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ABSTRACT 

The induction of NOS involves a growing number of stimuli which include a variety of 

substances, namely bacterial endotoxin (LPS), cytokines (e.g. IL-1, TNFa, IFNy), cAMP

elevating agents, UV light, ozone, trauma, microbes, etc. (Nathan and Xie, 1994). In this 

study, we report the induction of NOS by protein synthesis inhibitors in rat aorti_c smooth 

muscle cells (RASM). We hypothesized that protein synthesis inhibitors increase iNOS 

mRNA stability m:id c~use the depletion of protein repressor IKB a, resulting in the activation 

of the transcription factor NF-KB and subsequent iNOS gene expression. We tested our 

hypothesis by · determining the effects of two protein synthesis inhibitors, namely 

cycloheximide (CH) and ~nisomycin (ANI), on iNOS function and gene expression in 

R t\SM. We observed the absence of NMMA-sensitive and L-arginine-dependent NOS 

activity. However, in the presence of either lOµM CH or 250ng/ml ANI for 24 hours, there 

is significant iNOS activity, as determined by cGMP accumulation in the presence of IBMX, 

a phosphodiesterase inhibitor. The increase in cGMP levels is sensitive to NOS inhibition 

by LNAME and this inhibition is reversed by the addition of L-arginine, but not D-arginine. 

The response to an exogenous NO donor, SNP, is not altered after prolonged exposure to 

either protein synthesis inhibitor. These results suggest that the cGMP production is due to 

iNOS activation by CH or ANI. In the presence of a known iNOS agonist e.g. LPS, IL-1~ 

or TNF-a, iNOS activity is superinduced by CH. LPS-induced NOS activity which peaks 



rn·ter 6 hours is inhibited by CH, however subsequent LPS-induced NOS (>6hrs) is 

superinduced after prolonged exposure to CH. In the presence of increasing concentration 

of CH, peak iNOS activity was obtained at lOµM CH, whereas reduced activity was obtained 

at higher concentrations (>50µM). A similar biphasic curve was observed in the additional 

presence of LPS (lO0ng/ml), however, the levels were 100-fold higher than with CH

stimulation alone. To determine whether protein synthesis is altered by CH, total methionine 

incorporation was measured. A dose-dependent attenuation of protein synthesis was 

observed, concommitant to a biphasic increase in iNOS activity in response to increasing CH 

concentration. The additional presence of LPS did not affect CH-inhibition of protein 

synthesis. It was also observed that maximum inhibition of protein synthesis is reversible 

within 2 hours of removal of CH. To determine whether cell proliferation was affected by 

CH, total cell number was determined in the presence or absence of CH, either in· serum

containing or serum-free medium. There was no significant changes in cell number within 

24 hours of NOS. induction. To investigate the mechanisms of NOS induction by CH, we 

determined whether CH-induced iNOS activity or superinduction of LPS-induced iNOS 

activity were dependent on continuous transcription. In the presence of actinomycin D, a 

transcription blocker, the CH-induction and superinduction of iNOS activity were 

significantly attenuated, confirming the hypothesis that CH-mediated increased iNOS activity 

requires riew transcription. To directly investigate the mechanism of CH-induced iNOS 

activity in RASM, we determined iNOS protein by western blot analysis and mRNA levels 

by northern blot and RTPCR analysis. By western blot analysis, we observed a 130-kDa size 

protein, representing iNOS, only after a 24-hour exposure to both CH and LPS, 

corresponding to superinduced iNOS activity, as determined by radioimmunoassay of cGMP. 



UtHizing RTPCR, after .12 hours ~xpo~ure to l0µM CH, there is-significant iNOS mRNA. 

At this time, LPS~induced mRNA is minimal, however, in the combined presence of LPS 

and CH, relative mRNA levels are significantly increased. Comparison of relative iNOS 

mRNA half-lives induced by CH, LPS or combined CH and LPS, showed that in the 

presence of LPS alone, iNOS mRNA significantly decayed within 1.5 hours, in contrast to 

iNOS mRNA in the presence of CH and combined LPS and CH which were not time

dependently reduced by inhibition of transcription. These data strongly suggested the 

presence of a labile protein involved in the regulation of iNOS transcription. To identify this 

putative labile repressor protein, we investigated the time-dependent effects of CH on the 

major inhibitory protein subunit of NF-KB, i.e. IKB«. CH reduced IKBci protein levels, 

concommitant with a delayed increase in its phosphorylated isoform, observed as the slower 

migrating species during electrophoresis. In the additional presence of protease inhibitors 

(to block the breakdown of IKB), the CH-mediated effects on IKB« were prevented. 

