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Abstract
Background—Prospective studies have shown that C-reactive protein (CRP) is a predictor of
hypertension. However, due to confounding variables a causal linkage between CRP and
hypertension has not been clearly shown. We investigated whether high circulating human CRP
concentrations can induce hypertension in rats.

Methods—A single intravenous injection of adeno-associated virus (AAV)-GFP or AAV-hCRP
was administered and blood pressure was measured. Serum hCRP and endothelin-1 (ET-1) and
urine cGMP were measured by ELISA. Serum nitric oxide (NO) was measured by the Griess
method. Heart rate, maximum pressure, arterial elastance and mean aortic pressure, cardiac output,
and dp/dt max were recorded.

Results—A single injection of AAV-hCRP resulted in efficient and sustained hCRP expression
and led to increased blood pressure 2 months after gene transfer that persisted for another 2
months. This effect was associated with decreased NO production, as demonstrated by a decreased
serum NO concentration and urinary cGMP excretion, and impairment of endothelial-dependent
vascular relaxation. CRP transduction also increased expression of angiotensin type 1 receptor,
ET-1 and endothelin type A receptor, decreased expression of angiotensin type 2 receptor and
endothelial NO synthase in thoracic aortas, and increased arterial stiffness. Ex vivo studies
indicated a similar detrimental effect of CRP that was reversed by the NO donor.

Conclusion—AAV vector-mediated CRP expression resulted in hypertension mediated through
reduced NO production and subsequent alteration in ET-1 and renin-angiontensin system
activation. Impaired arterial elasticity may also contribute to CRP-induced hypertension. These
results support a causal role for CRP in the pathogenesis of hypertension.
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Hypertension is a major public health problem that affects more than 25% of the adult
population worldwide. Increasing our understanding of the processes that lead to
hypertension will allow for the implementation of valid measures for its prevention and
treatment.

Chronic low-grade inflammation has been recently linked to hypertension 1, 2. C-reactive
protein (CRP), one of multiple inflammation factors, has traditionally been viewed as a
systemic marker of inflammation, but more recently, a flood of studies have demonstrated a
powerful predictive relationship between increased CRP production and cardiovascular
disease3.

In many case-control and cross-sectional studies, patients with essential hypertension have
demonstrated increased concentrations of CRP 1, 2. More importantly, some prospective
studies have explored whether CRP may be predictive of incident hypertension. For
example, in the Women’s Health Study, a positive association between increasing
concentrations of CRP and risk of developing hypertension was suggested 4. This effect was
seen even in those women with low baseline blood pressure and in those without other
conventional cardiovascular risk factors. Likewise, in a small study of incident hypertension,
an 11-year follow-up revealed that men with CRP concentrations ≥3 mg/L were 3.6 times
more likely to develop hypertension than men with concentrations ≤1 mg/L, even after
adjustment for other known predictors 5.

Although observational studies such as these indicate that CRP is a predictor of
hypertension, whether CRP is a cause or just a marker of hypertension has yet to be
clarified. In this study, we used an adeno-associated virus (AAV) vector to obtain efficient
and sustained CRP expression in rats with minimal associated inflammatory and immune
responses. The effects of sustained CRP expression on blood pressure and potential
mechanisms of CRP-induced hypertension were investigated using in vivo and ex vivo
approaches.

METHODS
Adeno-associated virus (AAV)-mediated human CRP production

A 675-bp human CRP (hCRP) cDNA fragment was subcloned into double-stranded AAV
vector plasmid (dsAAV) to create the plasmid dsAAV-hCRP. The AAV viral particles were
prepared and purified according to a previously published protocol 6.

Animals and Gene delivery
Male Wistar rats weighing 180 to 200 g were randomized to one of three groups: the control
group that received an injection of 1 ml saline, the GFP group that received an injection of
AAV-GFP(5×1010 viron particles in saline solution), or the CRP group that received an
injection of AAV-hCRP(5×1010 viron particles in saline solution). Rats were anaesthetized
with pentobarbital. A single injection of AAV-GFP or AAV-hCRP was administered via the
tail vein. After injection, the rats were kept warm under an infrared lamp until they returned
to consciousness. All animals were sacrificed 4 months after injection, at which time liver,
aorta, kidney were collected, frozen in liquid nitrogen and stored at −80°C prior to analysis.
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Blood pressure measurements
Systolic blood pressure was measured in conscious rats with a manometer–tachometer via
the tail-cuff method.

