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Abstract

Elevated endothelin (ET)-1 has been implicated in cerebrovascular complications following brain 

trauma characterized by dysregulation of endothelial nitric oxide synthase (eNOS), protein kinase 

C (PKC), and cerebral function. Recently, vascular expression of PPARα has been observed and 

suggested to improve vascular dysfunction. We speculate that activation of PPARα in cerebral 

microvessels can improve cerebral dysfunction following trauma, and we tested the hypothesis 

that activation of cerebral endothelial peroxisome proliferator-activated receptor (PPAR)α will 

attenuate ET-1 production via a mechanism involving nitric oxide (NO) and PKC. Phorbol 12-

myristate 13-acetate (PMA) (1 μM), bradykinin (BK, 1 μM), angiotensin II (AII, 1 μM), or 

hemoglobin (Hem, 10 μM) increased ET-1 levels by 24-, 11.4-, 3.6-, or 1.3-fold increasing ET-1 

levels from 0.36 ± 0.08 to 8.6 ± 0.8, 4.1 ± 0.7, 1.30 ± 0.1, or 0.47 ± 0.03 fmol/μg protein (p < 

0.05), respectively. Clofibrate (10 μM) reduced basal ET-1 from 0.36 ± 0.08 (control) to 0.03 ± 

0.01 and blunted vasoactive agent-induced increase to 0.12 ± 0.07 (PMA), 0.6 ± 0.04 (BK), 0.25 ± 

0.03 (AII), or 0.12 ± 0.03 (Hem) fM/μg protein (p < 0.05). L-Arginine methyl ester (100 μM) 

inhibited clofibrate-induced reduction in basal ET-1 production. Clofibrate increased PPARα 

expression, accompanied by increased NO production and eNOS expression. PKC inhibition by 

calphostin C (10 μM) blocked these effects, whereas activation by PMA reduced basal PPARα 

expression. Thus, PPARα activation attenuated ET-1 production by agents that mediate brain 

injury through mechanisms that probably result from PPARα-induced increase in eNOS 

expression/NO production and complex PKC signaling pathways. Therefore, PPARα activators 

can be appropriate therapeutic agents to alleviate cerebrovascular dysfunction following cerebral 

vasospasm.

Pathogenesis of hemorrhage-induced cerebral dysfunction has been reported to result from 

potent and prolonged cerebral microvascular constriction. Cerebral arterial vasoconstriction 

following brain trauma has been associated with increased CSF concentration of blood 

derived vasoactive agents and endothelin (ET)-1 (Findlay et al., 1991; Yakubu and Leffler, 

Address correspondence to: Dr. Momoh A. Yakubu, Vascular Biology Unit, Center for Cardiovascular Diseases, College of Pharmacy 
and Health Sciences, Texas Southern University, Gray Hall Suite 104, 3100 Cleburne Avenue, Houston, TX 77004. 
yakubu_ma@tsu.edu. 

HHS Public Access
Author manuscript
J Pharmacol Exp Ther. Author manuscript; available in PMC 2015 July 15.

Published in final edited form as:
J Pharmacol Exp Ther. 2007 February ; 320(2): 774–781. doi:10.1124/jpet.106.104992.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1996, 1999; Andaluz et al., 2002). ET-1, a 21-amino acid peptide, has been implicated in 

brain injury and stroke-induced cerebral dysfunction (MacDonald and Weir, 1991; Yakubu 

and Leffler, 1996). The etiology of cerebral trauma such as subarachnoid hemorrhage 

(SAH)-induced alteration of cerebral microcirculation and vasospasm can result from 

hemolysis of blood clots leading to accumulation of ET-1 and other vasoactive agents such 

as leukotrienes, 5-hydroxytryptamine, thromboxane A2, lysophosphatidic acid, 

oxyhemoglobin, etc. (Findlay et al., 1991; Yakubu and Leffler, 1996; Yakubu et al., 1997). 

These vasoactive agents have been shown to stimulate ET-1 biosynthesis from vascular 

endothelial cells via activation of PKC and Ca2+ (Yakubu and Leffler, 1999, 2002). In 

addition, diminished CSF levels of dilator prostanoids and nitric oxide (NO) have been 

observed following SAH (Findlay et al., 1991; Yakubu et al., 1994, 1995, 1997), and such 

reduction can result in high level of CSF ET-1 (Boulanger and Luscher, 1990; Yakubu and 

Leffler, 1997, 1999). Evidence for an important role for ET-1 in cerebral microcirculation is 

based on the demonstration that ET-1 antagonists and agents that interfere with its 

biosynthesis ameliorated the consequences of SAH-induced cerebral microvascular 

dysfunction (Yakubu and Leffler, 1996; Sobey and Faraci, 1998). Despite this important 

observation, therapeutic strategies to treat brain trauma-induced cerebral deficit are still 

lacking (Liu-Deryke and Rhoney, 2006; MacDonald, 2006).

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription 

factors belonging to the nuclear receptor superfamily that comprises three members, α, γ, 

and β/δ. All PPARs are widely distributed and activated by fatty acids to varying degrees. 

PPARα is widely expressed in tissues where fatty acid catabolism is important and regulates 

genes that are involved in lipid and lipoprotein metabolism (Ziouzenkova and Plutzky, 2004; 

Han et al., 2005). Of interest in this study is the PPARα that is highly expressed in 

endothelial and vascular smooth muscle cells (Israelian-Konaraki and Reaven, 2005) and 

activated by natural ligands, including polyunsaturated fatty acids, such as docosahexanoic 

acid and eicosapentaenoic acid, and lipolytic and synthetic ligands, including fibrates, such 

as fenofibrate, clofibrate, and gemfibrozil (Desvergne and Wahli, 1999). Activation of 

PPARs results in heterodimerization with another nuclear receptor partner retinoid X 

receptor, and the complex binds to specific PPAR-response elements in the promoter region 

of their target genes, thereby regulating gene function, through repression or activation of 

gene expression. PPARs can also repress gene expression in a DNA-binding-independent 

fashion by interfering with other signaling pathways, such as PKC via a mechanism termed 

trans-repression (Blanquart et al., 2004). In addition to interfering with endothelial cell 

inflammatory mediators, PPARα has been reported to modulate endothelial NOS-induced 

NO production and NOS expression (Goya et al., 2004, Newaz et al., 2004), implying a 

possible vasculoprotective effect. PPARα activators have also been reported to reduce 

agonist-stimulated ET-1 expression and production (Irukayama-Tomobe et al., 2004) and to 

improve peripheral vascular function (Chinetti-Gbaguidi et al., 2005; Touyz and Schiffrin, 

2006), but the mechanism(s) involved is not fully understood. However, studies suggest 

possible involvement of PKC and increased generation of endothelium-derived NO in the 

actions of PPARα (Blanquart et al., 2004; Goya et al., 2004). Although we are not aware of 

studies that demonstrate the expression of PPARα in cerebral microvasculature, there is a 

possibility that activation of cerebral microvascular endothelial cell PPARα could modulate 
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cerebral function via stimulation of endothelial NO production and/or inhibition of ET-1-

mediated vascular dysfunction through a mechanism that may involve PKC. PKC 

involvement in the modulation of NO and ET-1 production (Yakubu and Leffler, 1999; 

Ramzy et al., 2006) as well as in the actions of PPARα (Paumelle et al., 2006) has been 

reported. Therefore, we tested the hypothesis that activation of PPARα will attenuate ET-1 

production from the cerebral microvascular endothelial cell (CMVEC) by a mechanism 

involving NO production and PKC activation.

Materials and Methods

Materials

Reagents used in the present study were obtained from the following companies: bradykinin, 

angiotensin II, clofibrate, hemoglobin, L-arginine methyl ester (L-NAME), endothelial 

growth supplement, Percoll, and Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. 

Louis, MO); calphostin C and PMA (Calbiochem, San Diego, CA), polyclonal antibodies 

for PPARα and endothelial nitric oxide synthase (eNOS) (Santa Cruz Biotechnology, Santa 

Cruz, CA); Endothelin-1 Kit (ALPCO Diagnostics, Winham, NH); Matrigel and cell culture 

plates (BD Biosciences, San Jose, CA); and fetal bovine serum (FBS) (Atlanta Biologicals, 

Norcross, GA).

Primary Cultures of Cerebral Microvascular Endothelial Cells

Primary cultures of cerebral microvascular endothelial cells from piglet brain were 

established as described previously (Yakubu and Leffler, 1999, 2005). In brief, cerebral 

cortical microvessels (60–300 μm) were isolated by differential filtration of cerebral cortex 

homogenate, first through a 300-μm and then through a 60-μm nylon mesh screen. The 

isolated microvessels were incubated in collagenase-Dispase solution (1 mg/ml) for 2 h at 

37°C. At the end of the incubation, the dispersed microvascular endothelial cells were 

separated using Percoll density gradient centrifugation. Endothelial cells were resuspended 

in culture medium consisting of 20% FBS, 2 mg/ml sodium bicarbonate, 1 U/ml heparin, 30 

mg/ml endothelial cell growth supplement, 100 U/ml penicillin, 100 mg/ml streptomycin, 

and 2.5 mg/ml amphotericin B. Endothelial cells were plated on 12-well Costar plates coated 

with Matrigel and maintained in a 5% CO2-95% air incubator at 37°C. The culture medium 

was changed every 2 to 3 days until cells attained confluence. Confluent cells were starved 

overnight with 1% FBS-conditioned media and used for the experiments.

Concentration of Vasoactive Agents Employed

The concentration of clofibrate employed was selected following our preliminary studies in 

which we used concentrations from 1 to 30 μM. The final concentration of clofibrate (10 

μM) for the study is consistent with that used by others (Goya et al., 2004; Irukayama-

Tomobe et al., 2004) and is said to be near the plasma concentration of the active metabolite 

found in human (Goya et al., 2004). The concentrations of other vasoactive agents used such 

as angiotensin II (AII), hemoglobin (Hem), bradykinin (BK), PMA, calphostin C, and L-

NAME are consistent with the concentration that we and others have used previously 

(Yakubu and Leffler, 1999, 2002; Michelle et al., 2001; Paumelle et al., 2006).
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Effects of Vasoactive Agents on ET-1 and NO Levels

Confluent and quiescent cells were incubated with media or media containing clofibrate (10 

μM) for 18 h to activate PPARα. Following overnight incubation, the cells were exposed for 

4 h to media alone or media containing PMA (1 μM), BK (1 μM), AII (1 μM), or Hem (10 

μM). At the end of the incubation, media were collected for NO and ET-1 determination. 

Cells were lysed with Laemmli sample buffer containing 8% SDS, 0.125 M Tris-HCl, 30% 

glycerol, and 5% β-mercaptoethanol, collected, and stored at −80°C until needed for 

assessment of eNOS and PPARα.

Roles of NOS in the Regulation of ET-1 Production

To determine the role of NOS in clofibrate-induced regulation of ET-1 production, cells 

were pretreated with L-NAME (100 μM) for 15 min before exposing them to clofibrate (10 

μM) alone or clofibrate in the presence of other vasoactive agents [PMA (1 μM), BK (1 

μM), AII (1 μM), or Hem (10 μM)]. At the end of the incubation, media were collected for 

ET-1 and NO determination, and cells were harvested for protein estimation.

Roles of PKC in the Regulation of ET-1 and NO Levels

To determine the role of PKC in the regulation of ET-1 and NO production by PPARα 

activation with clofibrate, confluent cells were exposed to calphostin C (1 μM) for 15 min 

before exposing them to clofibrate. At the end of the incubation, media and cells were 

collected for NO and protein determination.

Griess Assay

NO level in the media was determined using the Griess assay. In brief, assay samples were 

mixed with an equal volume of the Griess reagent [0.1% N (1-naphthyl) ethylenediamine 

dihydrochloride and 1% sulfanilamide in 3% H3PO4] and incubated to yield a chromophore. 

Using a plate reader (model EL808UV; Bio-Tek Instruments, Uniooski, VT), absorbance at 

540 nm was measured and nitrite concentration was determined using a nitrite standard 

curve. The efficiency was at least 95%. Protein estimation was determined by the Bradford 

method, and the results were corrected for protein and expressed as nanomolar per 

microgram of protein.

Determination of ET-1 Level

ET-1 level in the media was determined using the Endothelin Kit (ALPCO Diagnostics). In 

brief, a detection antibody was added to all sample wells and was incubated overnight at 

room temperature. On the next day, the contents of these wells were discarded, and the wells 

were washed five times with a washing buffer followed by an addition of conjugate to all 

wells. The content of these wells were discarded and washed five times with washing buffer 

followed by the addition of a substrate to all wells and incubation for 30 min. A stop 

solution was added, and absorbance was determined using a plate reader (model EL808UV; 

Bio-Tek Instruments) at 450 nm against 690 or 620 nm as reference. The results were 

corrected for protein and expressed as femtomoles per microgram of protein.
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Western Blot Analysis

To determine the effects of the different agents on the expression of proteins, 30 to 35 μg of 

lysed endothelial cells per well were resolved with 7.5 or 10% SDS-polyacrylamide gel 

electrophoresis. After SDS-polyacrylamide gel electrophoresis separation, proteins were 

transferred onto a nitrocellulose membrane by the use of a wet transferring blotter for 2 h in 

a buffer containing 48 mM Tris-HCl, pH 8.5, 39 mM glycine, and 20% methanol. The 

nitrocellulose was washed in Tris-buffered saline, blocked in 5% nonfat dried milk in Tris-

buffered saline (NFM/TBS) for 1 h, and incubated with a primary polyclonal rabbit anti-

eNOS, PPAR, or endothelin-converting enzyme antibodies (1:500 dilution) in 5% 

NFM/TBS overnight at 4°C. The nitrocellulose was then incubated with horseradish 

peroxide-conjugated goat anti-rabbit IgG antibodies in 2% NFM/TBS for 2 h. The bound 

antibody was detected by enhanced chemiluminescence. The intensity of the bands was 

scanned and quantified using Personal Densitometer Scanner and ImageQuant analysis 

software (Molecular Dynamics, Sunnyvale, CA).

Statistical Analysis

Data are presented as mean ± S.E.M. Differences between groups were assessed using one-

way ANOVA followed by Turkey comparison tests. A value of p < 0.05 was considered 

significant.

Results

Effect of PPARα Activation on ET-1 Production

Figure 1 shows the effects of incubation of CMVEC with clofibrate for 18 h on ET-1 level 

in the media. Clofibrate reduced basal ET-1 production by CMVEC from 0.36 ± 0.08 to 0.03 

± 0.01 fmol/μg protein. Incubation of cells with vasoactive agents for 4 h significantly 

increased ET-1 level in the media by 25-fold (from 0.36 ± 0.08 in control to 9.42 ± 1.4 

fmol/μg protein; 1 μM PMA), 11.4-fold (4.1 ± 0.7, fmol/μg protein; 1 μM BK), 3.6-fold (1.3 

± 0.1 fmol/μg protein; 1 μM AII), and 1.3-fold (0.47 ± 0.03 fmol/μg protein; 10 μM Hem), 

respectively. The increase in ET-1 production by these vasoactive agents was blunted by 

clofibrate treatment to 0.12 ± 0.07 (PMA), 0.6 ± 0.04 (BK), 0.25 ± 0.03 (AII), and 0.12 ± 

0.03 (Hem) fmol/μg protein (p < 0.001, n = 6, ANOVA, Fig. 1).

Effects of PPARα Activation on NO Production

Figure 2 shows the effects of PPARα activation on NO production. Incubation of cells with 

clofibrate for 18 h significantly increased NO released into the media from 0.03 ± 0.002 

(control) to 0.11 ± 0.012 (clofibrate) nM/μg protein. PMA had no significant effect on NO 

production (0.034 ± 0.001 nM/μg protein) in control cells, but PMA blunted clofibrate-

induced increase in NO production from 0.11 ± 0.002 (clofibrate) to 0.03 ± 0.004 (clofibrate 

+ PMA) nM/μg protein. BK, AII, and Hem attenuated clofibrate-induced increase in NO 

production from 0.11 ± 0.002 to 0.028 ± 0.003, 0.022 ± 0.002, and 0.022 ± 0.002 nM/μg 

protein, respectively (p < 0.05, n = 6, ANOVA, Fig. 2).

Incubation of CMVEC with L-NAME (100 μM) significantly reduced basal NO level in the 

media by 47% reducing NO level from 0.019 ± 0.001 (control) to 0.01 ± 0.001 nM/μg 
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protein. Clofibrate-induced increase in NO production was significantly reduced by 40% 

reducing the media level from 0.025 ± 0.008 (clofibrate) to 0.015 ± 0.003 (L-NAME + 

clofibrate) nM/μg protein. This reduction in the production of NO in the presence of L-

NAME is 50% greater than that observed in CMVEC treated with L-NAME alone and 20% 

lower than the level observed in the control. Although L-NAME reduced NO production in 

control as well as in the clofibrate-treated cells, it did not have any significant effect on 

eNOS expression in the control or clofibrate-treated groups (p < 0.05, n = 4–6, ANOVA, 

Fig. 3).

Effect of NO Inhibition on PPARα Activation-Induced Attenuation of ET-1 Production

Inhibition of NO synthase by L-NAME slightly elevated basal ET-1 level, which was not 

significantly different from that obtained in the control (p > 0.05). Treatment with clofibrate 

alone attenuated basal ET-1 production to 0.03 ± 0.002 fmol/μg protein, and L-NAME 

reversed clofibrate-induced attenuation of basal ET-1 production in CMVEC by 93%, 

restoring basal ET-1 production from 0.030 ± 0.01 to 0.43 ± 0.01 fmol/μg protein (p < 0.05). 

NO inhibition partially reversed clofibrate-induced reduction in vasoactive agent-induced 

increased ET-1 level in the media by increasing ET-1 level to 0.42 ± 0.01 (hemoglobin) and 

0.48 ± 0.03 (AII) fmol/μg protein compared with 0.34 ± 0.03 (control) and 0.03 ± 0.01 

(clofibrate), respectively (p < 0.05, n = 4–6, ANOVA, Fig. 4). Although inhibition of NOS 

by L-NAME partially reversed clofibrate-induced attenuation of ET-1 biosynthesis in CM-

VEC, the level of ET-1 attained is still significantly less than that produced in CMVEC 

treated with vasoactive agents alone (Fig. 1).

Effect of PKC Inhibition on ET-1 Production

Inhibition of PKC activation by calphostin C significantly inhibited basal level of ET-1 in 

CMVEC media by 47%, whereas clofibrate inhibited ET-1 production by CMVEC by 91%. 

ET-1 level in the media was reduced from 0.34 ± 0.03 (control) to 0.18 ± 0.01 (calphostin 

C) and to 0.03 ± 0.01 (clofibrate) fmol/μg protein, respectively. Clofibrate-induced basal 

reduction in ET-1 production was significantly reversed by pre-treatment with calphostin C, 

a PKC inhibitor, reversing the level of ET-1 in the media to 0.39 ± 0.04 fmol/mg protein, 

similar to the level observed in the control (0.34 ± 0.03 fmol/mg protein). The level of ET-1 

in the media was not increased further by treatment with AII, a potent stimulator of ET-1 

biosynthesis, in the presence of calphostin C and clofibrate, maintaining the media ET-1 

level at 0.32 ± 0.01 compared with 0.39 ± 0.04 (clofibrate plus calphostin C) and 0.34 ± 

0.03 (control) fmol/mg protein, respectively (p < 0.05, n = 4–6, ANOVA, Fig. 5).

Role of PKC in Clofibrate-Induced Increase eNOS and NO Level in CMVEC

Figure 6 (top) shows the effects of PKC on the regulation of eNOS by clofibrate. Treatment 

of endothelial cell with clofibrate (10 μM) increased eNOS expression 308%, and this 

increase was significantly attenuated to 127% following inhibition of PKC with calphostin C 

(1 μM). Calphostin C alone increased eNOS expression by 95% (p < 0.05). The blot shown 

is a representative of at least three replicate sets.

Figure 6 (bottom) shows the effect of inhibition of PKC on clofibrate-induced increased NO 

production. PKC inhibition with calphostin C (1 μM) had no significant effect on the basal 
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NO production. However, pretreatment of CMVEC with calphostin C for 15 min before 

clofibrate significantly reduced clofibrate-induced increase in NO production by 64% (from 

0.11 ± 0.12 to 0.04 ± 0.002 nM/μg protein; calphostin C + clofibrate) (p < 0.05, n = 6, 

ANOVA, Fig. 6, bottom).

Effect of PKC on PPARα Expression

Figure 7 shows the role of PKC in clofibrate-induced changes in PPARα expression. 

Incubation of CMVEC with clofibrate (10 μM) for 18 h significantly increased PPARα 

expression by 26%; this increased expression was attenuated by 50% following PKC 

inhibition with calphostin C (1 μM). Surprisingly, basal PPARα expression was significantly 

reduced by both PKC activator PMA and inhibitor calphostin C by 56 and 75%, 

respectively. This indicates that PKC is probably playing a dual role in the expression of 

PPARα (p < 0.05, n = 6, ANOVA, Fig. 7). The blot shown is a representative of at least 

three replicate sets.

Discussion

In the present study, we found that CMVEC expressed PPARα, and treatment with PPARα 

activator clofibrate resulted in attenuation of basal and vasoactive agent-induced increase in 

ET-1 production; increased NO levels, which were blunted in the presence of vasoactive 

agents; inhibition of NOS with L-NAME blunted clofibrate-induced increase in NO, 

reversed clofibrate-induced attenuation of basal ET-1 level, and blunted clofibrate-induced 

attenuation of vasoactive agent-stimulated ET-1 production; PKC inhibition by calphostin C 

attenuated basal ET-1 production, reversed clofibrate-induced reduction in ET-1 level as 

well as clofibrate-induced inhibition of AII-stimulated ET-1 production, and attenuated 

clofibrate-induced increase in NO level; and clofibrate increased PPARα and eNOS protein 

expression, which were attenuated by calphostin C. These results indicate that PPARα 

activation can modulate ET-1 production via the mechanism that involves complex 

molecular interactions among NO, PKC, and PPARα regulatory systems.

ET-1 is the most potent vasoconstrictor known; its synthesis can be stimulated from 

endothelial cells by blood-derived vasoactive agents from a 38-amino acid precursor peptide 

(big ET-1), a product of prepro-ET-1, a 203-amino acid polypeptide through a series of 

intracellular proteolytic steps by specific metalloproteinases, endothelin-converting enzyme, 

which cleaves big ET-1 to produce the mature ET-1 (Rubanyi and Polokoff, 1994). ET-1 has 

been implicated in several cerebral microvascular pathologies following hemorrhage and 

brain injury (Findlay et al., 1991; Yakubu and Leffler, 1996, 1999; Andaluz et al., 2002). 

Treatments with agents that inhibit ET-1 synthesis and/or prevent interaction with its 

receptor have been reported to ameliorate cerebral vasospasm (Rubanyi and Polokoff, 1994; 

Yakubu and Leffler, 1996; Miyauchi and Masaki, 1999), but therapeutic strategies to 

manage the consequences of cerebral vasospasm continue to be elusive. In the present study, 

we have shown that treatment of CMVEC with the PPARα activator clofibrate significantly 

reduced vasoactive agent-induced increase in ET-1 production.

The precise mechanism by which PPARα attenuates ET-1 production is not clear, but in this 

study, NO level and eNOS expression were significantly elevated with significant reduction 
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in ET-1 level in CMVEC following PPARα activation. Endothelium-derived NO has been 

reported to be actively involved in the modulation of ET-1 production by endothelium and at 

the same time regulate the production of other vasoactive agents that may stimulate ET-1 

production from endothelial cell such as AII, thromboxane A2, free radicals, etc. (Moncada 

et al., 1989; Ignarro, 1990; Rubanyi and Polokoff, 1994). Consistent with this observation is 

the observed increase in NO level following clofibrate treatment along with attenuation of 

basal and vasoactive agent-induced increase in ET-1 level. The reversal by L-NAME of 

clofibrate attenuation of basal ET-1 production and partial blunting of clofibrate-induced 

inhibition of ET-1 production by AII attest to a role for NO in these effects. The increased 

NO level was accompanied by enhanced expression of eNOS, indicating a direct modulation 

of eNOS expression by PPARα activation, and further shows that the increased NO is 

indeed from eNOS because inhibition by L-NAME resulted in attenuation of NO level 

induced by clofibrate. Consistent with this observation, Goya et al. (2004) have 

demonstrated up-regulation of eNOS protein levels in cultured bovine aortic endothelial 

cells following treatment with fenofibrate. These results suggest a role for NO in the PPARα 

activation-induced regulation of ET-1 production by CMVEC. However, it is not known if 

the observed attenuation of ET-1 production is due to direct effects of PPARα on ET-1 

production or through NO. The effects of PPARα activation on ET-1 level observed seems 

to be partly due to NO because the inhibition of eNOS by L-NAME reverses the effects of 

clofibrate on basal ET-1 level but did not completely block clofibrate-induced attenuation of 

vasoactive agent-induced ET-1 production from CMVEC. Therefore, there is an indication 

that the actions of clofibrate may not be dependent completely on the NO synthetic pathway. 

Consistent with this possibility are the reports showing that PPARα activators inhibit 

thrombin-induced ET-1 production from human vascular endothelial cells via activator 

protein-1 (Delerive et al., 1999) and that inhibition of stimulation of ET-1-induced cardiac 

hypertrophy occurs via p38 mitogen-activated protein kinase activation (Irukayama-To-

mobe et al., 2004). These studies further suggest additional signaling pathways for 

modulation of ET-1 biosynthesis by PPARα activation, which may involve kinase signaling 

pathways.

PPARα actions have been suggested to be mediated through regulation of transcriptional 

targets via protein kinase signaling pathways such as PKC, mitogen-activated protein kinase, 

and cAMP-activated protein kinase A in which phosphorylation of PPARα plays a role 

(Chih-Hao et al., 2003; Blanquart et al., 2004; Gray et al., 2005). We have previously 

reported the positive role of PKC activation in ET-1 biosynthesis from CMVEC (Yakubu 

and Leffler, 1999). Results from the present study suggest a possible role for PKC in the 

modulation of PPARα activity because inhibition by calphostin C reverses clofibrate-

induced reduction in basal ET-1 level as well as clofibrate-induced attenuation of vasoactive 

agent-induced (AII) increase in ET-1 level. PKC inhibition has been shown not only to 

reduce ET-1 production (Yakubu and Leffler, 1999) but also to increase NO production 

(Michelle et al., 2001). In addition, since PPARα activation increased NO production 

(Newaz et al., 2004) and reduced ET-1 production (Delerive et al., 1999), PKC inhibition 

therefore should be expected to increase PPARα expression. In this study, incubation of 

CMVEC with PKC activator (PMA) or PKC inhibitor (calphostin C) (Fig. 7) caused 

significant reduction in basal PPARα expression, whereas clofibrate-induced increase in 
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PPARα expression was blunted by PKC inhibition. Likewise, clofibrate-induced increases 

in NO and eNOS expression were significantly attenuated in the presence of calphostin C. 

These results show that the PKC signaling pathway is important in the modulation of 

PPARα functions. However, it is clear that the mechanism(s) behind the contribution of 

PKC is complex and beyond the scope of this study. Given the numerous PKC isoenzymes 

identified and the plethora of substrates available to it (Blanquart et al., 2004; Gray et al., 

2005), the complex effects of PKC observed in the present study may have resulted from 

differential role of these isoenzymes in the regulation of PPARα functions. Consistent with 

our observation, Blanquart et al. (2004) reported that PKC inhibition impairs ligand-

activated PPARα transcriptional activity and by contrast enhances PPARα trans-repression 

properties, leading to the conclusion that PKC signaling pathway acts as a molecular switch 

dissociating the transactivation and trans-repression functions of PPARα, which involve 

phosphorylation. The extent to which this phenomenon plays out in the present study has yet 

to be defined.

The data presented suggest that activation of PPARα attenuated ET-1 production by agents 

that are involved in mediating brain injury and inflammatory processes. The mechanism by 

which PPARα activation reduced ET-1 production involved increased endothelial NO 

production and eNOS and PPARα expression through process involving PKC signaling 

pathways. Endothelial cell PKC signaling has been shown to regulate eNOS activity via 

phosphorylation of Thr-459 and dephosphorylation of Ser-1177, and Thr-459 

phosphorylation is said to be one of the few negative posttranslational mechanisms that 

regulate eNOS activity (Michelle et al., 2001). The mechanism for Thr-459 phosphorylation 

was reported to be partially mediated via PKC activation as PKC inhibitor, calphostin C, 

attenuated agonist-induced phosphorylation, and restored NO production (Michelle et al., 

2001). Other mechanisms positively regulate eNOS activity through posttranslational 

phosphorylation of Ser-1177; this mechanism is said to be shared by NO agonists (Michelle 

et al., 2001), which can lead to increased NO production. Likewise, the PKC signaling 

pathway has been shown to modulate the trans-repression activity of PPARα via 

phosphorylation (Blanquart et al., 2004); activation of this pathway can impinge on PPARα 

activity. Thus, PKC plays an important role in the regulation of vascular function and in this 

case in the PPARα activation-induced regulation of ET-1 production by CMVEC.

In conclusion, PPARα activators can preserve endothelial-derived NO and attenuate ET-1 

production through complex interactions with PKC-mediated signaling pathway, and direct 

PPARα-induced modification of ET-1 production is a possibility because the action of 

PPARα was not completely reversed by PKC inhibition. Consistent with the observed 

attenuation of ET-1 level by PPARα activation, it can be suggested that PPARα ligands can 

play a beneficial role in the management of cerebral pathological conditions that involve 

increased ET-1 production. Thus, PPARα ligands present a therapeutic target for the 

treatment of cerebral dysfunction following brain trauma and stroke.
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ABBREVIATIONS

CSF cerebrospinal fluid

ET endothelin

SAH subarachnoid hemorrhage

PKC protein kinase C

NO nitric oxide

PPAR peroxisome proliferator-activated receptor

CMVEC cerebral microvascular endothelial cell

L-NAME L-arginine methyl ester

PMA phorbol 12-myristate 13-acetate

eNOS endothelial nitric-oxide synthase

FBS fetal bovine serum

AII angiotensin II

Hem hemoglobin

BK bradykinin

NFM/TBS nonfat milk in Tris-buffered saline

ANOVA analysis of variance
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Fig. 1. 
Effects of PPARα activation with clofibrate (10 μM) for 18 h on PMA (1 μM)-, BK (1 μM)-, 

AII (1 μM)-, or Hem (10 μM)-induced ET-1 production by CMVEC. Following PPARα 

activation with clofibrate, cells were washed and incubated with PMA, BK, AII, or Hem for 

4 h. At the end of the incubation, media and cells were collected for ET-1 level and protein 

determination, respectively. Results are expressed as femtomoles per microgram of protein 

and presented as mean ± S.E.M. (*, compared with control; #, compared with clofibrate, 

PMA, BK, AII, or Hem alone; p < 0.05, n = 6, ANOVA).
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Fig. 2. 
Effects of PPARα activation with clofibrate (10 μM) for 18 h on NO production by CMVEC 

following 4-h incubation with PMA (1 μM), BK (1 μM), AII (1 μM), or Hem (10 μM). At 

the end of the incubation, NO level in the media was determined by Griess assay, and cells 

were collected for protein estimation. Results are expressed as nanomolar per microgram of 

protein and presented as mean ± S.E.M. (*, compared with control; #, compared with 

clofibrate, PMA, BK, AII, or Hem alone; p < 0.05, n = 6, ANOVA).
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Fig. 3. 
Effects of inhibition of NO production by L-NAME (100 μM) on clofibrate (10 μM)-

induced production of NO and eNOS expression in CMVEC. Cells were pretreated with L-

NAME for 15 min before exposure to clofibrate for 4 h. Following incubation, media were 

collected, cells were collected in lysis buffer for the determination of NO by Griess assay, 

and cells were used for protein estimation and determination of effects of treatments on 

eNOS expression using specific antibody for eNOS. The blot is a representative of three 

replicate blots, and the blots were quantified using ImageQuant and expressed as an 

arbitrary unit. NO results are expressed as nanomolar per microgram of protein following 

correction for protein and presented as mean ± S.E.M. (*, compared with control; #, 

compared with L-NAME; p < 0.05, n = 4–5, ANOVA).
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Fig. 4. 
Effects of eNOS inhibition by L-NAME (100 μM) on the regulation of CMVEC ET-1 

production by clofibrate (10 μM), Hem (10 μM), and AII (1 μM). Cells were pretreated with 

L-NAME for 15 min before exposure to clofibrate. Following incubation of CMVEC with 

L-NAME and clofibrate, cells were washed with PBS and exposed to Hem or AII for a 

further 4 h. At the end of the incubation, media were collected for ET-1 determination, and 

cells were collected for protein estimation. Results are expressed as femtomoles per 

microgram of protein following correction for proteins and presented as mean ± S.E.M. (*, 

compared with control; p < 0.05, n = 6, ANOVA).
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Fig. 5. 
Effect of PKC inhibition with calphostin C (1 μM) on clofibrate (10 μM)- and AII (1 μM)-

induced regulation of ET-1 production by CMVEC. Cells were preincubated with calphostin 

C for 15 min and then clofibrate before further incubation with AII for 4 h. Following the 

incubation, media were collected for ET-1 determination and cells for protein estimation. 

Results were corrected for proteins, expressed as femtomoles per microgram of protein, and 

presented as mean ± S.E.M. (*, compared with control; #, compared with clofibrate and 

calphostin C; p < 0.05, n = 6, ANOVA).
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Fig. 6. 
Effect of PKC inhibition with calphostin C (1 μM) on clofibrate (10 μM)-induced changes in 

eNOS expression (top) and NO production (bottom) in CMVEC. The blot is a representative 

of three replicate blots, the blots were quantified using ImageQuant, and the expression was 

presented as an arbitrary unit. NO results are expressed as nanomolar per microgram of 

protein following correction for protein and presented as mean ± S.E.M. (*, compared with 

control; #, compared with clofibrate; p < 0.05, n = 6, ANOVA).
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Fig. 7. 
Effects of PKC activator PMA (1 μM) or inhibitor calphostin C (1 μM) on PPAPα 

expression and effect of PKC inhibition on clofibrate (10 μM)-induced increase in PPARα 

expression in CMVEC. The blot shown is a representative of three replicate blots, quantified 

using ImageQuant and expressed as an arbitrary unit. The results are presented as mean ± 

S.E.M. (*, compared with control; #, compared with calphostin C and clofibrate; p < 0.05, n 

= 5, ANOVA).
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