Moreover, induction of NOS activity by CH was dose-dependently attenuated by protease 

inhibitors. To determine whether the CH-mediated effects on IKBa activate NF-KB, nuc.lear 

extracts from cells treated with CH, LPS or combined CH and LPS were analyzed by 

electrophoretic mobility shift assays (EMSA). There was a significant shift in radiolabelled 

NF-KB groups stimulated by CH or LPS. Activation of NF-KB in the presence of both 

stimuli was enhanced, while there was no significant shift detected in unstimulated groups. 

Ir contrast, a strong basal AP-_1 activity was detected in the presence of radiolabelled AP-1. 

CH-stimulation increased: basal AP-1 activity. This correlated with a time-dependent 

increase;dn JUN, but not FOS, protein levels~ These data strongly support the hypothesis for 

a modulatory role of -labile repressors on iNOS gene expression by CH. In conclusion, 



results from the present studies strongly support the hypothesis, that CH-mediated iNOS 

g,me expression and superinduction of LPS-induced NOS is due to both iNOS mRNA 

stabilization and depletion of IKBa, subsequently leading to NF-KB activation and iNOS 

gene expression in RASM. 
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INTRODUCTION 

_ A.·General 

Nitric oxide (NO) ~s a simple and unstable molecule that affects the function of various 

body systems including the circulatory, pulmonary, renal and nervous systems. Endogenous 

production of NO from L-arginine in the presence of cofactors such as NADPH, FMN, FAD, 

heme and tetrahydrobiopterin (BH4) occurs in a variety of cell types that express 

antigenically distinct NO synthases (Moncada et al., 1991). At basal conditions, NO is 

produced by either type I (150 kDa) or m (135 kDa), both calcium/calmodulin-dependent 

NO synthases, initially identified in neuronal and endothelial cells respectively (Palmer et 

al., 1988, Knowles et al., 1989, Bredt et al., 1990). In contrast, a calcium-independent, 

calmodulin-bound type II NOS (130 kDa) or iNOS is transiently expressed in vascular 

smooth muscle cells (Busse and Miilsch, 1990; Beasley et al., 1991; Schini et al., 1991; 

Bernhardt et al., 1991), macrophages (Moncada et al., 1991), cardiac myocytes (Schulz et al., 

1992), hepatocytes (Knowles et al., 1990; Geller et al., 1993), human mammary arteries 

(Berrazueta et al., 1994) and several other tissues. Bacteria-derived lipopolysaccharide (LPS) 

and circulating cytokines e.g. interleukin 1 (IL-1) and tumor necrosis factor (TNFa) are 

fr·remost in the growing list of substances that lead to NOS induction (Busse et al., 1990; 

Beasley et al., 1991). Whereas both types I and mare involved in the homeostatic control 

of vascular tone, iNOS-derived NO is believed to be one of the major causes of severe 

1 
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hypotension associated with endotoxi~- or cytokine therapy-induced shock (Kilbourn et al., 

1990; Petros et al., 1991; Nava et al., 1991). However, the benefits from the 

pharmacological intervention of NO produc~ion by L-arginine analogues e.g. Na-monomethyl 

L-arginine (NMMA) and L-nitroarginine methyl ester (LNAME) is still controversial due to 

undesirable effects (Robertson et al., 1994; Minnard et al., 1994). In addition, three studies 

which investigated the pathophysiological role of iNOS in knockout mice models arrived 

at inconsistent results (MacMicking et al., 1995; Wei et al., 1995; Laubach et al., 1995). 