Serum and urine analysis
Serum hCRP (RECI, Germany. The detection limit of the assay was 0.067 mg/L. Interassay
and intra-assay precision of the kit were <5% and <10%, respectively.) and endothelin-1
(ET-1) (Rapidbio Lab, California. The detection limit of the assay was 0.5 pg/mL. Interassay
and intra-assay precision of the kit were <10%.) and urine cGMP were measured by ELISA
using commercial kits (Adlitteram Diagnostic laboratories Company, USA. The detection
limit of the assay was 0.37 pmol/mL. Interassay and intra-assay precision of the kit
were<10%.). Serum nitric oxide (NO) concentrations were measured by the Griess method.

Hemodynamic analysis
Under pentobarbital anaesthesia, a microtip P-V catheter (SPR-838, Millar Instruments,
Houston, TX) was inserted into the right carotid artery and advanced into the left ventricle.
Heart rate, maximum pressure, arterial elastance (Ea) and mean aortic pressure (MAP),
cardiac output (CO), and dp/dt max were recorded and analyzed using a cardiac P-V
analysis program (PVAN3.2, Millar Instruments).

Vasomotor function
Aorta rings were suspended in organ chambers, and response to norepinephrine (NE) and
acetylcholine (Ach) was tested7.

Real-time PCR
Levels of mRNA transcripts were detected by real-time PCR following reverse transcription
of total RNA. Primers for gene tested were shown in supplementary method. Results of real-
time PCR were expressed as the ratio of target mRNA to that of GAPDH.

Western blotting
Protein samples (20 µg per lane) were loaded and transferred onto PVDF membranes. The
primary antibodies were used against hCRP, endothelial NO synthase (eNOS), angiotensin
type 1 receptor (AT1), angiotensin type 2 receptor (AT2), endothelin type A receptor (ETA)
or β-actin. Protein bands were developed with enhanced chemiluminescence.

Ex vivo artery incubations
To determine whether CRP has direct effects on the vasculature, thoracic aortas were
excised from naïve, 2 month old rats. The isolated aortas were cut into segments and treated
with DMEM alone (control), DMEM with hCRP (50 mg/L), and DMEM plus CRP and S-
nitroso-N-acetyl penicillamine (SNAP, 100 µM) for six hours. Tissues were homogenized as
above and protein or mRNA expression for ET-1, ETA, AT1, AT2 and eNOS were
determined.

Statistical analysis
All datas were expressed as mean ± SEM. The significance of differences in mean values
was analyzed by one-way ANOVA followed by a post hoc least significant difference test.
Statistical significance was defined as P < 0.05.
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Results
AAV-mediated hCRP expression

Liver protein concentrations of hCRP were assessed by western blotting 4 months following
injection of saline or AAV. hCRP was not detectable in livers from rats injected with saline
or AAV-GFP, while considerable hCRP expression was detected in livers from AAV-hCRP
injected rats (Figure 1A). Similarly, assessment of serum samples 2 and 4 months following
injection revealed that hCRP was undetectable in rats injected with saline or AAV-GFP,
whereas rats injected with AAV-hCRP had readily detectable hCRP concentrations (Figure
1B). Real-time PCR also indicated expression of hCRP in kidneys and aortas (Figure 1C).
Thus, AAV-hCRP injection induced long-term expression of hCRP and a corresponding
increase in serum hCRP concentrations. These increases were not associated with any
alteration in body weight or in serum cholesterol, triglycerides or glucose (Supplemental
Data Table 1).

Arterial pressure responses to human CRP gene delivery
Blood pressure was measured at baseline and once per month following injections. AAV-
hCRP injection resulted in a gradual rise in systolic blood pressure that became significantly
increased 2 months after gene delivery. This hypertensive response became stable (21
mmHg higher than in controls; P =0.000) at 3 months after gene injection and remained so
until the end of the study (Figure 2A). Conversely, systolic blood pressure in saline and
AAV-GFP-treated rats did not change significantly throughout the study period (Figure 2A).
Together, these results suggest that CRP gene transfer induced hypertension in rats.

