipidemic subjects. After rhCRP infusion,
the FBF response to 5-HT in the FH patients deteriorated signifi-
cantly (P = 0.029), whereas no additional effects were seen in nor-
molipidemic individuals. The change in 5-HT-induced vasodilation
upon CRP infusion was significantly more pronounced in FH pa-
tients than in controls (P = 0.014). SNP-mediated vasodilation was
not affected by CRP infusion in either group. FAV, forearm tissue
volume. Values shown are means * SD.

observation, no changes occurred in individual plasma
lipid concentrations (data not shown).

DISCUSSION

A single bolus infusion of 1.25 mg/kg CRP elicited a
progressive decline of endothelium-dependent vasodila-
tion in hypercholesterolemic individuals. In contrast, CRP
had no effect on vascular reactivity in normolipidemic
subjects. Concomitantly, CRP-mediated procoagulant re-
sponses were augmented in FH patients, whereas inflam-
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Fig. 4. Effects of rhCRP infusion on coagulation and fibrinolysis.
Clinical responses of Fy o, plasminogen activator inhibitor type-1
(PAI-1) antigen, and PAI-1 activity to rhCRP infusion in FH patients
(closed circles) and normolipidemic subjects (open circles) are
shown. At baseline, F; 4 levels (P = 0.030) and PAI-1 activity (P =
0.016) were higher in FH patients than in normolipidemic subjects.
Moreover, levels of F;.o increased to a greater extent in FH
patients than in normolipidemic subjects (from 0.8 = 0.2 to 3.1 =
0.7 nmol/1vs. from 0.6 = 0.1 to 2.0 = 1.1 nmol/I; P = 0.009). Also,
CRP-mediated increases in PAI-1 antigen levels (from 73.8 = 26.9
to 185.8 = 109.3 ng/ml vs. from 50.0 * 30.5 to 54.2 * 25.2 ng/ml;
P = 0-018) as well as PAI-1 activity (from 5.8 = 1.0 to 11.0 = 3.6 U/
mlvs. from 3.7 = 1.4t0 4.7 = 1.5 U/ml; P= 0.003) were significantly
greater in FH patients than in normolipidemic individuals. Values
shown are means = SD.
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Fig. 5. Effects of rhCRP infusion on inflammation Clinical re-
sponses of soluble E-selectin (sE-selectin), MCP-1, and IL-8 to
rhCRP infusion in FH patients (closed circles) and normolipid-
emic subjects (open circles) are shown. CRP elicited endothelial
cell activation and proinflammatory responses in both FH patients
and normolipidemic subjects; however, there were no differences
in response between these groups. Values shown are means * SD.

matory responses were not different between both groups.
These data underscore direct adverse effects of CRP in
humans, which appear to be augmented in the presence of
increased LDL-C levels.

Dose-escalation study

The dose-escalation study confirmed dose-dependent
effects of CRP on inflammation and coagulation. Activa-
tion of these pathways became apparent at CRP concen-
trations of >10 mg/1, at least in an acute setting. In this
respect, CRP levels of >3 mg/l have already been asso-
ciated with increased cardiovascular events in large obser-
vational studies (18). Because our dose-escalation study
only evaluated a single bolus of rhCRP infusion, resulting
in acute, shortterm CRP increase, the present study
cannot address what the impact of moderate CRP increase
during prolonged periods would be on inflammatory and
coagulation activation.

CRP and vasoreactivity

The endothelium is considered the firstline defense
against atherogenic insults. In agreement with this, endo-
thelial dysfunction has been shown to predict future car-
diovascular events (19). As a consequence, the impact of
CRP on the endothelium, and in particular endothe-
lial nitric oxide synthase (eNOS), has been studied on
numerous occasions. In cultured endothelial cells, CRP
decreased eNOS mRNA and protein as well as nitric oxide
(bio)activity within 24 h (20, 21). Direct vascular effects of
CRP involved the attenuation of serotonin-induced vaso-
dilation after 1 h of exposure to 7 mg/1 CRP in porcine
vessels (22), whereas the sensitivity to acetylcholine in-
creased after a 4 h exposure to 200 mg/1 CRP in aortas of
Sprague-Dawley rats (23). In this study, we show that CRP
up to 26 mg/1 had no effect on endothelial vasoreactivity
in normocholesterolemic men after 6 h. Whereas discrep-
ancies in dose and exposure time as well as species differ-
ences should be taken into account, the present findings
imply that a moderate CRP increase is unlikely to induce
endothelial dysfunction in otherwise healthy individuals.
In fact, these data are in accordance with the findings of
Clapp et al. (23), who showed normalization of endothe-
lial dysfunction several hours after typhoid vaccination in
spite of increased CRP levels.

FH is characterized by the early loss of nitric oxide ac-
tivity, coinciding with accelerated atherogenesis (16). FH
patients in our study showed mildly increased LDL-C levels
compared with normolipidemic subjects. Baseline endo-
thelial vasodilator response to serotonin was clearly im-
paired. Underlying mechanisms include OxLDL-mediated
displacement and uncoupling of eNOS, producing super-
oxide anions rather than nitric oxide (24). In contrast to
normolipidemic subjects, CRP infusion caused marked
deterioration of endothelium-dependent vasodilation in
FH patients. Apparently, the protective capacity charac-
teristic of the “healthy” endothelium fails in FH patients
(16). Several mechanisms may be involved here. First,
CRP’s antagonism of eNOS has been attributed to a de-
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creased stability of eNOS mRNA (21) as well as an attenu-
ated eNOS phosphorylation at serine 1,179 (25). These
mechanisms are mediated by CRP-dependent activation of
the FcyRIIB receptor. Second, CRP may reduce prostacy-
clin secretion and stimulate superoxide anion release from
NAD (P)H oxidase via p38 kinase activation (22, 26). Last,
CRP was reported to dose- and time-dependently induce
LOX-1, which is crucial for OxLLDL’s detrimental effects
on endothelial function in human endothelium (27).

CRP and coagulation

Stimulation of thrombin generation and PAI-1 by CRP
in FH patients was more pronounced than in normolipid-
emic subjects. CRP has been reported to promote tissue
factor expression on mononuclear cells and, in addition,
endothelial PAI-1 expression and activity (28, 29). Given
the prominent role of the endothelium for counteracting
procoagulant pathways, the augmented responses in FH
patients can be linked to decreased nitric oxide activity,
deteriorating upon CRP infusion. Increased LDL-C and
reduced nitric oxide activity, both features of FH, are as-
sociated with a higher state of coagulation activation. In
turn, interventions aiming at lipid lowering and stimula-
tion of eNOS activity favorably affect “blood thrombo-
genicity” (30, 31).

Because hepatic LDL receptor-related proteins have
been implicated in mediating the cellular degradation of
thrombin (32) and several fibrinolytic compounds, such as
the tissue plasminogen activator-PAI-1 complex (33), the
higher concentration of both factors in FH patients may
additionally be explained by impaired blood clearance as-
sociated with reduced expression of hepatic LDL receptor-
related proteins. Collectively, these data indicate that
CRP-induced activation of procoagulant pathways may be
linked to decreased nitric oxide activity and may increase
the risk for arterial thrombotic events, particularly under
hypercholesterolemic conditions.

CRP and inflammation

Among its proinflammatory effects, CRP has been
shown to promote monocyte-endothelium interaction by
stimulating the release of chemoattractant IL-8 and an-
tagonizing eNOS activity (21, 34). Furthermore, CRP can
induce an inflammatory phenotype of venous endothe-
lium, including upregulation of adhesion molecules and
MCP-1, which in part has been attributed to the release
of endothelin-1 and IL-6 (35). In addition, CRP elicits an
inflammatory phenotype in artery endothelial cells (9, 36)
and phagocytes (8). For that matter, binding and internali-
zation of CRP by Fcy receptors, activation of the nuclear
factor kB and p38 mitogen-activated protein kinase sig-
naling pathways, and upregulation of the CD40/CD40
ligand signaling pathway have been implicated in the
proinflammatory effects of CRP on cellular functions
(7, 36-38). In agreement with these in vitro data, we ob-
served an inflammatory response upon infusing CRP in
human subjects that overall did not significantly differ
between both groups. During the 8 h observation, we also
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did not notice any change in individual plasma lipid con-
centrations in either group. Hence, the differences be-
tween FH patients and normolipidemic subjects with
regard to CRP-mediated endothelial dysfunction and ac-
tivation of coagulation cannot be attributed to changes in
proinflammatory mediators.

Study limitations

The mean LDL-C levels in this FH cohort were only
modestly increased. The latter pertains to the fact that all
FH patients were carriers of the N543H/2393del9 combo-
mutation, which is characterized by modest increases of
LDL-C (39). That the potentiation of CRP’s effects already
occurred at these modestly increased LDL-C levels under-
scores the potential relevance of these observations for
non-FH patients with increased LDL levels.

Recombinant CRP carries the risk of contaminants
within the CRP-containing solution. In this study, several
observations argue against a major role for contaminants.
First, we were unable to detect tissue necrosis factor release
upon rhCRP infusion (12), which is a hallmark of endo-
toxin exposure. Second, infusion of E. coli endotoxin at a
dose that equaled the dose coinfused during CRP chal-
lenge was not accompanied by inflammatory activation
in healthy volunteers, thus excluding a causal role of trace
amount endotoxin within the CRP solution in mediat-
ing the inflammatory responses observed after infusion of
rhCRP (40). Finally, the absence of an effect on vascular
function in normolipidemic subjects, combined with a
significant effect of CRP in hypercholesterolemic patients,
suggests a selective, rather than contaminant-driven, re-
sponse. Considering a specific CRP-mediated response, its
effects on endothelial cells have been demonstrated to be
receptor-mediated (25, 41).

The number of subjects studied here is limited, and
confounding roles of low HDL-C and higher body mass
index in the responses of FH patients cannot be excluded.
Even with these limitations, CRP’s direct adverse effects
in humans appear to be aggravated in the presence
of hypercholesterolemia.

Clinical implications

CRP has been increasingly recognized to play an active
role throughout various stages of atherosclerosis, although
its precise role has not been fully elucidated. This concept
has gained further support from data obtained in the
REVERSAL and PROVE-IT trials, indicating that lower
CRP levels after statin therapy are associated with better
cardiovascular outcome independent of LDL-C reduction
(42, 43). More recently, a small molecule inhibitor of CRP
was also shown to limit infarct size in rats undergoing
experimental myocardial infarction with concomitant
CRP infusion (44). These findings lend support to CRP-
lowering strategies predominantly during the final stages
of the disease. Interestingly, we now show that also at early
stages, CRP, in conjunction with LDL, is associated with
the induction of a proatherogenic state, including the
induction of endothelial dysfunction, inflammation, and
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coagulation activation. With emerging CRP-inhibiting
strategies, such as small molecules or antisense strate-
gies (http://www.isispharm.com), it will be a challenge to
evaluate the impact of long-term CRP lowering on cardio-
vascular outcome.Hl
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