T ,.10ugh these inconsistensies may simply be due to unknown methodological differences, 

there is already sufficient evidence to show that iNOS is a major contributor to vascular 

control, thus making further understanding ~f its regulatory mechanism both important and 

inevitable. It is also very important not to overlook the significance of biological interactions 

with NO and the compensatory mechanisms among vasoreactive substances. Since the 

expression of iNOS is known to be regulated at the transcriptional level by an intricate 

system of regulatory proteins and that the time of NO inhibition is very crucial in preventing 

major organ damage consequent to shock (Nathan et al., 1994; Laszlo et al., 1994), 

elucidation of this regulatory system may provide a more clinically relevant means of 

controlling NOS induction i.e., by intercepting iNOS transcription and subsequently 

preventing massive NO production. 

Previous studies on the regulatory mechanism of iNOS in different cells showed inhibition 

of iNOS synthesis by a well-known protein synthesis inhibitor, cycloheximide (Schulz et al., 

1992; Kanno et al., 1993, Koide et al., 1993). However, in investigating the role of de novo 

synthesis in rat aortic smooth muscle cells (RASM), we observed a time-dep~ndent induction 
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of NOS and superinduction of LPS-activated NOS after prolonged sub-maximal protein 

synthesis inhibition (Go et al., 1994). These findings were consistent with the concept of 

transcriptional regulation of iNOS gene expression, since current theories applicable to the 

explanation of our preliminary data involved transcriptional control of iNOS. Most 

prominent theories include the a) presence of labile protein repressors regulating pre-existing 

fc.-:tors with transcriptionally relevant functions (Wall et al., 1986, Bauerle and Baltimore, 

1988a), b) stabilization of mRNA by inhibition of a translation-dependent ribonuclease 

(Savant-Bhousale and Cleveland, 1992), and c) activation of an agonist-like signalling 

system leading to iNO~ gerte expression (Edwards et al., 1992). Therefore, we hypothesized 

. that protein synthesis inhibition leads to iNOS gene expression by: a) inhibiting IKB 

·-

synthesis, subsequently_ activating NF-KB-mediated t~anscription, and b) enhancing iNOS 

mRNA stability which. contributes to the superinduction of the LPS-stimulated NO 

production .. To support this hypothesis, the effects of CH on iNOS activity, as reflected in 

cGMP levels;· iNOS mRNA and protein levels, and transcription factors NF-KB and AP-1 

activation were investigated. 

B. NO is an important mediator of vasodilation 

1. Properties of NO 

Initially referred to as "the released relaxing substance", the endothelium-derived relaxing 

factor (EDRF) is now considered by many to be N~ (Furchgott et al., 1980, Feelisch et al., 

1994 ). Although structurally very simple and labile, it possesses two properties which enable 

it to mediate extensive physiological and pathophysiological effects namely, an extra 

electron, which confers a high reactivity and -ubiquitous production, which enables its 
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widespread influence. Its many roles include control of vascular tone, inhibition of platelet 

aggregation and adhesion, as well as smooth muscle proliferation, neurotransmission, 

c:-totoxic defense against bacterial and viral infection and probably regulation of heart rate 

and renin secretion (Moncada et al., 1991; Croe~ et al., 1993; Karupiah et al., 1993; Reid et 

al., 1994) 

2. NO activates cGMP-mediated vasodilation 

Under basal conditions, the endothelium responds to circulating vasodilators via receptor

mediated release of NO which diffuses to the smooth muscle layer to induce·vasorelaxation 

(Rapaport et al., 1983a,b; Ignarro et al., 1984). NO is formed from the terminal guanidino

nitrogen of L-arginine by NO synthases in the endothelial cell to activate soluble guanylate 

cyclase (sGC), resulting to the formation of cyclic guanosine 3' 5' cyclic monophosphate 

(cGMP) from guanosine triphosphate (GTE~), which in tum is regulated by cyclic nucleotide 

phosphodiesterases (PDE, Fig.I) (Rapaport et al., 1983a). cGMP is a well known second 

messenger mediating the- functions of specific cGMP-dependent protein kinases 

predominantly in the smooth muscles, cGMP-modulated cAMP phosphodiesterases in either 

mammalian or amphibian heart and cGMP-gated ion channels in the retina, among many 

others (Schmidt et al., 1993). The physiological effect of endothelium-derived NO-induced 

cGMP accumulation is manifested as a decrease· in v.ascular resistance due to the re,laxation 

of the smooth muscle layer (Furchgott, 1984; Ignarro et al., 1984, Schmidt et al., 1993). 