CRP overexpression impairs endothelial-dependent vessel relaxation
Ring tension studies were conducted to determine if CRP overexpression affected relaxation
responses in isolated aortic rings. In all groups, acetylcholine (1 nM to 100 µM) produced
dose-dependent relaxation in aortic rings precontracted with 1 µM NE. However, the
maximum relaxation observed in rings isolated from AAV-hCRP-treated animals was
significantly attenuated compared to that in saline-treated controls (43.3 ± 6.1% vs. 69.0 ±
4.6%, respectively; P =0.011) (Figure 3A). In contrast, AAV-GFP treatment did not alter
maximum aortic ring relaxation (73.7 ± 8.9%). Furthermore, there was no significant
difference between the groups in aortic ring contractile responses to NE (data not shown),
suggesting that CRP impairs endothelial-dependent relaxation independent of effects on the
contractile response to NE.

Hemodynamic analysis
Prior to sacrifice at the end of the study (i.e. 4 months following injections), mean intra-
aortic and maximum left ventricular pressures were measured by invasive hemodynamic
monitoring. These data showed similar differences between the groups through non-invasive
systolic blood pressure measurements by the tail-cuff method. Specifically, mean aortic
pressure (136.7 ± 2.7 vs. 119.9 ± 4.7 mmHg; P =0.001) and maximum left ventricular
pressure (145.7 ± 2.0 vs. 125.1 ± 4.7 mmHg; P =0.004) were significantly higher in the
AAV-hCRP group than in the saline control group, but not altered in the AAV-GFP group
(Figures 2B and 2C). Conversely, heart rates or dP/dt max did not differ significantly among
the treatment groups. CO in the CRP group tended to be decreased compared to the control
group, but the difference was not significant (Supplemental Data Table 2). Ea provides a
reliable estimate of aortic impedance and was found to be significantly increased in the
AAV-hCRP group compared to the saline control group (1.03 ± 0.07 vs. 0.53 ± 0.07 mmHg/
µl, respectively; P =0.000) but not altered in the AAV-GFP group (Figure 2D), suggesting
that inflammation-mediated increases in CRP may enhance arterial stiffening.
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Nitric oxide production
Plasma NO is a potent endothelium-derived vasodilator and signalling molecule that is
involved in the control of vascular tone and endothelial function. To evaluate whether AAV-
hCRP-induced hypertension was associated with altered NO biosynthesis, we measured
serum NO and urine cGMP concentrations as well aortic eNOS expression (see below) 4
months after gene delivery. CRP gene delivery induced a significant reduction in serum NO
concentrations (32.8 ± 3.7 vs. 45.4 ± 2.4 µmol/L; P =0.04) and urine cGMP excretion (0.44
± 0.12 vs. 1.49 ± 0.32 nmol/mmol creatinine; P =0.019) compared to values in saline control
animals (Figure 3B, 3C) whereas AAV-GFP injection had no effect. These observations
suggest that CRP gene delivery decreased NO production.

Aortic expression of eNOS, ET-1, ETA, AT1 and AT2
Previous studies have demonstrated that CRP downregulates eNOS and attenuates NO
production 8, suggesting that inflammation and/or CRP induce endothelial dysfunction. We
examined aortic expression of eNOS, ET-1, ETA, AT1 and AT2 to explore potential
mechanisms underlying the effect of CRP gene delivery on vessel function and blood
pressure. AAV-hCRP treatment significantly increased AT1, ETA and ET-1 mRNA
concentrations while the treatment decreased AT2 and eNOS mRNA concentrations in aortic
samples collected 4 months following gene delivery (Figure 4). In contrast, AAV-GFP had
little or no effect on these parameters (Figure 4). Protein expression was assessed in the
same aortic samples by western blotting and revealed the same pattern of changes and lack
of effect of AAV-GFP compared to the saline control group (Figure 5A–D). Likewise,
serum ET-1 concentrations increased following AAV-hCRP injection but were unchanged
following AAV-GFP injection (Figure 5E). The reduction in eNOS mRNA and protein
expression following AAV-hCRP injection (Figure 4D and Figure 5D) is consistent with the
reduction in serum NO concentration and urine cGMP excretion (Figure 3).

To determine whether these changes in AAV-hCRP-treated rats were induced directly by
effects of CRP on vascular tissues, isolated thoracic aortas were incubated with hCRP and
the ensuing effects on expression of eNOS, ET-1, ETA, AT1 and AT2 were evaluated.
Similar to the findings from tissues isolated from intact animals, ex vivo incubation of aortas
with hCRP was found to enhance AT1 and ETA and mRNA concentrations of ET-1, while
AT2 and eNOS were decreased (Figure 6). Moreover, the changes observed in AT1, ETA,
ET-1, and AT2 were partially reversed by the NO donor SNAP, suggesting a role for
reduced NO production in the observed effects of hCRP (Figure 6). Thus, CRP appears to
directly influence the expression of these parameters in the aorta in a NO-dependent manner.

Discussion
There has been little direct investigation of the effect of CRP on blood pressure. Therefore,
the present study was undertaken to examine the effects of CRP overexpression on blood
pressure using an AAV delivery system in rats. A single injection of AAV-hCRP was found
to result in efficient and sustained expression of hCRP and to cause a significant increase in
blood pressure that lasted for up to 4 months. CRP overexpression was associated with
impaired endothelial-dependent relaxation, increased arterial stiffness, and decreased NO
production. Furthermore, ex vivo and in vivo studies revealed that CRP increased aortic
ET-1, ETA, and AT1 expression and decreased AT2 and eNOS expression, and that the
effects of CRP on ET-1, ETA, AT1 and AT2 were likely mediated by decreased NO
production.

Previous studies have revealed that a single injection of CRP does not result in significant
changes in blood pressure in rats 10 or mice 11. Of note, CRP was administered acutely in
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these studies, which poorly models the chronic increase in CRP that is observed clinically.
More recently, Vongpatanasin et al9 evaluated blood pressure in CRP transgenic mice and
found that CRP caused a sustained increase in blood pressure in vivo. However, other CRP
transgenic mice do not show increased blood pressure 12. In the current study, we used an
AAV vector to obtain sustained CRP expression in rats and found that increased CRP
expression led to a significant increase in blood pressure compared with controls.
Importantly, the blood pressure increase observed by the tail-cuff method was confirmed by
invasive measurements of aortic and maximum left ventricular pressure via indwelling
catheters.

Endothelial-derived NO has vasodilatory activity and the decreased availability of NO in the
endothelium may be implicated in the development of hypertension. Indeed, mice with a
disrupted eNOS gene have a significant increase in baseline blood pressure13. Moreover, a
recent study reported that endogenous endothelial-derived NO tonically restrains blood
pressure in normal human subjects by more than 30 mmHg 14. These and other data suggest
that endothelial-derived NO may be an important regulator of blood pressure in multiple
species.

Our observation of CRP-induced hypertension led us to hypothesize that the effect of CRP
on blood pressure may have been mediated through NO deficiency. To address this
possibility, we used two strategies to assess NO activity in vivo; we determined NO-
dependent vasodilation and measured the nitrite/nitrate metabolites and a second messenger
of NO (cGMP) as biochemical surrogates for NO production15. Gene transfer of CRP
impaired endothelial-dependent relaxation and decreased serum nitrite/nitrate and urine
cGMP concentrations. Furthermore, a previous study demonstrated that CRP did not
influence NO independent relaxation in different species. Thus, we presume that NO
synthesis deficiency likely contributed to hypertension in rats overexpressing CRP. We also
observed no difference between the treatment groups in the in vitro assessment of NE-
induced constriction of thoracic aortic rings, a result that differed from those reported in a
recent study in which repeated administration of native CRP to mice induced hyporeactivity
of isolated aortic rings to NE7. In addition to potential species differences, this difference
between studies may be attributable to loss of the inhibitory effect of basal NO or to
expression of other endothelium-derived contracting factors in the present study.

