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Abstract

Background—Substance P is a sensory nerve neuropeptide located near coronary vessels in the

heart. Therefore, substance P may be one of the first mediators released in the heart in response to

hypertension, and can contribute to adverse myocardial remodeling via interactions with the

neurokinin-1 receptor. We asked: 1) whether substance P promoted cardiac hypertrophy, including

the expression of fetal genes known to be re-expressed during pathological hypertrophy; and 2)

the extent to which substance P regulated collagen production and fibrosis.

Methods and Results—Spontaneously hypertensive rats (SHR) were treated with the

neurokinin-1 receptor antagonist L732138 (5 mg/kg/d) from 8 to 24 weeks of age. Age-matched

WKY served as controls. The gene encoding substance P, TAC1, was up-regulated as blood

pressure increased in SHR. Fetal gene expression by cardiomyocytes was increased in SHR and

was prevented by L732138. Cardiac fibrosis also occurred in the SHR and was prevented by

L732138. Endothelin-1 was up-regulated in the SHR and this was prevented by L732138. In

isolated cardiac fibroblasts, substance P transiently up-regulated several genes related to cell-cell

adhesion, cell-matrix adhesion, and extracellular matrix regulation, however, no changes in

fibroblast function were observed.
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Conclusions—Substance P activation of the neurokinin-1 receptor induced expression of fetal

genes related to pathological hypertrophy in the hypertensive heart. Additionally, activation of the

neurokinin-1 receptor was critical to the development of cardiac fibrosis. Since no functional

changes were induced in isolated cardiac fibroblasts by substance P, we conclude that substance P

mediates fibrosis via up-regulation of endothelin-1.
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INTRODUCTION

Substance P is an 11 amino acid member of the tachykinin family of neuropeptides and is

encoded by the TAC1 gene. Its effects are manifested through neurokinin receptors with a

several hundred fold greater affinity for the neurokinin-1 (NK-1) receptor over NK-2 and -3

receptors.(1) In the normal heart, substance P is found in sensory nerves that project to

coronary arteries and arterioles, and in a small population of coronary endothelial cells.(2-5)

This localization is of significance because it places substance P in the ideal location to be

released in response to changes in coronary pressure/flow/homeostasis. While this may be

advantageous initially since substance P is a potent vasodilator, long-term up-regulation of

substance P may have detrimental effects. Only a few studies have investigated the role of

substance P in long-term remodeling and function of the heart. In models of myocarditis,

deletion of substance P protected mice from developing heart failure.(6;7) Similarly, we

found that deletion of substance P protected mice from ventricular dilatation in a model of

chronic cardiac volume overload.(8) In a rat model of chronic magnesium deficiency, Mak

et al, (9) found that NK-1 receptor blockade improved E/A ratio and fractional shortening.

However, no studies have investigated the role of substance P and the NK-1 receptor in

adverse remodeling associated with the more prevalent condition of hypertension. Further,

no studies have investigated the mechanisms by which substance P mediates adverse

myocardial remodeling. Given the localization of substance P to the coronary vasculature,

we hypothesized that substance P would be a key mediator in initiating adverse myocardial

remodeling in response to hypertension. In the current study we report that: 1) TAC1

expression increased as blood pressure increased; 2) blockade of the NK-1 receptor

prevented induction of fetal genes characteristic of pathological myocardial hypertrophy; 3)

blockade of the NK-1 receptor prevented the development of cardiac fibrosis; 4) substance P

regulated myocardial endothelin-1 (ET-1) levels; and 5) substance P transiently up-regulated

specific genes related to extracellular matrix regulation and cellular adhesion in isolated

cardiac fibroblasts.

METHODS

Animals

All animals were maintained according to a protocol approved by Institutional Animal Care

and Use Committee at the Medical College of Wisconsin (Protocol Number AUA00002402)

and conformed to the principles of the National Institutes of Health Guide for the Care and

Use of Laboratory Animals. Rats were housed under standard environmental conditions and
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maintained on commercial rat chow and tap water ad libitum. Eight week-old SHR were

randomly assigned to 2 groups: 1) untreated (n=8); and 2) those treated with the NK-1

receptor antagonist, L732138 (5 mg/kg/day, IP; n=8), with the experimental endpoint being

at 24 weeks of age. These time-points were chosen so that drug treatment was initiated

before the onset of hypertension and the study concluded during well-established

hypertension and associated myocardial remodeling. This allowed us to determine the

importance of substance P and the NK-1 receptor in initiating adverse myocardial

remodeling. The dosage of L732138 was based on our previous studies.(8) Untreated WKY

rats served as age-matched controls. Anesthesia at the experimental end point was affected

by 2% isoflurane at which point blood pressure was measured via tail-cuff method before

excision of the heart. Following euthanasia, the heart was removed and the atria and great

vessels dissected away, with the left ventricle (LV) and right ventricle (RV) separated and

weighed. A transverse mid-section of the LV was placed in formalin for fixation, and the

apical portion of the LV snap frozen in liquid nitrogen and stored at -80°C. Lung weight was

also obtained after the removal of the esophagus and trachea with the pleural surface blotted

dry.

Additional information is available in the Methods section in the Online Data Supplement.

RESULTS

Biometric Parameters

There were no statistical differences in body weight between any of the groups at each time-

point (Table 1). At 8 weeks of age there were no differences in blood pressure between SHR

and WKY (Figure 1A). However, by 12 weeks of age the SHR had developed a statistically

significant increase in blood pressure that continued to increase through to the final time-

point of 24 weeks of age. Treatment with the NK-1 receptor antagonist, L732138, did not

alter the increased blood pressure in the SHR at any time-point. Similar to blood pressure,

LV mass was not different between SHR and WKY at 8 weeks of age (Table 1). However,

by 12 weeks of age the SHR had developed a statistically significant increase in LV mass

that continued to increase through to the final time-point of 24 weeks of age (Table 1). There

was a trend towards a reduced LV mass in SHR treated with L732138, however, this did not

reach statistical significance. There were no statistical differences in RV and lung weights

between any of the groups (Table 1).

Myocardial TAC1 Gene Expression

We asked whether myocardial expression of TAC1, the gene for substance P, was altered

during the progression of hypertension in the SHR. TAC1 was not increased in the SHR

compared to the WKY at 8 weeks of age (Figure 1B), before the onset of hypertension.

However, from 12 weeks of age onwards expression was increased in the SHR as blood

pressure increased.

Myocardial Neurokinin-1 Receptor mRNA and Protein Levels

Given the increased mRNA levels of TAC1, we sought to determine the mRNA and protein

levels of the NK-1 receptor in SHR and WKY hearts. NK-1 receptor mRNA was increased
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in the WKY at 8 and 16 weeks of age, but was not different from SHR at the other time-

points (Figure 1C). NK-1 receptor blockade with L732138 did not significantly alter NK-1

receptor mRNA at 24 weeks of age. NK-1 receptor protein levels were also somewhat

cyclical in nature, but did not mirror mRNA. While there were no differences between SHR

and WKY at 8 and 12 weeks of age, SHR levels fell below the WKY at 16 weeks of age

before increasing above WKY at 20 weeks of age (Figure 1D & E). By 24 weeks of age,

there was no statistically significant difference between WKY and SHR, although the trend

was for decreased levels in the SHR (Figure F & G); NK-1 receptor blockade with L732138

did not cause any statistically significant change in receptor levels (Figure 1F & G).

Left Ventricular Structure and Function

Echocardiography was used to gain a greater understanding of the effects of NK-1 receptor

blockade on LV structure and function. Echocardiography measurements revealed that the

LV posterior wall during diastole (LVPWd) was thicker in the SHR beginning at 16 weeks

of age through 24 weeks of age, compared to WKY (2.3+0.06 vs. 1.6+0.05 mm at 24 weeks

of age; Figure 2A). L732138 tended to reduce LVPWd from 20 weeks onwards (2.0+0.07

mm at 24 weeks), however, this did not reach statistical significance. LVPWd was only

statistically greater than the WKY in the SHR+L732138 group at 16 weeks of age. There

were no significant differences between any groups for LV internal diameter in diastole

(LVIDd), although chamber size tended to be smaller in the SHR (Figure 2B). As a result of

the increased wall thickness, LV mass, determined by echocardiography was increased in

the SHR from 16 weeks of age onwards compared to the WKY (Figure 2C). NK-1 receptor

blockade did not prevent hypertrophy from occurring although there was a non-significant

trend towards a decreased LV mass; this was consistent with the wet weight data in Table 1.

The LV wall thickness-to-chamber ratio was significantly larger in the SHR at 16, 20, and

24 weeks of age compared to the WKY (Figure 2D). The SHR+L738132 group was

increased compared to the WKY at 16 weeks of age, however, at 20 and 24 weeks of age,

their wall thickness-to-chamber ratio was not statistically different from the WKY or SHR.

Ventricular function was determined by ejection fraction and fractional shortening. Neither

parameter was different between any of the groups at any time-point (Figure 2E & F).

Figure 2G shows images of transverse LV sections representative of the findings described

above.

Myocardial Fetal Gene Expression

Since there was a trend for hypertrophy to be reduced by NK-1 receptor blockade, we

examined the expression of four fetal genes, β-myosin heavy chain (β-MHC), skeletal α-

actin (SkA), atrial natriuretic factor (ANF), and B-type natriuretic peptide (BNP), as markers

of pathological hypertrophy (Figure 3). All four of these fetal genes showed significantly

increased expression in the SHR hearts, indicative of pathological hypertrophy.

Interestingly, expression of β-MHC, ANF, and BNP were all normalized by L732138; SkA

was attenuated by L732138, but not normalized.

Collagen Volume Fraction

Collagen content was determined in picrosirius red stained sections of LV from WKY, SHR,

and SHR+L732138. The amount of collagen was increased in SHR hearts compared to
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WKY hearts, indicative of hypertension-induced cardiac fibrosis (Figure 4A & B). NK-1

receptor blockade prevented fibrosis, reducing collagen levels to a value slightly below that

of the WKY.

Isolated Cardiac Fibroblast mRNA Responses to Substance P

To examine mechanisms by which substance P may cause fibrosis, we performed a series of

experiments using adult rat isolated cardiac fibroblasts. Firstly, we determined that cardiac

fibroblasts possessed the NK-1 receptor using western blotting (Supplemental Figure 1).

While increasing concentrations of substance P decreased mRNA expression for the NK-1

receptor (Figure 4C), this did not translate into changes at the protein level. We also

examined additional genes related to extracellular matrix regulation, cell-cell adhesion and

cell-matrix adhesion (Supplemental Table 1). We observed up-regulation of several genes

related to cell-cell adhesion (cadherin 2 and cadherin 3), cell-matrix adhesion (integrin β1

and integrin α5), and extracellular matrix regulation (collagen III, membrane type 1-matrix

metalloproteinase, matrix metalloproteinase-3, and laminin α4). We found that while

increasing concentrations of substance P for 24 hours did not induce an up-regulation of

collagen I mRNA, collagen III mRNA was increased by the highest concentration of

substance P tested (1000 nM; Figure 4D & E). We also identified that membrane type 1-

matrix metalloproteinase (MT1-MMP) and MMP-3 were significantly increased following a

24 hour incubation with substance P (Figure 5A & B). Peak up-regulation of MT1-MMP

occurred at the 1000 nM concentration of substance P, while peak up-regulation of MMP-3

occurred at 300 nM. Up-regulation of MT1-MMP and MMP-3 at these concentrations was

via the NK-1 receptor since L732138 blocked these responses (Figure 5C & D). However,

up-regulation of these genes did not involve NF-κB as determined by reporter assay (Figure

5E). Interestingly, by 48 hours of treatment with substance P, collagen III, MT1-MMP, and

MMP-3 gene expression had all returned to basal levels (Supplemental Figure 2).

Isolated Cardiac Fibroblast Phenotype and Functional Responses to Substance P

Since we had observed up-regulation of specific genes in cardiac fibroblasts in response to

24 hours of substance P exposure, we performed experiments to determine if this resulted in

changes to fibroblast phenotype and function. Following 24 hours of treatment with

increasing concentrations of substance P, there was no increase in ED-A fibronectin, as an

indicator of myofibroblast conversion (Supplemental Figure 3A). Further, there was no

increase in collagen secretion as determined by hydroxyproline assay (Supplemental Figure

3B). There was also no change in migratory capacity in the presence of substance P

(Supplemental Figure 3C).

Myocardial Endothelin-1is Mediated by Substance P and the NK-1 Receptor

We measured endothelin-1 (ET-1) levels from LV tissue isolated from 24 week old WKY,

SHR and found a significant increase in SHR samples compared to WKY (Figure 6A).

NK-1 receptor blockade with L732138 in SHR prevented the increase in ET-1.
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DISCUSSION

Substance P is a sensory nerve neuropeptide that is encoded by the TAC1 gene, and

primarily exerts its effects via the NK-1 receptor. Recently, substance P has been shown to

have a role in adverse myocardial remodeling in the settings of myocarditis,(6;7) chronic

volume overload,(8) and magnesium-deficiency.(9-11) It’s location in the heart in sensory

nerves associated with the coronary vasculature, as well as in a small population of coronary

endothelial cells, suggests that it may be released in response to changes in coronary

perfusion pressure and/or flow. Therefore, substance P is likely released in the hypertensive

heart where it may influence tissue remodeling. Of the handful of studies that have

investigated substance P and adverse myocardial remodeling, none have investigated the

hypertensive heart or performed in-depth analysis of the mechanisms by which substance P

mediates remodeling. Accordingly, there are several major novel findings from the current

study, including the following: 1) myocardial TAC1 gene expression increases as blood

pressure increases; 2) substance P induces expression of fetal genes in the hypertensive

heart; 3) substance P mediates cardiac fibrosis in the hypertensive heart; 4) substance P is a

regulator of genes related to cell adhesion and regulation of the extracellular matrix in

cardiac fibroblasts; and 5) substance P regulates myocardial ET-1 levels. The later four

responses are mediated via the NK-1 receptor.

As SHR age they develop increased blood pressure and subsequent cardiac hypertrophy,

which ultimately results in heart failure.(12) Part of this pathological hypertrophic response

in the hypertensive or pressure overloaded heart is the re-induction of specific fetal genes

that are usually quiescent in the adult heart.(13) An intriguing finding from this study is that

NK-1 receptor blockade completely prevented the re-induction of ANP, BNP, and β-MHC

gene expression, while attenuating SkA. This effect occurred even though NK-1 receptor

blockade did not significantly attenuate overall myocardial hypertrophy as determined by

wet weights and echocardiography. It is likely that hypertrophy in the NK-1 receptor

antagonist group was still a necessary compensatory response, since blood pressure

remained elevated in these animals. That fetal gene expression was prevented argues that the

resultant hypertrophy was not pathological in nature. This is supported by our

echocardiography observation that LV wall thickness to chamber size ratio was not different

from the WKY in the SHR group treated with L732138. Thus, it appears that NK-1 receptor

blockade may lead to a physiological form of hypertrophy. Cardiomyocytes possess the

NK-1 receptor(14), which would suggest that substance P regulates fetal gene expression by

direct effects on these cells. In fact, Church et al.(14) found that substance P did induce ANF

release from cultured neonatal cardiomyocytes, suggesting the possibility of a direct effect.

They did not investigate other fetal genes. Interestingly though, in the current study we also

found that NK-1 receptor blockade prevented the increase in ET-1 observed in the untreated

SHR. Since ET-1 is known to have effects on fetal genes in cardiomyocytes,(15) this may

also represent an indirect mechanism by which substance P regulates fetal gene expression.

Our additional finding that NK-1 receptor blockade prevented fibrosis concomitant with the

hypertrophy, would further indicate that the hypertrophic response was not pathological. In

an attempt to identify mechanisms by which substance P regulated fibrosis, we conducted

additional experiments in isolated adult rat cardiac fibroblasts. These cells were treated with
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increasing concentrations of substance P and assessed using real time PCR for a range of

genes related to cell-cell adhesion, cell-matrix adhesion, and extra cellular matrix regulation.

We identified several genes that were up-regulated in response to 24 hours of substance P

(Supplemental Table 1), including MT1-MMP and MMP-3. MT1-MMP is increased in

patients with LV pressure overload,(16) as well as pressure overloaded animals.(17;18) It is

important in the development of fibrosis due to its role in processing latent TGF binding

protein-1, resulting in the release of active TGFβ.(19-25) Additionally, it is important in

processing latent MMP-2 to its active form, which is also important in fibrosis development.

(26) The relevance of MMP-3 regulation is less clear since Spinale et al.(27) recently

described MMP-3 as being either down-regulated or unchanged in LV pressure overload.

NK-1 receptor blockade was able to prevent the up-regulation of both genes in cardiac

fibroblasts, and the effects of substance P on these genes were not mediated by NF-κB since

reporter assay showed no clear increase in activation. An interesting point is that these genes

peaked in their expression at different concentrations of substance P; MT1-MMP at 1000

nM and MMP-3 at 300 nM, indicating that different genes may be expressed in the heart

depending on the concentration of substance P present. Also of interest was that the up-

regulation of MT1-MMP and MMP3 was a transient response in that expression returned to

normal by 48 hours of treatment. To determine the extent to which this transient up-

regulation had an effect on fibroblast phenotype and function, we performed a number of

assays following 24 hours of substance P treatment. Surprisingly, we found no evidence of

phenotype conversion to the more active myofibroblast, and no increase in cell migratory

capacity. The lack of effect on migration was surprising given that α5 and β1 integrin sub-

units were up-regulated at the gene level by substance P. We also found no increase in

collagen synthesis despite collagen III mRNA being increased by substance P. Interestingly,

it has been previously reported that tenocytes (tendon fibroblasts) stimulated with 100 nM of

substance P also show up-regulation of collagen III and MMP-3 mRNA,(28) similar to our

results. In that study, collagen III was up-regulated at 24 hours, which is equivalent to our

findings, however, MMP-3 was up-regulated at 6 and 12 hours, but had returned to normal

by 24 hours. Thus, tenocytes may have a slightly different temporal response to substance P

for some genes, but still show evidence of a phasic gene response similar to what we have

described herein for cardiac fibroblasts. Collagen secretion and MT1-MMP were not

examined in the tenocyte study. Our findings would also seem consistent with another report

in isolated cardiac fibroblasts where substance P increased proliferation, but did not increase

collagen secretion.(29) Together with our findings, this suggests the interesting possibility

that substance P induces fibroblast proliferation and up-regulation of select genes in

anticipation of a pro-fibrotic action. However, this only proceeds if other pro-fibrotic stimuli

follow. Substance P has been shown to have this type of ‘priming’ role in other settings. For

example, substance P together with IGF-1 had a greater effect on migration of corneal

epithelial cells than IGF-1 alone.(30) This was also the case for fibronectin and IL-6.

Similarly, substance P augmented the release of histamine by rat peritoneal mast cells

stimulated with anti-IgE.(31) Since we found that NK-1 receptor blockade normalized

myocardial ET-1 levels in the SHR, ET-1 may represent an indirect mechanism by which

substance P regulated fibrosis in the whole heart. If substance P does prime cardiac

fibroblasts, up-regulation of ET-1 by substance P could then exert additional effects on the

primed cells. Alternatively, substance P may regulate fibrosis in the hypertensive heart
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purely by up-regulating ET-1 without any priming type effect since ET-1 is well known as a

pro-fibrotic stimuli in its own right.(32)

The effects of NK-1 receptor blockade that we observed on adverse myocardial remodeling

were independent of blood pressure since L732138 did not reduce blood pressure in the

SHR. However, TAC1 expression does appear to be closely related to blood pressure. This

makes sense because hypertension involves increased systolic and diastolic blood pressure,

with diastolic blood pressure providing the basis for coronary perfusion pressure. With

substance P being located around the coronary vasculature, it is likely that expression is

closely tied to perfusion pressure. Up-regulation of TAC1, and hence substance P, is likely

an attempt to reduce perfusion pressure via vasodilation of coronary vessels since substance

P is a potent coronary vasodilator.(33) This characteristic has been attributed to the

beneficial effects of substance P in the acute period following ischemia reperfusion of the

heart.(34-36) This acute beneficial effect likely also occurs in the hypertensive heart before

the adverse effects of chronic up-regulation of substance P ensues. While TAC1 appears to

be linked to blood pressure, this is not the case for either NK-1 receptor mRNA or protein

levels. NK-1 receptor levels were observed to cycle up and down relative to the WKY

across the 16 week study period. After binding substance P, the NK-1 receptor is rapidly

phosphorylated, internalized, and recycled,(37) possibly explaining the results we observed.

We also observed a decreased expression of NK-1 receptor mRNA in isolated fibroblasts

treated with substance P, however, this did not manifest as changes at the protein level.

In the current study, we were interested in the ability of substance P to initiate adverse

remodeling. As such, we investigated hearts in the earlier stages of remodeling that were

well compensated and, thus, there were no differences in function as determined by

fractional shortening and ejection fraction. Accordingly, follow-up studies where NK-1

blockade is maintained through to the point of expected heart failure, or pressure overload is

induced in TAC1-/- mice and remodeling allowed to progress to expected failure are

important to determine whether heart failure can be prevented. These studies would also

more definitively determine the extent to which NK-1 receptor blockade induces

physiological hypertrophy. Evidence from previous studies would suggest that prevention of

heart failure is possible. Mouse models of viral(7) and parasitic(6) myocarditis are protected

from heart failure by deletion of substance P. Further, we have reported that mice deficient

in substance P were protected from ventricular dilatation in a model of chronic cardiac

volume overload.(8) Mak et al.(9) also found that NK-1 receptor blockade improved E/A

ratio and fractional shortening in a rat model of cardiac dysfunction due to magnesium-

deficiency. Thus, it would seem possible that removing the effects of substance P could

prevent heart failure from occurring in the hypertensive heart, however, these studies still

need to be performed. Substance P is increased in the plasma of heart failure patients(38),

indicating that it may remain influential in the decompensated heart.

In summary, we have demonstrated that blockade of the NK-1 receptor, the receptor for

substance P, prevents adverse myocardial remodeling in the hypertensive rat heart. The

mechanisms are summarized in Figure 6B. Part of this effect is the prevention of increased

expression of specific fetal genes that are characteristic of pathological hypertrophy. These

effects on fetal genes may be direct or may also be mediated by ET-1, which we showed to
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be regulated by the NK-1 receptor. Further, NK-1 receptor blockade prevented the

development of cardiac fibrosis. The regulation of fibrosis by substance P in vivo likely

involves ET-1 since we were unable to induce changes in cardiac fibroblast function in vitro

with substance P, despite observing transient up-regulation of important genes related to the

extracellular matrix. Since NK-1 receptor blockade was initiated before the onset of

hypertension, hypertrophy, and TAC1 up-regulation, we conclude that NK-1 receptor

activation is a critical factor in initiating the onset of pathological hypertrophy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
TAC1, but not NK-1 receptor expression corresponds with increased blood pressure in the

SHR. A. Systolic blood pressure was measured every 4 weeks in WKY (circles with solid

line, n=8), SHR (squares with dashed line, n=8), and SHR treated with L732138 (triangles

with dotted line, n=8). Systolic blood pressure measurements are plotted against age of rat at

time of measurement. Error bars represent SEM, ‡p < 0.005, 2-way ANOVA with a

Bonferonni post-test for SHR and SHR+L732138 groups compared to the WKY. B. Relative

fold expression of TAC1 mRNA was measured by qRT-PCR from left ventricular tissue in

8, 12, 16, 20, and 24-week old WKY (circles with solid line, n=5) and SHR (squares with

dashed line, n=5). TAC1 Ct values were normalized to β-actin Ct values and fold expression

were determined using the ΔΔCt method. Error bars represent SEM, †p < 0.01 and ‡p <

0.005 using a 2-way ANOVA between WKY and SHR with a Bonferonni post-test. C.

Relative fold expression of Nk-1 receptor mRNA was measured by qRT-PCR and

normalized to β-actin expression in left ventricular tissue isolated at 8, 12, 16, 20, and 24-

weeks of age in WKY (black bars, n=5-8) and SHR (white bars, n=5-8). Nk-1 receptor

mRNA was measured from the left ventricle of 24-week old SHR treated with L732138

(grey bar, n=5). Error bars represent SEM. **p < 0.01 and ***p < 0.005 using a 2-way

ANOVA with a Bonferroni post-test. D. NK-1 receptor and GAPDH were detected by

western blot from left ventricular tissue isolated at 8, 12, 16, and 20-week old WKY and

SHR. E. Band densities from NK-1 receptor were normalized to band densities of GAPDH.

The black bars represent WKY samples (n=4) and the white bars represent SHR samples

(n=4). **p < 0.01 and ***p < 0.005 using a 2-way ANOVA with a Bonferonni post-test. F.

NK-1 receptor and GAPDH expression were detected by western blot from left ventricular

tissue isolated at 24-weeks from WKY, SHR, and SHR treated with L732138. G. Band
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densities from NK-1 receptor detection in F were normalized to GAPDH in WKY (black

bar, n=5), SHR (white bar, n=5), and SHR treated with L732138 (grey bar, n=5).
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FIGURE 2.
A. Left ventricular posterior wall thickness in diastole (LVPWd) was measured by

echocardiogram in WKY (solid line, n=6-8), SHR (dashed line, n=6-8), and SHR treated

with L732138 (dotted line, n=6-8) at 8, 12, 16, 20, and 24-weeks of age. ‡p < 0.005, 2-way

ANOVA with a Bonferonni post-test. B. Left ventricular internal diameter in diastole

(LVIDd) was measured in WKY, SHR, and SHR treated with L732138 as in A. C.

Ventricular mass (mg) as determined by echocardiogram is plotted (y-axis) against age of rat

(x-axis) for WKY (solid line, n=6-8), SHR (dashed line, n=6-8), and SHR treated with

L732138 (dotted line, n=8). †p<0.01 and ‡p<0.005, 2-way ANOVA with a Bonferonni post-

test. D. The ratio of ventricular wall thickness to chamber diameter in WKY (solid line,

n=6-8), SHR (dashed line, n=6-8), and SHR treated with L732138 (dotted line, n=8) is

plotted against the age of rat at the time of measurement. †p<0.01 and ‡p<0.005, 2-way
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ANOVA with a Bonferonni post-test. E. The percent ejection fraction was measured as in

A-D and plotted against age of rat. F. The percent fractional shortening was measured as in

A-E and plotted against age of rat. G. Left ventricular sections from 24-week old WKY,

SHR, and SHR treated with L732138 stained with picrosirius red. Orientation is noted by S,

septum, and F, free wall.
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FIGURE 3.
Fetal gene expression is enhanced in 24-week old SHR left ventricle and prevented by NK-1

receptor blockade. A – D. mRNA expression of β-MHC, SkA, Anf, and Bnp was measured

by qRT-PCR and normalized to β-actin in 24-week old left ventricular tissue isolated from

WKY (black bars, n=5), SHR (white bars, n=3-5), and SHR treated with L732138 (grey

bars, n=4-5). Fold expression was determined using the ΔΔCt method. *p < 0.05, **p <

0.01, ***p < 0.001, 1-way ANOVA with the Tukey post-test.
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FIGURE 4.
A. Collagen was stained with picrosirius red in 24-week old left ventricular tissue slices

from WKY, SHR, and SHR treated with L732138. B. Collagen volume fraction was

quantified from the picrosirius staining (A). n=8 for each group, WKY (black bar), SHR

(white bar), and SHR treated with L732138 (grey bar). *p<0.05, 1-way ANOVA with a

Tukey post-test. C. Nk-1 receptor mRNA was measured and expression was normalized to

β-actin in cardiac fibroblasts incubated with increasing concentrations of substance P for 24

hours. Relative fold expression was calculated using the ΔΔCt method. *p<0.05, 1-way

ANOVA with a Tukey post-test. D-E. Collagen I (D) and Collagen III (E) mRNA was

measured in substance P treated cardiac fibroblasts after 24-hours. Fold expression was

determined using the ΔΔCt method. *p<0.05, 1-way ANOVA with a Tukey post-test.
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FIGURE 5.
A-B. MT1-MMP and MMP3 mRNA expression was measured in cardiac fibroblasts

incubated with increasing concentrations of substance P for 24 hours and normalized to β-

actin. Fold expression was determined using the ΔΔCt method. *p<0.05 and ‡p<0.005 using

a 1-way ANOVA with a Tukey post-test. C-D. MT1-MMP and MMP3 mRNA expression

was measured in cardiac fibroblasts incubated with 1000 nM substance P (C) and 300 nM

substance P (D) in the presence (black bars, n=4) and absence of L732138 (white bars, n=4)

for 24 hours and normalized to β-actin. Relative fold expression was calculated using the

ΔΔCt method. *p < 0.05 with an unpaired t-test. E. NF-κB transactivation was measured in

cardiac fibroblasts incubated with increasing concentrations of substance P in the presence

(black bars, n=4) and absence (white bars, n=3-4) of L732138 for 24-hours. Transcriptional
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activation as indicated by luciferase luminescence was normalized to renilla luminescence.

*p<0.05, 2-way ANOVA with a Bonferonni post-test.
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FIGURE 6.
A. Endothelin-1 levels measured by ELISA from left ventricular tissue isolated from 24-

week WKY (black bar, n=8), SHR (white bar, n=8), and SHR treated with L732138 (grey

bar, n=7). **p < 0.01 using a 1-way ANOVA with a Tukey post-test. B. Schematic depicting

the mechanisms by which substance P mediates adverse myocardial remodeling. Substance

P is increased in response to hypertension, which leads to increased levels of endothelin-1

(ET-1). Substance P and/or ET-1 induce the expression of fetal genes in the cardiomyocyte.

In response to substance P the cardiac fibroblasts are ‘primed’ to express numerous genes

related including MT-1 MMP, with ET-1 providing a subsequent pro-fibrotic stimulus to

these primed cells resulting in fibrosis.
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