However, under pathological conditions e.g. septicemia, iNOS-derived NO, released in larger 

amounts relative to endothelium-derived NO, is believed to be one of the mechanisms 

leading to tremendous reduction in vascular reactivity· to conventional pressor agents e.g. 



Figure 1: Schematic diagram of the NO-cGMP pathway. Lipopolysaccharide (LPS), 
interleukin-] (IL-1) and tumor necrosis factor (TNF) areforemost in the growing list of 
stimuli causing the induction of NO synthase (iNOS). NO and citrulline production by 
specific NOS e.g. iNOS require L-arginine and. oxygen, and several cofactors e.g. FAD; 
FMN, NADPH, BH4 and heme. NO could either diffuse extracellularly or bind to soluble 
guanylate cyclase (sGC) which leads to an increase in GTP-derived cyclic GMP (cGMP), 
in tum regulated by phosphodiesterases (PDE). NO production, as· reflected in cGMP 
levels, is quantified by radioimmunoassay (RIA, see Methods). Activation of nuclear factor 
KB (NF-KB) involves inactivation of its inhibitory component I KB,· which subsequently allows 
the translocation of NF-KB to the nucleus where it binds to its target DNA region. Both/KB 
and iNOS protein levels can be detected by western blot hybridization, whereas DNA-protein 
interactions and subsequent iNOS gene expression can be detected by electrophoretic 
mobility shift assays ( EMSA) or northern hybridization and reverse transcription PCR ( RT
PCR), respectively. 
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riorepinephrine, both in vivo and in vitro (Julou-Schaeffer et al., 1990; Fleming et al., 1990; 

J\.,.,1va et al., 1991). 

3. NO Production by Different NO Synthases Isoforms 

Several antigenically-distinct and tissue-:-specific NO synthases catalyze the synthesis of NO 

physiologically or pathophysiologically during septic shock, cardiac allograft rejection and 

tumor-induced immunosuppresion (Yang et al., 1994; Lejeune et al., 1994). NOS a~tivity 

requires L-arginine and oxygen as substrates and FAD, FMN, NADPH, he~e and BH4 as 

cofactors (Forstermann et. al., 1991). Isoforms I (150 kDa) or bNOS and m (135 kDa) or 

ecNOS are both constitutively expressed and aptly named after the initial sites of discoveries 

i.~. brain and endothelium, respectively. Although these enzymes are constitutive, there is 

growing evidence showing that gene expression of either type can be induced by chemical 

or physical forces in vitro (Ranjan et al., 199~; Inoue et al., 1995; Baltrons et al., 1995). In 

contrast, isoform II (130 kDa) or iNOS, undetectable under basal conditions, is transiently 

expressed in vascular smooth muscles and a variety of mammalian cells, by either bacterial 

endotoxin or cytokines either alone or in synergy with each other (Nathan et al., 1994). 

iNOS-derived NO is produced relatively vast amounts, believed to be attributed to the 

enzyme's independence on intracellular calcium (Forstermann et al., 1991). However, there 

is also growing evidence showing a modulatory role of intracellular calcium on iNOS gene 

expression in mouse macrophages (Jordan et al., 1995; Denlinger et al., 1996), as well as 

RASM (communicated by Dr. N. Marczin). 

C. Transcriptional Regulation of iNOS 

1. Gene Induction and the iNOS Promoter Region 
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Molecular and pharmacological methods have probed into the regulatory mechanisms of 

iNOS gene expression and showed that it is regulated at the transcriptional level (Fleming 

et al., 1991; Xie· et al., 1992). This followed the identification and characterization of 

responsive elements activated by DNA-binding factors in the 5' flanking region of the iNOS 

· gene known as the promoter region. To date, iNOS promoter fragments from murine 

macrophage (1.75kb) and human vascular smooth muscle (2.9kb) are sequenced and 

characterized (Xie et al. 1993; Nunokawa et al., 199-4) but the sequence of the iNOS 

promoter from rat vascular smooth muscle is limited to 185 bp (Geng et al., 1994). Among 

the consensus sequenc~s common to both mouse and human iNOS promoters are the NF-KB 

binding region and the interferon-y responsive element (IRE) (Kamijo et al., 1994). Martin 

et al. ( 1994) reported that IRE binding in its cognate promoter region is also necessary for 

the induction of NOS by the synergistic interaction of IFN y-and LPS in murine macrophages. 

In early 1994, Xie et. al. showed the necessary presence of at least one of the putative NF

KB/Rel consensus sequence in the iNOS promoter region by promoter mutation constructs. 

This finding was preceded by a report from Miilsch et al. (1993) regarding the inhibition of 

LPS-induced NOS by an NF-KB inhibitor, diethyldithiocarbamate (DETC). Another NF-KB 

inhibitor, N-acetyl cysteine (NAC) was reported by Schreck et al. (1991) to block the effects 

of a number of substances including CH, double stranded RNA, LPS, IL-1, TNF-a, phorbol ' 

esters, and calcium ionophores on NF-KB binding. In addition, sodium salicylate and aspirin,· 

were found to inhibit NF-KB activation by LPS.in vitro as well (Kopp and Ghosh, 1994). 

Spink et al. (1995) investigated the regulation of the murine macrophage iNOS promoter 

fr RASM cells. Several important diff~rences were observed, namely NOS induction in this 
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system occured only with the synergistic interaction of multiple cytokines, and that the 

transcriptional rate of iNOS is slower by 5-fold. The relevant NF-KB binding site was also 

found to be more upstream than its unaltered counterpart in murine macrophages, i.e. -971 

to -962 vs. -85 to -75 (Xie et. al., 1994). However, these results still need to be confirmed 

,,., ith studies on the endogenous iNOS promoter in its own intracellular milieu i.e. RASM 

cells. Nevertheless, these results show that RASM cells have the machinery to crossover 

interspecies differences with regards to activating iNOS promoter function via the NF-KB 

region. 

Other consensus sequences in the murine iNOS promoter include two activating protein 

(AP-1) sites, three "y-activating site", tumor necrosis factor response element and one "X 

box" (Xie ~t al, 1993). AP-1 binding proteins include protooncogene product homo- or 

heterodimers (Curran and Franza, 1988). AP-1 may be of interest because of recent 

observations that the cjos gene product FOS and other immediately early response genes are 

superinduced by CH in various cell types (Edwards et al., 1992) and that the jun B gene 

product was elevated in LPS-stimulated murine macrophages (Fujihara et al., 1993). In 

addition, the p65 subunit of NF-KB was reported to associate with AP-1, as well (Stein et al., 

1993). 

2. Gene regulation and the inducible transcription factor NF-KB 

Sen and Baltimore (1986) initially described nuclear factor KB (NF-KB) as a p50/p65 

heterodimer protein which complexes to a 10-bp site in the K light chain enhancer called KB. 

It is currently believed that NF-KB also comprises other dimeric factors of the oncpgene Rel 

and Rel-related proteins, namely p50 (NFKB 1, derived from p 105 precursor), p50B or p52 



' 
(NF-KB2 and p 100 precursor, also called lyt-10) with no known activation domains but 

undergoing proteolytic processing from precursor forms; and p65 (Rel A), Rel B, 

protooncogene c-Rel, oncogene v-Rel and Drosophila protein Dorsal, with identified 

activation domains (Ghosh et al., 1990; Read et al., 1994). Earlier thought to be tissue

specific, NF-KB consensus sequences were found in numerous genes which include Il.r2 and 

lgK enhancers in mouse and human genes, c-myc, E-selectin, SV40 enhancer, CMV, HN-1 

and 2, etc (Ghosh et al., 1990; Lenardo and Baltimore, 1989). It is also found in numerous 

cell types e.g. lymphocytes, monocytes and macrophages~ and endothelial cells. Among the 

numerous stimuli that activate NF-KB are TNF-a, phorbol 12-myristate 13-acetate (PMA), 

L?S, and protein synthesis inhibitors CH and anisomycin (Grilli et al., 1993; Bauerle and 

Baltimore, 1988b ). The exact mechanism of signal transduction and the process of NF-KB 

. activation is still being elucidated. 

NF-KB exists as an inactive protein complex, bound by an inhibitory protein known as IKB 

(Bauerle and Baltimore, 1988b ). A number of IKB-related proteins exists which include 

IKBa or MAD3, IKB~, IKBy, p105, bcl3, and cactus in Drosophila (Israel, 1995). Recently 

it was reported that IKB is con_stitutively phosphorylated by casein kinase II (Barroga et al., 

1995). With signal~induced phosphorylation of 1KB, NF-KB is activated (Ghosh et al., 1990), 

otherwise it is maintained in the cytoplasm of various cell types, unable to bind to DNA _ 

except in pre-B cells where it resides in the nucleus and is found constantly in its active form 

. (1;3a~erle and Baltimore, 1988b ). Stimuli that cause the phosphorylation of IKB. include IL-1 -

and LPS (Guesdon et al., 1995, Cordle et al., 1993). However, the identity of the IKB kinase 

is not known. Phosphorylation of IKB involves two serine residues which then triggers the 
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ubiquitination of two lysine residu~s and subsequent proteolytic degradation by a 26S 

p~oteosome (Chen et al., 1995; Scherer et al., 1995). The degradation, which involves the 

C-terminal end of the protein, is a necessary step for the activation of NF-KB when IKB 

remains bound (Mellits et al., 1993; Lin et al. 1995; Rodriguez et al., 1995). However, it is 

interesting to note that activation of NF-KB also occurs without requiring the degradation of 

IKB, as long as it gets disso~iated from the complex (Mufioz et al., 1994 ). Nevertheless, once 

activated, ~-KB is translocated into the nucleus where it binds to its cognate DNA site _and 

initiate gene expression (Bauerle and Baltimore, 1988b) (Fig. 1 ). 

The synthesis of IKB is regulated by NF-KB. Several groups have reported that NF-KB 

activation increased IKB-a transcription, as a mechanism of autoregulation (Brown et al, 

1993; LeBail et al., 1993; Sun et al., 1993; Chiao et al. 1994). However, inactivation 

mechanism(s) of NF.:.KB are less understood. 



MATERIALS AND METHODS 

A. Chemical A~ents 

Tissue cultureware was from Coming Glass Inc., Coming, NY., growth medium was from 

GIBCO Laboratories, Grand Island, NY, and fetal bovine serum from Hyclone Laboratories, 

Inc., Logan UT. Carrier-free 1251 was from Du P~nt NEN, Boston, MA; 3P-d(NTP) was from 

Amersham Corp., Arlington Heights, IL; Trans35-S-Label was from ICN Biomedicals, Inc. 

Irvine, CA. Ecoscint A scintilation solution was from National Diagnostics, Atlanta, GA. 

RNAzol was frorri Biotecx Laboratories Inc., Houston, TX; GeneAmp RNA PCR_ kit was 

f}om Perkin Elmer, Norwalk, CT; ECL detection system was from Amersham International, 

B :1ckinghamshire, England; and Gel Shift Assay Systems and T4 Polynucleotide Kinase were 

from Promega, Madison, WI. PCR primers were synthesized by Genosys Biotechnologies, 

Inc., The Woodlands, TX. Protein binding dye, mini-gels, PVDF membranes, dry milk, 

tween 20 and other western blotting reagents were purchased from Bio-Rad, Richmond, CA. 

RNAse-free DNAse was from GIBCO BRL. Films were from KODAK. Other chemicals 

including cycloheximide, LPS, actinomycin D, penicillin, streptomycin, succinyl tyrosine 

cGMP methyl ester, isobutyl methylxanthine, bovine serum albumin, SNP, EDT A, and 

protease inhibitors were from Sigma Chemical Co., St. Louis, MO. Recombinant human IL-

1 ~, anisomycin and calpain inhibitor 1 were from Boehringer Mannheim, Indianapolis, IN. 

Recombinant human TNF-a was from _R&D systems, Minneapolis, MN. 

12 
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B. Antibodies 

Monoclonal cGMP antibody and iNOS antibody were generous gifts of Dr. Ferid Murad, 

Lake Bluff, IL and Dr. Ryuichi Hattori, Kyoto, Japan; respectively. Antibodies for 

IKBa/MAD3(FL) and c-Fos were purchased from Santa Cruz Biotechnology, Inc., Santa 

Cruz, CA; monoclonal anti-phosphotyrosine clone PY20 was from Transduction 

Laboratories, Lexington, KY; and anti-c-jun/AP-1 was from Oncogene Science, Lake Placid, 

NY. 

C. Isolation and Culture of Smooth Muscle Cells 

Wis tar rats were purchased from Harlan Inc. Indianapolis, IN. Aortic smooth muscle cells

were isolated from 325-350g male rats using previously published procedures (Geisterfer et 

al., 1988; Fig.2). Mouse aortic smooth muscle cells were isolated according to a protocol 

similar to the isolation of rat smooth muscle cells. Animal handling and euthanasia were in 

accordance to guidelines established by the Institutional Committee on Animal Use for 

Research and Education. Cells were positively identified as smooth muscle cells by 

immunofluorescent staining for a-actin using monoclonal anti-a-smooth muscle actin, 

f01lowed by anti-mouse IgG FITC conjugate (Fig.3, panel A). As negative control, a parallel 

group was immunolabelled with anti-mouse IgG FITC conjugate alone which showed 

negligible FITC backgound signal (Fig.3, panel B). The cells were grown in T-75 tissue 

culture flasks (Coming Glass Inc., Coming, NY) in 50% F12 and 50% Dulbecco's modified 

eagle medium (GIBCO Laboratories, Grand Island, NY) supplemented with 10% fetal bovine 

serum (Hyclone Laboratories Inc., Logan, UT), 0.2g/I L-glutamine, penicillin (l00U/ml) and 

streptomycin (0.1 mg/ml; Sigma Chemical Co., St. Louis, MO) and seeded either on 24-well 



Figure 2. Phase contrast photomicrograph of rat aortic smooth muscle cells (RASM) in 
culture. 
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Figure 3: lmmunofluorescent photomicrograph against a-actin -of rat aortic smooth 
muscle cells (RASM). A. A monolayer of RASM cultured in DMEMIF 12 containing 10% 
FBS was fixed and subsequently immunolabelled with monoclonal anti-a smooth muscle 
actin, followed by anti-mouse FITC-conjugate · lgG. B. Negative control group 
immunolabelled with anti-mouse FITC conjugate IgG alone. 
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cell culture clusters (Costar Corp., Cambridge,MA) for cGMP determination assays or 100-

mm tissue culture dishes (Becton Dickinson and Co., Lincoln Park, NJ) for molecular assays. 

For all described experiments, confluent cultures between passages 1-5 were used. 

For proliferation studies, rat aortic smooth muscle cells grown to confluency in serum 

containing growth medium were subsequently incubated in serum-free medium at 37 °C for 

the indicated length of time. 

P. Radioimmunoassay (RIA) for cGMP 

Succinyl cGMP tyrosine methyl ester (scGMP-TME) was radiolabelled with 125lodine 

(supplied as Nal in dilute NaOH pH 10 from Amersham Life Science) according to 

previously published methods (Hunter & Greenwood, 1962). Briefly, lmM scGMP-TME 

in 50mM sodium acetate buffer pH 4.75 (50µ1) was iodinated with carrier-free 1251 

(2mCi/20µ1) and 10µ1 chloramine-T (lmg/ml in water) for I minute followed by addition 

of 50µ1 Na metabisulffte (5 mg/ml in IM acetic acid) to stop the reaction. The iodination 

reaction was purified by reverse-phase high performance liquid chromatography with the 

elution buffer consisting of methanol/5mM KHPO4 pH 4 (35:65), flowing at a rate of 1 

ml/min. (Patel and Linden, 1988). UV absorbance was monitored at 254nm and 1251 was 

detected by a Geiger counter. Radioimmunoassay (RIA) was performed on the cGMP

containing HCI-extract with a specific monoclonal cGMP antibody (gift of Dr. Ferid Murad) 

using a Gammaflow (Atto Instruments, Inc., Potomac, MD) automated RIA system (Brooker 

et al., 1976). Standard concentrations were diluted from 20µM cGMP solution in O. IN HCI 

stock solution. The absorbance of the stock solution was routinely monitored spectrophoto

metrically (Shimadzu, UV 160U) to verify the concentration. 
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E. Determination of cGMP levels in vitro 

Cultures were gently washed with Earles' balanced salt solution (ES) to remove traces of 

the treatment medium and incubated for 15 minutes in a solution containing lmM 3-isobutyl-

1-methyl xanthine (~MX) and 1 mM L-arginine (LARG), unless otherwise indicated. For 

experiments investigating Nw-Nitro-L-arginine Methyl Ester- (LNAME) sensitive responses, 

the cells were incubated for 30 minutes in ES with or without 1 00µM LNAME after the 

experimental protocol and before incubation in IBMX/LARG. After 15 minutes, the 

IBMX/LARG solution was aspirated and replaced with 250µ1 of 0. lN HCI to arrest all 

enzymatic reactions and extract the accumulated cGMP. After 30 minutes at room 

temperature, the HCI-soluble extract was collected to quantify cGMP levels by RIA using 

an automated assay system. 

F. Protein Determination 

To standardize cGMP levels to per mg protein, the total cellular protein content of each 

sample was measured according to Bradford (1976), with minor modifications. Briefly, after 

collection of cGMP-containing HCI solution, the Hcl-insoluble fractions were solubilized 

in boiling lN NaOH (250µ1) and scraped. A 40µ1 aliquot was mixed with 750µ1 diluted 

protein-binding dye (1 :5, Biorad) and subsequently measured at 595nm using a multi-well 

plate spectrophotometer (Dynatech). Stock solutions of bovine serum albumin (lmg/ml) 

d;ssolved in H20 or lN NaOH was diluted to prepare standard curve concentrations. 

G. Analysis of Total Protein Synthesis by 35S-methionine cellular incorporation 

Confluent RASM cultures were incubated in methionine-free medium containing 10% 

dialyz~d fetal bovine serum supplemented with trans-S35-label which contains ~ 70% [35S] 
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L-methionine and other [35S] labelled compounds for 24 hours with 1-1 00µM cycloheximide · 

(CH) alone or combined with lO0ng/ml lipopolysaccharide (LPS). Thereafter, the culture 

was rinsed with ES prior to a 15-minute incubation with 1 mM IBMX/ LARG solution and 

subsequent acid-extraction of the cGMP. The extracted cGMP was quantified by RIA as 

described above, whereas the remaining cell fractions were rinsed with ethanol and scraped 

with lN NaOH to quantify total acid-insoluble cell protein. An aliquot containing HCl- and 

ethanol- insoluble cell fractions was taken for scintillation counting of total 35S~labelled 

compounds. 

H. Analysis of Cell Proliferation by Cell Counting 

At confluence, RASM cultures were grown in normal growth medium, as described above, 

were incubated in either similar medium or serum-free (without 10% fetal bovine serum) 

medium at 37°C for the lenght of time indicated. After the experimental protocol, the cells 

were washed with phosphate buffered saline (PBS) without calcium and magnesium. The 

cells were released by addition of 1 ml 0.25% trypsin and incubation for 5 minutes. 

Thereafter, the cell suspension is collected, pelleted and resuspended in serum-free medium 

to prevent aggregation. Cell counting was performed in triplicates (i.e. three separate wells) 

using a hemocytometer. 

L Protein isolation and W estem Hybridization 

After the experimental protocol, cells were washed thrice with 5 ml pre-chilled lX 

Dulbecco's phosphate buffered saline solution (DPBS), prior to a 5-minute incubation in 2 

ml 0.25% trypsin-EDT A at 37 °C. The cell suspension was collected and centrifuged at 500g 

for 5 minutes from which a cell pellet was obtained and resuspended in DPBS and 
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subsequently centrifuged again. The final cell pellet was resuspended by vortexing in 30-

50µ1 of lysis buffer containing 50mM Tris HCl pH 7.4, pepstatin A (7µg/ml), chymostatin 

(lµg/ml), aprotinin (5µg/ml), leupeptin (lµg/ml), dithiothreitol (lmM) and 

phenylmethylsulphonylfluoride ( 1 00µM). , Membrane disruption was achieved by 3 cycles 

of fr~ezing, thawing and vortexing. The lysate was centrifuged at 16,000g for 10 minutes 

in 4 °C, from which the supernatant was collected and stored in -70°C until ready to use. 

An aliquot was obtained to determine the protein content by a modified Bradford method as 

described above. 

An aliquot of known protein amount was loaded onto 4-20% or 10% polyacrylamide mini

gel (Biorad) and separated by electrophoresis for 2-3 hours with 85 volts. The gel was 

transferred onto an immobilon PVDF transfer membrane (Millipore Corp., Bedford, MA) 

using a semi-dry system (Trans-Blot®, