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Abstract 

Inflammatory reactions reduce the activity of cytochrome P450 (P450) isoforms. The aim of the 

study was to determine the mechanisms underlying the decrease in CYP1A2 and CYP3A6 

catalytic activities produced by serum from rabbits with a turpentine-induced inflammatory 

reaction (STIIR) and IL-6.  STIIR and IL-6 were incubated with cultured primary hepatocytes from 

control rabbits (HCONT), and from rabbits with a turpentine-induced inflammatory reaction (HTIIR) 

in absence or presence of pyrrolidine dithiocarbamate (PDTC), an antioxidant and inhibitor of 

NF-κB transcription, PD98059, an inhibitor of extracellular signal-related kinase (Erk1/2), 

SB203580, an inhibitor of p38MAPK, Nω-nitro-L-arginine methyl ester (L-NAME), an inhibitor 

of nitric oxide synthase-2 (NOS2), the combination of PDTC, PD98059 and SB203580, and 

genistein, an inhibitor of Janus-associated protein tyrosine kinase (JAK). After 4 and 24 h of 

incubation of HCONT with STIIR and IL-6, CYP1A2 activity was reduced without changes in 

expression; the reduction in activity was partially prevented by the inhibition of JAK, Erk1/2, 

and NOS2. In HCONT, STIIR and IL-6 did not affect CYP3A6 activity; however, PDTC reduced 

CYP3A6 activity by 40 and 80% after 4 and 24 h of incubation. In HTIIR, STIIR and IL-6 reduced 

both CYP1A2 and CYP3A6 activities; this decrease is partially prevented by inhibitors of 

protein tyrosine kinases, Erk1/2, and NOS2. In HTIIR, SB203580 increased CYP3A6 activity 

dose-dependently without changes in protein expression. These results show that the signal 

transduction pathways mediating the decrease in CYP1A2 and 3A6 activity, produced by STIIR 

and IL-6, involve JAK, Erk1/2 and NOS2. 
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There is considerable evidence that in humans an inflammatory reaction can diminish the 

activity of the cytochrome P450 superfamily (P450). The first documented observation reported 

that an upper respiratory viral infection in asthmatic children increased theophylline plasma 

concentrations and half-life (Chang et al., 1978). Actually, numerous reports have documented 

that influenza infections reduce the rate of biotransformation of theophylline and other drugs 

(Cheng and Morgan, 2001; Renton, 2001). Moreover, bacterial respiratory infections, as well as 

chronic obstructive lung disease, reduce the ability of the organism to clear xenobiotics (Sonne et 

al., 1985). Other causes of inflammation, such as elective surgery, reduce the activity of 

CYP3A4 (Haas et al., 2003). Using animal models, it has been shown that various models of 

inflammation, such as the injection of lipopolysaccharide (LPS), turpentine, and carrageenan 

depress the activity of the P450 (Cheng and Morgan, 2001; Renton, 2001). 

Already in 1978, the decrease in theophylline clearance was attributed to the down-regulation 

of P450 isoforms (Renton, 1978). Since then, many reports have confirmed that an inflammatory 

reaction triggers the release of proinflammatory mediators, e.g. IL-6, IL-1β, IFN-γ among others, 

which will cause a transcriptional down-regulation of P450 genes and posttranscriptional 

reductions in enzyme expression (Riddick et al., 2004).  Actually, it is known that in vivo and in 

vitro the down-regulation of P450 isoforms is preceded by a decrease in activity which is 

mediated primarily by IL-6, IL-1β and IFN-γ (El-Kadi et al., 1997; Bleau et al., 2000; Barakat et 

al., 2001). This post-translational reduction in P450 activity is still not well understood, but has 

been associated to reversible inhibitory effects of reactive oxygen species (ROS) and nitric oxide 

(NO•) (Takemura et al., 1999; El-Kadi et al., 2000), and implicates the activation of extracellular 

signal-related kinases (Erk1/2) and protein kinase C (PKC) (Levitchi et al., 2004). 
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 It is actually emerging that the effect of an inflammatory reaction on P450 activity is 

enzyme-selective. Several reasons underlay such specificity: a) the serum mediators released by 

inflammation, e.g. cytokines, down-regulate the expression of P450 isoforms differentially 

(Morgan et al., 2001; Renton, 2001), b) the factors regulating the expression of P450 isoforms 

show a relative specificity (Handschin and Meyer, 2003), and c) the effect of known inhibitors of 

P450 activity, such as NO•, is enzyme specific (Vuppugalla and Mehvar, 2004).  

 The aim of the present study was to understand the differential effect of serum from rabbits 

with a turpentine-induced inflammatory reaction (STIIR) and IL-6 on the catalytic activity of 

CYP1A2 and CYP3A6, and the signal transduction pathways modulating such activity, in 

hepatocytes in primary culture from control rabbits (HCONT) and hepatocytes from rabbits with a 

turpentine-induced inflammatory reaction (HTIIR) after 4 and 24 h of incubation.  

 

  

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2005 as DOI: 10.1124/dmd.105.006528

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #6528 

 6

Material and methods 

Production of the aseptic inflammatory reaction. Male New Zealand Rabbits (2.2-2.5 kg) 

from  the Ferme Charles Rivers (St. Constant, Québec, Canada) were housed in separate cages 

and fed water and chow ad libitum for at least 7 days before use. A local inflammatory reaction 

was induced by means of the subcutaneous injection of 2.5 ml of turpentine at two sites of the 

back of the rabbits. All the experiments were conducted according to the Canadian Council on 

Animal Care guidelines for use of laboratory animals. 

Primary rabbit hepatocyte culture. Forty eight hours after the injection of turpentine, a 

blood sample (20 ml) was withdrawn in a sterile Vacutainer Brand SST (Becton Dickinson, 

Mississauga, ON, Canada) from the central artery of the ear, and the hepatocytes were isolated 

according to a two step liver perfusion method, with minor modifications (El-Kadi et al., 1997). 

Rabbits were anesthetized with sodium pentobarbital 30 mg/kg, and after a middle laparotomy, 

the portal and inferior cava veins were cannulated. The liver was perfused in situ via the portal 

vein with a washing solution: NaCl 115 mM, KCl 5 mM, KH2PO4 1 mM, HEPES 25 mM, 

EGTA 0.5 mM, glucose 5.5 mM and heparin 56.8 mg/ml, followed by a perfusion of a solution 

of 0.013% collagenase, CaCl2 (1 mM) and trypsin inhibitor (0.25 mM). Harvested cells were 

centrifuged on a 40% Percoll gradient to isolate viable hepatocytes. Viability was always greater 

than 90% as assessed by trypan blue exclusion. Thereafter, hepatocytes (2x106 in 2 ml of DMEM 

supplemented with 10% calf serum) were plated in 12- and 24-well plastic culture plates (Falcon, 

Becton Dickinson Labware, Rutherford, NJ, USA) coated with type I rat tail collagen.   

Blood samples were allowed to clot at room temperature for 3 h, centrifuged at 2500 r.p.m. 

for 5 min, and the serum was decanted and stored frozen at -80°C in 1 ml aliquots until use. 
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When samples are handled as described, serum mediators conserve their activity for up to 12 

months (El-Kadi et al., 1997). 

Signal transduction pathways modulating CYP1A2 and CYP3A6 activities. To assess 

the mechanisms underlying the decrease in hepatocyte’s CYP1A2 and 3A6 activities caused by 

STIIR and IL-6, inhibitors of protein tyrosine kinases, mitogen activated protein kinases (MAPK), 

NF-κB transcription and nitric oxide synthase were used: a) genistein (4',5,7-

trihydroxyisoflavone; 90 µM), an non-specific inhibitor of Janus-associated protein tyrosine 

kinase (JAK), b) PD98059 (10 µM), an inhibitor of extracellular signal-related kinase 1/2 

(Erk1/2 or p42/44MAPK), c) SB203580 (25 µM), a specific inhibitor of p38MAPK, d) 

pyrrolidine dithiocarbamate (PDTC; 10 µM), an antioxidant that inhibits NF-κB transcription by 

scavenging ROS and/or by inhibiting ubiquitin ligase and so impeding phosphorylated IκBα 

activation, and e) Nω-nitro-L-arginine methyl ester (L-NAME; 1 mM), an inhibitor of nitric 

oxide synthase (NOS) and NO• production. Genistein, PD98059 and SB203580 were dissolved 

in dimethyl sulfoxide (DMSO), and pyrrolidine dithiocarbamanate and L-NAME in NaCl 0.9%, 

and 5 µl of the solutions were added to the hepatocytes in primary culture. The concentrations of 

DMSO in the cell culture were always <1%.  

Harvested hepatocytes were plated in 12-well plastic culture plates, the medium was changed 

2 h after plating and the inhibitors were added. Following a 30 min preincubation of the 

inhibitors with the hepatocytes, 200 µl aliquots of rabbit's serum were added to HCONT and HTIIR, 

and further incubated for 4 and 24 h. Since IL-6 is the serum mediator responsible for the 

decrease in cytochrome P450 activity in rabbits with a turpentine-induced inflammatory reaction 

(Bleau et al., 2000), recombinant IL-6 (20 ng) was incubated with HCONT and HTIIR for 4 and 24 h, 
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and CYP1A2 and 3A6 activities were determined. The effect of sodium nitroprusside (SNP; 1 

mM) on CYP1A2 and 3A6 activities was used as a positive control.  

In preliminary experiments, we confirmed by conventional phase-contrast light microscopy 

that incubation of HCONT and HTIIR with serum, IL-6 and the various inhibitors for 4 and 24 hours 

does not modify the monolayer of hepatocytes and the polygonally shaped cells, suggesting that 

viability of HCONT and HTIIR is not affected by the experimental conditions. 

CYP1A2 activity. CYP1A2 activity was determined measuring the concentration of 

resorufin formed by the O-demethylation of methoxyresorufin (MROD) (Van Vleet et al., 2002). 

After 4 and 24 h of incubation, growth media was removed, the hepatocytes were washed twice 

with 300 µl of Krebs solution, and 3.3 µM MROD in 300 µl of Krebs solution were then added 

into each well. Following a 10 min incubation period at 37° C, 100 µl of supernatant were 

transferred to a 96-wells fluorescent plate containing 67 µl of a perchloric acid/glycine solution 

and 33 µl of 5.4% K2CO3. Production of resorufin was measured fluorimetrically at excitation 

and emission wavelengths of 530 and 584 nm, respectively, with a fluorescent plate reader 

(Wallac Victor2 1420 Multilabel Counter, Perkin Elmer). 

CYP3A6 activity. The activity of CYP3A6 was assessed measuring the ability of the 

hepatocytes to convert 3,4-difluorobenzyloxy-5,5-dimethyl-4-(4-methylsulfolyn phenyl)-(5H)-

furan-2-one (DFB), a CYP3A substrate, to 3-hydroxy-4-(4-methylsulfonyl phenyl)-(5H)-furan-2-

one (DFH), its fluorescent metabolite (Levitchi et al., 2004). After 4 and 24 h of incubation, the 

growth media was removed, and hepatocytes were washed twice with 300 µl of Krebs solution. 

Then, 300 µl of DFB (60 µM)/Krebs mixture were added to each well for a 20 min incubation at 

37° C. Thereafter, 100 µl of supernatant were transferred to a 96-wells fluorescent plate 

containing 100 µl of Tris buffer/acetonitrile solution (0.05 M/40%). DFH was measured at 
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excitation and emission wavelengths of 360 and 440 nm, respectively, with a fluorescent plate 

reader (Wallac Victor2 1420 Multilabel Counter, Perkin Elmer). 

Measurement of NO•. Nitric oxide was determined by measuring the nitrite and nitrate in 

the culture media using a colorimetric method based on the Griess reaction (Nims et al., 1996). 

To reduce the nitrate, the samples were incubated at 37° C in the presence of 0.1 U/ml nitrate 

reductase, 50 µM NADPH and 5 µl FAD. To avoid any interference with the determination of 

nitrite, NADPH was oxidized by incubating the samples with 10 U/ml lactate dehydrogenase and 

10 mM sodium pyruvate for 5 min at 37° C. Because premixed Griess reagent results in an 

incomplete azo-dye formation at exposure to light and pH>1, the following steps were observed: 

the samples were cooled at 4° C, and sulphanilamide 1 mM, HCl 0.1 M, and naphthylethylene-

diamine 1 mM were added. NO• was measured at 540 nm with a fluorescent plate reader (Wallac 

Victor2 1420 Multilabel Counter, Perkin Elmer). 