The NO deficiency could be due to a decrease in the synthesis of NO from endothelial cells
and/or to an increase in NO elimination. Considerable experimental evidence suggests that
CRP may act via the former mechanism. For example, pharmacological interventions that
combine eNOS upregulation and reversal of eNOS uncoupling can markedly increase
bioactive NO in the vasculature and reduce blood pressure in hypertensive rats 16, and CRP
has been shown to cause downregulation of eNOS expression in cultured endothelial cells
and to subsequently inhibit angiogenesis8. In the present study, we observed that CRP gene
transfer attenuated eNOS expression at both the mRNA and protein levels, similar to
previous findings. In addition, ex vivo experiments demonstrated that eNOS protein
expression in aortic tissue was decreased after incubation with CRP. Our data indicate a
direct inhibitory effect of CRP on eNOS expression. Additionally, Jialal et al have
investigated the possible mechanisms of the inhibition of eNOS by CRP and found that CRP
decreases BH4 due to inhibition of GTPCH1. CRP also causes the activation of NADPH
oxidase resulting in superoxide production. Both of these effects will induce eNOS
uncoupling by altering eNOS dimerization. These authors also reported the involvement of
FcγR I(CD64) and FcγR II(CD32) in mediating the effects of CRP on eNOS inhibition17,
plus the fact that CRP can bind to CD64 and CD32 on human aortic endothelial cells and be
internalized to mediate its biological activity.18 Together, the inhibition of CRP on eNOS
expression and activity caused subsequent NO deficiency.
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ET-1, one of the most potent endogenous vasoconstrictors, is involved in endothelial
dysfunction, cellular proliferation, and augments the vascular actions of Ang-II, NE and
serotonin and is downregulated by activators of the NO/cGMP pathway 19. There is a
consensus that ET-1 is involved in increaseing mean arterial pressure, and ET antagonists
have been demonstrated to lower blood pressure in a hypertension model20. Furthermore,
Verma and coworkers reported on a role for ET-1 in mediating the direct pro-inflammatory
actions of CRP 21. These data led us to suspect a role for ET-1 in the mechanism of CRP-
induced hypertension. As predicted, CRP gene transfer evoked the production of ET-1 both
in plasma and aortic tissue. In addition, our study indicated that ET-1 expression was
increased in aorta following CRP incubation, suggesting that upregulation of ET-1 was
induced by CRP per se, and not as a response to CRP-induced hypertension.

Decreased NO activity can increase expression of ETs and enhance the contraction response
to these peptides.22. We observed that the increase in ET-1 expression in aorta incubated
with CRP was reversed by co-incubation with the NO donor. These findings, combined with
our observation that CRP decreased NO production and eNOS expression, suggest that the
effect of CRP on ET-1 was likely the result of decreased NO production. We also found that
CRP significantly increased expression of the ETA receptor that mediates most of the
vascular constrictive and cell proliferative actions of ET-1. Therefore, the upregulated ETA
receptor expression may have enhanced the effect of the CRP-induced increase in ET-1 on
blood pressure elevation.

Ang-II, the main effector peptide molecule of the renin-angiotensin system, is also
implicated in the pathogenesis of hypertension. The biological effects of Ang-II are
mediated by two major receptors, AT1 and AT2, and we found that CRP gene transfer
induced AT1 expression increase while AT2 expression was decreased. Our ex vivo analyses
indicated that co-incubation with the NO donor blunted the effects of CRP on AT1 and AT2
expression, and that impairment of NO biosynthesis is also involved in the effect of CRP on
AT1 and AT2. In addition, activation of AT1 inhibits NO production 23 while activation of
AT2 stimulates NO production 24. Taken together, these effects may represent a positive
feedback cycle that enhances the effects of CRP and promotes the development of
hypertension.

Several studies have recently shown that increased arterial stiffness is associated with an
increased risk of cardiovascular events, although the relationship between arterial stiffness
and hypertension has not been fully clarified. In the present study, we used Ea as a marker to
reflect arterial stiffness 25 and found that CRP overexpression resulted in increased Ea.
Previous studies have demonstrated that hypertension produces arterial stiffness by both
functional and structural mechanisms, and it has been suggested that the relationship
between hypertension and arterial stiffness may be bidirectional. In a population of
normotensive subjects, aortic stiffness was found to be an important determinant of future
increases in blood pressure 26, while Yasmin et al. recently reported that pulse wave velocity
were related to concentrations of CRP in healthy individuals, suggesting that inflammatory
processes may be involved in arterial stiffness 27. Furthermore, acute systemic inflammation
produced by vaccination leads to deterioration of arterial stiffness, supporting a cause-and-
effect relationship between inflammation and arterial stiffness 28. Considering these studies,
we speculate that CRP-induced arterial stiffness may have contributed to the hypertension
observed in the current study. However, further studies will be required to determine the
actual mechanism(s) of CRP-induced impairment of arterial elasticity.

In summary, our study showed that AAV-mediated delivery of hCRP resulted in sustained
hCRP expression and hypertension in rats. The effect of CRP on hypertension was related to
vascular dysfunction, including decreased NO production, subsequent alteration in the ET
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and renin-angiotensin systems, and impaired arterial elasticity. These results support a
causal role for CRP in the pathogenesis of hypertension. Moreover, they suggest the
possibility that anti-inflammatory treatments such as statins may be beneficial in the
management of hypertension. Prospective trials will be neeeded to assess whether lowering
CRP can prevent and/or reduce the risk of hypertension development in humans.
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Figure 1.
AAV-mediated expression of hCRP. (A) Representative western blot analysis of hCRP
expression in liver 4 months after gene delivery. (B) Serum concentrations of hCRP 2 and 4
months after gene delivery. (C) Real-time PCR results of hCRP mRNA expression. Data
represent mean ± SD of 3–6 rats/group. ND = not detected.
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Figure 2.
CRP caused hypertension in rats. (A) Systolic blood pressure was monitored from the
beginning of the study using the tail-cuff method. Rats injected with AAV-hCRP had
significantly increased blood pressure beginning 2 months after gene delivery (P =0.000).
Hemodynamic parameters were increased by CRP gene transfer. (B) CRP gene delivery
increased mean aortic pressure (P =0.001). (C) CRP gene delivery increased maximum left
ventricular pressure (P =0.004). (D) CRP gene delivery increased arterial elastance (P
=0.000). Data represent mean ± SEM of 6 to 8 rats/group. * P < 0.05 vs. control group.
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Figure 3.
NO biosynthesis was decreased by CRP gene delivery. (A) Endothelial-dependent relaxation
to acetylcholine in aortic segments was impaired by CRP gene transfer. (B) CRP gene
delivery decreased serum NO concentration. (C) CRP gene delivery decreased urine cGMP
excretion. Data are presented as the mean ± SEM of 6 to 8 rats/group. * P < 0.05 vs. control
group.
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Figure 4.
Effects of CRP gene transfer on mRNA concentrations in aortic tissue 4 months after gene
delivery. Aortic mRNA concentrations of (A) AT1, (B) AT2, (C) ETA, (D) eNOS and (E)
ET-1 are shown. Data are represented as the mean ± SEM of five independent experiments
relative to GAPDH mRNA levels. * P < 0.05 vs. control group.
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Figure 5.
Effects of CRP gene transfer on protein expression in aortic tissue 4 months after gene
delivery. Aortic protein concentrations of (A) AT1, (B) AT2, (C) ETA and (D) eNOS (E) are
shown. The upper portion is a representative western blot of the protein of interest while the
lower graph is of the mean densitometric data of protein values normalized to β-actin. (E)
Serum ET-1 concentrations as measured by ELISA. Data are presented as the mean ± SEM
of three independent experiments. * P < 0.05 vs. control group.(AT1: P=0.000, AT2:
P=0.000, ETA: P=0.000, eNOS: P=0.009, ET-1: P=0.001)
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Figure 6.
Effect of in vitro treatment with CRP on protein or mRNA concentrations in aortic tissues.
Aortic segments excised from 2 month old rats were treated with CRP (50 mg/l) and SNAP
(100 mg/l) as indicated for 6 hours. Protein concentrations of (A) AT1, (B) AT2, (C) ETA
and (D) eNOS are shown. The upper portion is a representative western blot of the protein of
interest, while the lower graph is of the mean densitometric data of protein values
normalized to β-actin. (E) ET-1 mRNA values are shown normalized to GAPDH. Data are
presented as the mean ± SEM of three independent experiments. * P < 0.05 vs. control
group; # P < 0.05 vs. CRP group. (AT1: * P=0.002, #P=0.023 AT2: * P=0.000, #P=0.002
ETA: * P=0.003, #P=0.039 eNOS: * P=0.02, ET-1: * P=0.016, #P=0.003)
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