Expression of CYP1A2 and 3A6 proteins. Protein content in cells was measured by the 

method of Lowry et al. (Lowry et al., 1951). Following 4 and 24 h of incubation, the expression 

of CYP1A1/2 and CYP3A6 proteins in the hepatocytes was assessed by Western blot analysis as 

described elsewhere (Bleau et al., 2000; Levitchi et al., 2004). Proteins (50 µg) were separated 

by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5% 

polyacrylamide). Thereafter, proteins were transferred by electrophoresis to a nitro-cellulose 

membrane using the Mini Trans-Blot Electrophoretic Transfer System (Bio-RAD). CYP3A6 

protein was detected with a monoclonal anti-rat CYP3A1 with cross-reactivity to rabbit’s 

CYP3A6, and a horse-radish peroxidase-conjugated secondary antibody. Chemiluminiscence 

was visualized by autoradiography. CYP1A2 proteins were detected with polyclonal anti-rabbit 

CYP1A1 and visualized with an alkaline phosphatase conjugated secondary goat antibody using 
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blue tetrazolium as the substrate. As reference protein, in each gel, 50 µg of proteins extracted 

from the same set of HCONT with the constant amount of CYP1A2, and CYP3A6 were used. The 

assays were linear in the range of protein amounts assessed under the actual experimental 

conditions and the results are presented as a ratio of the P450 isoform to the reference protein. 

Band intensities were measured with a software Un-Scan-It-Gel (Silk Scientific, Orem, UT). 

Data are presented as arbitrary values of densitometry for each sample over that of the reference 

protein. 

Immunoprecipitation and nitrotyrosine-containing proteins. Protein content in cultured 

hepatocytes was determined by the method of Lowry et al. (Lowry et al., 1951) and diluted to 

obtain a 10 mg/ml concentration in a final volume of 150 µl and immunoprecipitation was 

performed according to manufacturer’s instructions. Samples were centrifuged at 12000 rpm at 

4° C for 10 min, the supernatant was transferred into an Eppendorf tube and 10 µl (1:15 dilution) 

of the primary antibody was added to each sample, e.g. a monoclonal anti-rat CYP3A1 with 

cross-reactivity to rabbit’s CYP3A6 or a polyclonal anti-rabbit CYP1A1. Thereafter, the tubes 

were maintained at 4° C for 24 h with constant agitation. In the meantime, 80 µl of Protein A-

Sepharose were washed twice with 80 µl of lysis buffer (KH2PO4 20 mM and K2HPO4 80 mM at 

pH 7.4), centrifuged at 4000 rpm for 1 min, the supernatant discarded and the pellet diluted (1:1 

dilution) with lysis buffer. Following 24 h incubation of samples with a monoclonal anti-rat 

CYP3A1 with cross-reactivity to the rabbit CYP3A6 or a polyclonal anti-rabbit CYP1A1, lysis 

buffer containing Protein A-Sepharose was added to the samples to obtain 20 µl of Protein A-

Sepharose per 10 µl of antibody. The samples containing the Protein-A-Sepharose were 

maintained for 24 h at 4°C with constant agitation, and centrifuged at 4000 rpm for 1 min, and 

finally washed with the lysis buffer (1:2 dilution) five times. Thereafter, the supernatant was 
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aspirated and 50 µl of β-mercapto ethanol/Laemmli buffer (5/45) were added to each sample; 

after mixing, the samples were heated for 3 min at 100°C and centrifuged at 4000 rpm for 1 min. 

Proteins were separated by SDS-PAGE (7.5% of polyacrylamide), and transferred to a nitro-

cellulose membrane using the Mini Trans-Blot Electrophoretic Transfer System (Bio-RAD). 

Tyrosine nitration of CYP1A1/2 and 3A6 proteins was determined by adding the rabbit anti-

nitrotyrosine antibody (1:1000 dilution) and a goat anti-rabbit HRPO (1:4000 dilution). 

Chemiluminiscence was visualized by autoradiography. 

To identify protein tyrosine nitration of P450 isoforms, the same nitro-cellulose membranes 

were washed 4 times (10 min each time) with TBS-T (10 mM of TRIS-HCl, 150 mM of NaCl, 

0.1% of Tween 20 at pH 8.0), and incubated overnight at 4°C with a monoclonal anti-rat 

CYP3A1 with cross-reactivity to the rabbit CYP3A6 or a polyclonal anti-rabbit CYP1A1, and 

P450 proteins were detected with a horse-radish peroxidase-conjugated secondary antibody. 

Chemiluminiscence was visualized by autoradiography .  

Immunoblot analysis of Erk1/Erk2. HTIIR were incubated with rabbit’s serum in absence 

and in presence of the inhibitors. Protein extracts were prepared by homogenization of 

hepatocytes in lysis buffer. Equal amounts of protein were resolved by SDS–PAGE and 

transferred to nitrocellulose membranes which were blocked in TBS, 0.1% Tween 20, 5% non-

fat dried milk, and probed with antibody SM6 (1:1000 dilution), which recognizes Erk1 and Erk2 

isoforms, 2 h at room temperature (Meloche, 1995) or anti-phospho-p38 (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA) overnight at 4° C. To control for protein loading, the blot 

was stripped and reprobed with anti-β-actin (1:10,000 dilution). We also used an Erk2 N-

terminal-specific polyclonal antibody (AB3055; Chemicon) to confirm the absence of expression 

of N-terminal fragments of Erk2. The anti-Erk1/2 phosphothreonine-183, phosphotyrosine-185 
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(pTpY Erk1/2) E10 monoclonal antibody (Cell Signalling Technology, Meverly, MA) was 

diluted 1:1000 according to manufacturer's instructions. 

 Materials. Percoll gradient, William's medium E, calf serum, type I rat tail collagen, trypsin 

inhibitor, NaCl, KCl, KH2PO4, EGTA, glucose, genistein, PDTC, SNP, and L-NAME were 

purchased from Sigma Chemicals (Sigma, St. Louis, MO, USA), insulin, nitrate reductase, 

lactate dehydrogenase and sodium pyruvate from Boehringer Mannheim Biochemica (Mannheim, 

Germany). Collagenase A was acquired from Worthington Biochemical Corp. (Lakewood, NJ, 

USA). The 12- and 24-Well plastic culture plates were obtained from Falcon, Becton Dickinson 

Labware, (Rutherford, NJ, USA), turpentine from Recochem (Montréal, Québec). Phloretin, 

PD98059, SB203580 and hrIL-6 were purchased from Calbiochem-Novabiochem Corp. (La 

Jolla, CA, USA). Polyclonal anti-rabbit CYP1A1 and monoclonal anti-rat CYP3A1 were from 

Oxford Biochemical Research (Oxford, MI, USA). DFB and DFH were gracefully provided by 

Merck Frosst Canada (Kirkland, Québec, Canada). 

 Statistical analysis. All results are reported as mean ± s.e. Comparison of results from the 

various experimental groups and their corresponding controls was carried out using a one way 

analysis of variance (ANOVA) followed by the Student-Newman-Keuls test for all pair-wise 

comparisons of the mean responses among the different treatment groups. Since baseline values 

of CYP1A2 and 3A6 activity and the effect of the sera on CYP activity varied according the 

intensity of the turpentine-induced inflammatory reaction, the effect of STIIR is presented as 

percent change by reference to the normalized effect of serum from control rabbits (SCONT) 

which is corrected by baseline activity. The differences were considered significant when p<0.05. 
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Results 

CYP1A2 activity in HCONT.  Incubation of HCONT with SCONT for 4 h did not affect CYP1A2 

activity. On the other hand, incubation of HCONT with STIIR reduced CYP1A2 activity by 11% 

(p<0.05, n=6), decrease that was not prevented by the pre-incubation of HCONT with PDTC, 

PD98059, L-NAME or genistein (Fig. 1). After 4h of incubation, SNP reduced CYP1A2 activity 

by around 50% (p<0.05; Table 1). Incubation of HCONT with STIIR for 24 h diminished CYP1A2 

activity by 17% (p<0.05, n=6); the reduction in CYP1A2 activity was partially prevented by pre-

incubation with PD98059, L-NAME and genistein (Fig. 1).  

Incubation of IL-6 with HCONT for 4 and 24 h reduced CYP1A2 activity by 15 and 28%, 

respectively (p<0.05, n=3; Table 1). The decrease of CYP1A2 activity was partially prevented 

by PDTC, PD98059, L-NAME and genistein (data not shown). When HCONT were incubated for 

4 and 24 h with STIIR or IL-6 and SB203580 (Fig. 1), alone or combined with PDTC and 

PD98059 (3X in Fig. 1), CYP1A2 activity was reduced by 30-40% (p<0.05). 

Incubation of SCONT and STIIR with HCONT for 24 h did not affect the expression of CYP1A1/2 

(Fig. 2, panel A, n=3). Pre-incubation of STIIR or IL-6 with SB203580, alone or in combination 

with PDTC and PD98059, did not modify the expression of CYP1A1/2 in HCONT (data not 

shown). 

CYP1A2 activity in HTIIR.  In HTIIR, CYP1A2 activity was lower than in HCONT, e.g. 1905 ± 

253 vs 9363 ± 578 arbitrary fluorescence units (p<0.05; Table 1). Incubation of HTIIR with SCONT 

for 4 and 24 h did not affect CYP1A2 activity, although, STIIR reduced CYP1A2 activity by 

around 25% (p<0.05, n=10; Fig. 3). This reduction in CYP1A2 activity was partially prevented 

by PDTC, PD98059, L-NAME or genistein after 24 h of incubation. In HTIIR, SNP reduced 

CYP1A2 activity by 13% and 31%, respectively, after 4 and 24 h of incubation, (p<0.05, n=10; 
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Table 1). The incubation of HTIIR with IL-6 for 24 h decreased CYP1A2 activity by 9% (p<0.05, 

n=7; Table 1), reduction prevented by PDTC, PD98059, L-NAME and genistein (data not 

shown).  

As observed in HCONT, pre-incubation of HTIIR with SB203580 (Fig. 3), alone or combined 

with PDTC and PD98059 (3X in Fig. 3), and STIIR or IL-6 reduced the activity of CYP1A2 by 

35-45% (p<0.05). The reduction in CYP1A2 activity elicited by SB203580 was dose-dependent, 

e.g. predicted Emax = −60% and EC50 = 22 µM (Fig. 4).  

In HTIIR the expression of CYP1A2 was 40% the amount measured in HCONT (p<0.05, n=3; 

Fig. 2, panel A). Incubation of HTIIR with STIIR for 24 h elicited minimal effects on the expression 

of CYP1A2 (Figure 2, panel A), and the presence of PDTC, PD98059, SB203580, alone or in 

combination with PDTC and PD98059 (3X in Fig. 2), L-NAME and genistein did not affect 

CYP1A1/2 expression (Figure 2, panel C). 

CYP3A6 activity in HCONT. Incubation of HCONT with SCONT, STIIR and IL-6 for 4 and 24 h 

did not affect CYP3A6 activity. One the other hand, when HCONT and STIIR or IL-6 were 

incubated in presence of PDTC for 4 and 24 h, CYP3A6 activity decreased by around 50% 

(p<0.05, n=5; Fig. 1). Interestingly, when HCONT was incubated for 24 h with STIIR or IL-6 

combined with SB203580, CYP3A6 activity increased by 46% (p<0.05, n=5; Fig. 1) and 30% 

(p<0.05, n=4; data not shown), respectively. Incubation of SNP with HCONT for 4 and 24 h 

reduced CYP3A6 activity by around 80% (p<0.05, n=5; Table 1).  

The expression of CYP3A6 in HCONT was not affected by the 24 h incubation with SCONT, 

STIIR (Fig. 2, panel A) and IL-6 (data not shown) alone or combined with PDTC, PD98059, 

SB203580, L-LNAME, the combination of PDTC, PD98059 and SB203580, and genistein (Fig. 

2, panel B).  
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CYP3A6 activity in HTIIR. CYP3A6 activity was not altered by the incubation of HTIIR with 

SCONT, but STIIR diminished its activity by 18% (p<0.05; n=9; Fig. 3) after 4 h of incubation; this 

reduction was prevented by PDTC, and partially prevented by L-NAME and genistein. When the 

incubation of HTIIR with STIIR was prolonged to 24 h, CYP3A6 activity was reduced by 14% 

(p<0.05, n=8; Fig. 3); this decrease was prevented by PDTC, PD98059, L-NAME and genistein. 

SNP reduced CYP3A6 activity by 53% and 68%, following 4 and 24 h of incubation, 

respectively (p<0.05; Table 1). 

CYP3A6 activity increased by 200% and 500% (p<0.05) when HTIIR were incubated with 

STIIR and SB203580, alone or combined with PDTC and PD98059, for 4 h and 24 h, respectively 

(Fig. 3) The increment in CYP3A6 activity elicited by SB203580 was directly associated wih the 

dose (r²=0.97, p<0.013) and at the greatest dose of SB203580 tested (100 µM), CYP3A6 activity 

was enhanced more than ten fold (Fig. 4).  

Following 4 and 24 h of incubation, IL-6 produced a modest decrease in CYP3A6 activity in 

HTIIR (p<0.05, n=6; Fig. 5), effect prevented by PDTC, PD98059, L-NAME and genistein. In 

presence of SB203580, IL-6 enhanced the activity of CYP3A6 by 400 and 800% following 4 and 

24 h of incubation, respectively (p<0.05, n=6; Fig. 5).  

In HTIIR the expression of CYP3A6 was 20% of that measured in HCONT (Fig. 2, panel A). 

Incubation of HTIIR with STIIR (Fig. 2, panel C) and IL-6 (data not shown) for 24 h tended to 

reduce CYP3A6 expression by 30% (p=0.071, n=3). This trend was almost completely prevented 

by the incubation of STIIR with PDTC, PD98059, SB203580 combined with PDTC and PD98059, 

and genistein (Fig. 2, panel C). 

Production of nitric oxide (NO•). Incubation of STIIR and IL-6 with HCONT for 4 and 24 h 

increased the concentration of NO• in the supernatant (p<0.05, n=6). This effect was partially 
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prevented by PDTC, PD98059, L-NAME and genistein (Table 2). Pre-incubation of HCONT with 

SB203580 potentiated the increase in NO• produced by STIIR and IL-6 (p<0.05, n=6). Although, 

when SB203580 was combined with PDTC and PD98059, STIIR and IL-6 did not enhance NO• 

concentrations, in fact they were lower than those measured in HCONT incubated with STIIR and 

IL-6 (p<0.05, n=6). Incubation of HCONT with SNP alone for 4 and 24 h increased NO• by almost 

200% (p<0.05, n=6; Table 2).  

In the supernatant of HTIIR, baseline concentrations of NO• were about two fold those 

measured in HCONT (p<0.05). Incubation of STIIR with HTIIR for 4 and 24 h increased the 

concentration of NO• in the supernatant by 37 and 47% (p<0.05, n=9). This effect was partially 

prevented by PDTC, PD98059, L-NAME and genistein (Table 2). The presence of SB203580 

alone or combined with PDTC and PD98059 did not modify the increase in NO• concentrations 

elicited by STIIR. The incubation of HTIIR with IL-6 did not increase NO• concentration. 

Incubation of HTIIR with SNP alone for 4 and 24 h increased NO• by around 100% (p<0.05, n=5). 

Protein tyrosine nitration and activation of Erk1/2. Nitrotyrosine formation was barely 

detectable in HCONT and HTIIR after 24 h of incubation with saline (Fig. 6, panel A). In HCONT, 

SCONT and STIIR activated protein tyrosine nitration and none of the inhibitors was able to prevent 

the tyrosine nitration induced by STIIR. However, in HTIIR, L-NAME and genistein partially 

prevented the protein nitrotyrosine formation induced by STIIR (Fig. 6, panel B). 

Immunoprecipitation of CYP1A2 and CYP3A6 confirmed that both SCONT and STIIR cause the 

nitration of tyrosine residues of CYP3A6, and to a minor extent of CYP1A1/2 (Fig. 6, panels A 

and B).  

Following 24 h of incubation, phosphorylated Erk1/2 (pTpY Erk1/2) was not detected in 

HCONT (data not shown) but was apparent in HTIIR (Fig. 7). Compared with HTIIR alone, SCONT and 
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STIIR tended to enhance pTpY Erk1/2 by around 40% (p>0.05; n=3); Fig. 7, panel A); this 

increase was partially prevented by PD98059 and genistein. On the other hand, when STIIR was 

incubated in presence of SB203580, the increase in pTpY Erk1/2 was around 60% greater than 

with STIIR alone (p<0.05; n=3); although when SB203580 was combined with PD98059 and 

PDTC, compared with STIIR, the increase in pTpY Erk1/2 did not reach statistical significance 

(n=3; Fig. 7, panel A).  

By comparison with HTIIR alone, the presence of IL-6 produced a non-significant (≈ 40%) 

increase in pTpY Erk1/2 (lanes 1 and 3); this effect was prevented by PD98059, L-NAME and 

genistein (n=3; Fig. 7, panel B). Incubation for 24 h of IL-6 with HTIIR in presence of SB203580 

increased pTpY Erk1/2 (p<0.05, n=3; Fig. 7, panel B, lane 6).  
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Discussion 

This study demonstrates that the regulation of CYP1A2 activity differs from that of CYP3A6 

in HCONT and in HTIIR in a variety of aspects. Firstly, in HCONT, CYP1A2 activity is reduced by 

STIIR and IL-6, after 4 and 24 h of incubation, without changes in protein expression. The 

reduction in CYP1A2 activity is partially prevented by PDTC, PD98059, L-NAME and genistein. 

In contrast, in HCONT, STIIR and IL-6 do not affect CYP3A6 activity, however PDTC reduces and 

SB203580 enhances its activity. In HTIIR, after 4 and 24 h of incubation, STIIR and IL-6 reduce the 

activity of CYP1A2 without changing its protein expression. However, after 24 h of incubation 

with HTIIR, STIIR reduced CYP3A6 activity and tended to decrease its expression. The reduction 

of CYP1A2 and 3A6 activities by STIIR and IL-6 is partially prevented by inhibitors of protein 

tyrosine kinases, Erk1/2, and NOS2, and by PDTC. Diverging from the results obtained with 

HCONT and from CYP1A2, in HTIIR PDTC does not reduce CYP3A6 activity, although SB203580 

enhances CYP3A6 activity three to seven fold.  

 The decrease in CYP1A2 activity produced by STIIR is likely due to IL-6 (Bleau et al., 2000). 

IL-6 regulates the acute phase response to injury by binding to membrane receptor containing the 

signal transducing receptor chain glycoprotein 130. Signal transduction involves the activation of 

JAK family members leading to a) the activation of transcription factors of the signal transducers 

and activators of transcription (STAT) family, b) the Ras-Raf-MAP3K pathway, with 

downstream activation of Erk1/2, c) the stress-activated members p38MAPK and c-Jun N-

terminal kinase (JNK), and d) the PI 3K-Akt pathway (Heinrich et al., 2003). Incubation of STIIR 

with HTIIR for 4 and 24 h reduces CYP1A2 activity in absence of CYP1A1/2 expression changes, 

by means of a post-translational mechanism. Both STIIR and IL-6 increase Erk1/2 

phosphorylation, and the reduction of CYP1A2 activity is partially prevented by genistein, 
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PD98059, PDTC and L-NAME. These results are in agreement with the signal transduction 

pathways activated by IL-6 (Heinrich et al., 2003).  

 Following an inflammatory aggression of aseptic (turpentine) or septic (LPS) nature, the in 

vivo and in vitro decrease in P450 activity has been associated with the production of NO• 

(Takemura et al., 1999; El-Kadi et al., 2000; Barakat et al., 2001; Ferrari et al., 2001). In the 

current study, incubation of HCONT and HTIIR with STIIR and IL-6 increased NO• concentrations. 

Several mechanisms may contribute to the increase of NO• by STIIR and IL-6. Firstly, by 

activating the transcription factors STAT and AP-1, IL-6 increases NOS expression and NO• 

production in less than 4 h (Kleinert et al., 2004). Secondly, the increase in ROS triggered by the 

turpentine-induced inflammatory reaction (Proulx and du Souich, 1995) can induce the formation 

of NO• by means of the cooperative effects of PI 3-K/Akt- and Erk1/2-dependent activation of 

NOS (Cai et al., 2003). Finally, ROS by activating Erk1/2 can increase the formation of NO• in 

the matter of minutes due to an enhanced transport of L-arginine into the cell (Flores et al., 2003).  

 In agreement with the mechanisms listed above, preincubation of hepatocytes with PDTC, 

PD98059, the combination of PDTC, PD98059 and SB203580, and genistein, before the addition 

of STIIR and IL-6, partially prevented the increase in NO• and the reduction in CYP1A2 and 3A6 

activity. The involvement of NO• in the STIIR- and IL-6-induced reduction of CYP1A2 and 3A6 

activity is further supported by the ability of sodium nitroprusside to reduce the activity of these 

isoforms. However, NO• cannot account for the complete reduction of CYP1A2 and 3A6 activity 

because the experimental conditions that prevented the increase in NO•, for instance PDTC, 

PD98059 and genistein in presence of IL-6, do not restore completely CYP1A2 and 3A6 activity. 

Moreover, L-NAME does not prevent completely the reduction of CYP1A2 and 3A6 activity. 

The current results agree with Nicholson et al. who concluded that, besides NO•, there are other 
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mechanisms contributing to the lipopolysaccharide-induced decrease in CYP1A1/2 activity, 

conclusion reached because the reduction in activity was only partially prevented by the 

inhibition of NOS (Nicholson et al., 2004). There is evidence that ROS are also involved in the 

reduction of P450 activity, since in vitro hydrogen peroxide (H2O2) reduces dose-dependently 

CYP1A2 activity, and the antioxidants N-acetylcysteine and dimethylthiourea prevent dose-

dependently, but incompletely, the decrease of CYP1A2 activity produced by STIIR (El-Kadi et al., 

2000). Moreover, in vivo, the antioxidant U74389G prevents the decrease in CYP1A2 activity 

produced by the turpentine-induced inflammatory reaction (Galal and Souich, 1999).  

In HCONT but not in HTIIR, SB203580 potentiated the increase in NO• production induced by 

STIIR and IL-6. This observation may be explained taking into account that inhibition of 

p38MAPK by SB203580 activates Erk1/2 which shall increase NF-κB and AP-1 nuclear 

translocation (Birkenkamp et al., 2000), known inducers of NOS (Kleinert et al., 2004). 

Supporting this hypothesis is the fact that when STIIR and IL-6 were incubated with SB203580 

combined with PD98059, which inhibits Erk1/2, and PDTC, an antioxidant that blocks NF-κB 

translocation, the increase in NO• was prevented.  

The mechanism underlying the decrease in CYP1A2 and CYP3A6 activities by NO• remains 

unclear. The decrease in activity may be due to binding of NO• to the heme prosthetic group 

(Minamiyama et al., 1997). In addition, NO• may interact with sulfhydryl groups of cysteine 

amino acid residues in P450 enzymes, forming reversible S-nitrosothiols (Minamiyama et al., 

1997). Irreversible nitration of tyrosine residues positioned at the active site of the enzyme may 

be another mechanism contributing to the decrease in CYP1A2 and 3A6 activities (Roberts et al., 

1998). Tyrosine nitration of CYP1A2 and CYP3A6 was observed after 4 and 24 h of incubation 

with both SCONT and STIIR, suggesting that tyrosine nitration is not responsible for the decrease in 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 4, 2005 as DOI: 10.1124/dmd.105.006528

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #6528 

 21

CYP1A2 and 3A6 activities elicited by STIIR and IL-6. As a consequence, we postulate that the 

inhibition of CYP1A2 and 3A6 by STIIR and IL-6 is associated with the binding of NO• to heme; 

similar mechanism was proposed to explain P450 inhibition by LPS (Takemura et al., 1999) and 

sodium nitroprusside (Vuppugalla and Mehvar, 2004).  

In HCONT, PDTC potentiated the decrease of CYP3A6 activity elicited by STIIR and IL-6, 

despite a decrease in NO•. In contrast, the STIIR- and IL-6-induced decrease of CYP1A2 activity 

was not affected by PDTC. The decrease in CYP3A6 activity, in absence of CYP3A6 expression 

changes, produced by PDTC was apparent after 4 h of incubation, suggesting that PDTC effect is 

associated with its antioxidant properties. This hypothesis is indirectly supported by the fact that 

antioxidants, such as resveratrol, polyphenols, isoflavans, quercetin, and ginsenoids are potent 

inhibitors of CYP3A4 activity (Muto et al., 2001; Kent et al., 2002; Piver et al., 2003). Further 

studies are required to elucidate how antioxidants may affect CYP3A6 activity but not that of 

CYP1A2.  

Incubation of HTIIR with STIIR for 24 h did not effect CYP1A1/2 expression but reduced the 

expression of CYP3A6 by around 30%, and even if the decrease in expression was not 

statistically significant it may have contributed to the decrease in CYP3A6 activity. The decrease 

in CYP3A6 expression was reverted by the pre-incubation on HTIIR with PDTC and PD98059. It 

has been shown that activation of NF-κB by LPS, IL-1β and TNF-α leads to the suppression of gene 

expression and down-regulation of CYP1A1 and CYP2C11 (Iber et al., 2000; Ke et al., 2001). 

Unpublished results from this laboratory show that STIIR or IL-6 do not activate NF-κB nuclear 

translocation, results that are in agreement with the observation that the down-regulation of 

CYP2C11 produced by IL-6 is not mediated by NF-κB (Iber et al., 2000). Altogether, the down-

regulation of CYP3A6 appears NF-κB independent but mediated by Erk1/2 and ROS. 
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The incubation of HCONT and HTIIR with SB203580, alone or combined with PDTC and 

PD98059, potentiated the effect of STIIR and IL-6 on the decrease in CYP1A2 activity without 

changes in its expression. The reduction of CYP1A2 activity by SB203580 is dose-dependent 

with an IC50 of 21 µM and a predicted maximal inhibition of 73%. Two mechanisms may 

contribute to the decrease in CYP1A2 activity. SB203580 is a pyridinylimidazole analogue and 

as such it inhibits the activity of recombinant CYP1A2 (Adams et al., 1998). On the other hand, 

in HCONT, SB203580 increased NO• concentration by around 25%, and that may have contributed 

to the decrease in CYP1A2 activity.  

When HTIIR were incubated with STIIR or IL-6 and SB203580, CYP3A6 activity was three 

and seven fold greater than control values after 4 and 24 h of incubation, respectively, without 

changes in protein expression, e.g. compared with HTIIR incubated with STIIR. Moreover, 

SB203580 increased dose-dependently CYP3A6 activity ten fold. The mechanism underlying the 

increase in CYP3A6 activity by SB203580 remains unknown. Increases in CYP3A6 activity by 

SB203580 of such amplitude point to a mechanism related to the rate limiting steps of P450 

catalytic cycle, e.g. step 2, electron transfer by nicotinamide adenine dinucleotide (NADPH) via 

NADPH-cytochrome P450 reductase, and step 4, electron transfer by cytochrome b5 (Guengerich, 

1999; Backes and Kelley, 2003). SB203580 could elicit a heterotropic cooperativity with DFB 

used to measure CYP3A6 activity (Guengerich, 1999). Three facts argue against a cooperativity 

phenomenon, e.g. the magnitude of the increase in activity, e.g. 1000%, the increase of activity 

of CYP3A6 was greater after 24 h than after 4 h of incubation, and the increase in CYP3A6 

activity was much greater in primed hepatocytes (HTIIR) than in control hepatocytes (HCONT). 

Further studies are required to elucidate how p38MAPK inhibition by SB203580 modulates the 
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activity of CYP3A6, because of the interest of p38MAPK inhibitors as modulators of the 

inflammatory reaction in humans (Parasrampuria et al., 2003). 

In conclusion, the present study demonstrates that in the turpentine-induced inflammatory 

reaction, the reduction of CYP1A1/2 and CYP3A6 activity by STIIR and IL-6 is partially 

prevented by inhibitors of protein tyrosine kinases, Erk1/2, and NOS2 and PDTC. In addition, 

this study emphasizes that the effect of STIIR and IL-6 is model- and isoform-dependent, e.g. the 

antioxidant PDTC is a potent inhibitor of CYP3A6 in HCONT but not of CYP1A2, and PDTC has 

no effect on any isoform in HTIIR; moreover, inhibition of p38MAPK by SB203580 triggers a 

significant increase in CYP4A6 activity without changing its expression in HTIIR, phenomenon 

not observed in HCONT or with CYP1A2.  
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Legends to figures 

Figure 1. CYP1A2 (black columns) and CYP3A6 (dashed columns) catalytic activity measured 

in hepatocytes in primary culture harvested from control rabbits (HCONT) and incubated with 

serum from control rabbits (SCONT) and serum from rabbits with a turpentine-induced 

inflammatory reaction (STIIR) for 4 (upper panel) and 24 hours (lower panel). HCONT incubated 

with STIIR were pre-incubated for 30 min with PDTC, PD98059, SB203580 alone or combined 

with PDTC and PD98059 (3X), L-NAME and genistein (GEN). The effect of STIIR is presented 

as percentage of change by reference to the normalized effect of SCONT which was corrected by 

baseline activity. All results are reported as mean ± S.E. of 5 to 6 experiments. * and &, 

CYP1A2 and/or CYP3A6 activity is significantly different (p<0.05) from SCONT and STIIR, 

respectively. 

Figure 2. Effect of serum from control rabbits (SCONT) and serum from rabbits with a turpentine-

induced inflammatory reaction (STIIR) on CYP1A1/2 and CYP3A6 expression as determined by 

SDS-PAGE. SCONT and STIIR were incubated for 24 hours with hepatocytes in primary culture 

harvested from control rabbits (HCONT) and from rabbits with a turpentine-induced inflammatory 

reaction (HTIIR). (A) Representative blots and mean (±S.E.) densitometry ratios (n=3) depicting 

the amount of CYP1A1/2 and CYP3A6 a) in HCONT and in HTIIR, and b) in HCONT and in HTIIR 

after incubation with SCONT and STIIR. (B) Representative blots and mean (±S.E.) densitometry 

ratios (n=3) depicting the effect of STIIR on CYP3A6 expression in HCONT in presence of PDTC, 

PD98059, SB203580 alone or combined with PDTC and PD98059 (3X), L-NAME and genistein. 

(C) Representative blots and mean (±S.E.) densitometry ratios (n=3) depicting the effect RSTIIR 

on CYP1A1/2 and CYP3A6 expression in HTIIR in presence of PDTC, PD98059, SB203580 

combined with PDTC, and PD98059 (3X), and genistein. 
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Figure 3. CYP1A2 (black columns) and CYP3A6 (dashed columns) activities measured in 

hepatocytes in primary culture harvested from rabbits with a turpentine-induced inflammatory 

reaction (HTIIR) and incubated with serum from control rabbits (SCONT) and serum from rabbits 

with a turpentine-induced inflammatory reaction (STIIR) for 4 (upper panel) and 24 hours (lower 

panel). HTIIR incubated with STIIR were pre-incubated for 30 min with PDTC, PD98059, 

SB203580 (SB) alone or combined with PDTC and PD98059 (3X), L-NAME and genistein 

(GEN). The effect of STIIR is presented as percentage of change by reference to the normalized 

effect of SCONT which was corrected by baseline activity. All results are reported as mean ± S.E.  

of 8 to 10 experiments. * and &, CYP1A2 and/or CYP3A6 activity is significantly different 

(p<0.05) from SCONT and STIIR, respectively. 

Figure 4. Dose-dependent effect of SB203580 on CYP1A2 and CYP3A6 activities. Several 

doses of SB203580 were incubated for 24 h with hepatocytes in primary culture harvested from 

rabbits with a turpentine-induced inflammatory reaction in presence of serum from rabbits with a 

turpentine-induced inflammatory reaction. Emax is the predicted maximal inhibition elicited by 

SB203580 and EC50 is the concentration decreasing by 50% Emax. 

Figure 5. Activity of CYP3A6 measured in hepatocytes in primary culture harvested from 

rabbits with a turpentine-induced inflammatory reaction (HTIIR) and incubated with serum from 

control rabbits (SCONT) and interleukin-6 (IL-6) for 4 (upper panel) and 24 hours (lower panel). 

HTIIR incubated with IL-6 were pre-incubated for 30 min with PDTC, PD98059, SB203580 (SB) 

alone or combined with PDTC and PD98059 (3X), L-NAME and genistein (GEN). The effect of 

IL-6 is presented as percentage of change by reference to the normalized effect of SCONT which 

was corrected by baseline activity. All results are reported as mean ± S.E. of 6 experiments. * 

and &, CYP3A6 activity is significantly different (p<0.05) from SCONT and IL-6, respectively. 
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Figure 6. Protein tyrosine nitration of CYP1A1/2 and CYP3A6 by serum from rabbits. (A) 

Effect of serum from control rabbits (SCONT) and serum from rabbits with a turpentine-induced 

inflammatory reaction (STIIR) on nitrotyrosine formation in hepatocytes in primary culture 

harvested from control rabbits (HCONT) and from rabbits with a turpentine-induced inflammatory 

reaction (HTIIR) after 24 h of incubation (upper blots); effect of SCONT and STIIR on tyrosine 

nitration of CYP1A1/2 and CYP3A6 assessed by immunoprecipitation (IP) (lower blots). (B) 

Effect of SCONT and STIIR in absence and in presence of PDTC, PD98059 (PD), L-NAME (L-NA), 

SB203580 (SB) alone or combined with PDTC and PD (3X), genistein (Gen) and sodium 

nitroprusside (SNP) on protein tyrosine nitration in HTIIR (upper blot), and on CYP3A6 tyrosine 

nitration as determined by immunoprecipitation (middle blot), and Western blot of CYP3A6 

(lower blot). 

Figure 7.  Effect of serum from control rabbits (SCONT), from rabbits with a turpentine-induced 

inflammatory reaction (STIIR) and of interleukin-6 (IL-6) on phosphorylated extracellular signal-

related kinase 1/2 (pTpY Erk1/2) in hepatocytes in primary culture harvested from rabbits with a 

turpentine-induced inflammatory reaction (HTIIR). Representative blots and mean (±S.E.) 

densitometry ratios (n=3) of the effect of STIIR (Panel A) and IL-6 (Panel B) which were 

incubated with HTIIR for 24 h in absence and presence of PDTC, PD98059 (PD), SB203580 (SB), 

L-NAME (L-NA), the combination of PDTC, PD98059 and SB203580 (3X), and genistein 

(Gen). 
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Table 1. Effect of sodium nitroprusside (SNP) and IL-6 on CYP1A2 and CYP3A6 activities, 
assessed after 4 and 24 hours of incubation with hepatocytes in primary culture from control 
rabbits (HCONT) and with hepatocytes in primary culture from rabbits with a turpentine-induced 
inflammatory reaction (HTIIR). 
 
 

 CYP1A2 CYP3A6 

 4 h 24 h 4 h 24 h 

HCONT 9363 ± 578a 8617 ± 511 11989 ± 1001 7013 ± 703 

HCONT + SNP 4793 ± 942b 3142 ± 1280b 2085 ± 1243b 444 ± 50b 

HCONT + IL-6 7971 ± 674b 6232 ± 1112b 10947 ± 869 6268 ± 760 

     

HTIIR 1905 ± 253 1680 ± 147 1478 ± 147 972 ± 137 

HTIIR + SNP 1672 ± 434c 1157 ± 72c 694 ± 71c 311 ± 33c 

HTIIR + IL-6 1845 ± 238 1524 ± 117c 1227 ± 176c 851 ± 125c 

a      fluorescence arbitrary units 
b, c  p<0.05 compared with HCONT or HTIIR, respectively 
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Table 2. Concentration of nitrates in the supernatant of hepatocytes from control rabbits (HCONT) 
and hepatocytes from rabbits with a turpentine-induced inflammatory reaction (HTIIR) which 
were incubated with serum from control rabbits (SCONT), serum from rabbits with a turpentine-
induced inflammatory reaction (STIIR), and IL-6 in absence and presence of several signal 
transduction pathways inhibitors and sodium nitroprusside (SNP). 
 
                                                                           Nitrates (µM/mg of protein) 
                                                        HCONT                                                    HTIIR 
                                       4 hours                   24 hours                     4 hours                   24 hours 

Control 
+ SCONT 
+ STIIR 
        + PDTC 
        + PD98059 
        + SB203580 
        + L-NAME 
        + 3X$ 
        + genistein 
        + SNP 
 
+ IL-6 
        + PDTC 
        + PD98059 
        + SB203580 
        + L-NAME 
        + 3X$ 
        + genistein 

4.25 ± 0.18 
4.89 ± 0.42 

 6.43 ± 0.35* 
 5.72 ± 0.45 
 5.57 ± 0.31 

 8.79 ± 0.55*& 
5.05 ± 0.29 

3.24 ± 0.75& 
 6.27 ± 0.63* 

   11.63 ± 1.48* 
 

5.97 ± 0.22¶ 
3.83 ± 0.27& 
4.34 ± 0.31& 
7.19 ± 0.36& 
4.88 ± 0.22& 
2.71 ± 0.28& 
4.94 ± 0.34& 

5.99 ± 0.20 
6.16 ± 0.20 

7.77 ± 0.25* 
7.09 ± 0.28 
6.94 ± 0.28 

   10.33 ± 0.45& 
6.54 ± 0.31& 
5.00 ± 0.29& 
6.72 ± 0.34 

15.8 ± 2.41* 
 

7.48 ± 0.19¶ 
5.95 ± 0.31 
5.77 ± 0.30 

9.94 ± 1.08& 
5.71 ± 0.24 

4.50 ± 0.21& 
5.88 ± 0.26 

7.83 ± 0.22 
8.03 ± 0.35 

   10.97 ± 0.55* 
9.75 ± 0.64 

8.97 ± 0.52& 
   11.98 ± 0.47* 

8.96 ± 0.44& 
   11.97 ± 0.60* 

8.93 ± 0.46& 
   17.06 ± 1.46* 

 
9.43 ± 0.65 
7.90 ± 0.58 

6.52 ± 0.34& 
9.36 ± 0.59 
7.79 ± 0.48 
9.50 ± 0.49 
7.29 ± 0.68 

11.38 ± 0.83 
11.35 ± 0.80 

16.72 ± 1.34* 
14.98 ± 1.42 
14.03 ± 1.34 

17.87 ± 1.47* 
12.98 ± 1.01 

18.22 ± 1.55* 
13.81 ± 1.00 

28.25 ± 2.23* 
 

13.63 ± 0.89 
10.91 ± 1.06 
10.20 ± 1.03 
12.89 ± 0.95 
10.08 ± 1.12 
12.75 ± 1.19 
10.61 ± 1.04 

* p<0.05 compared with SCONT
  

& p<0.05 compared with STIIR 
¶  p<0.05 compared with control 
$ 3X is the combination of PDTC, PD98059 and SB203580 
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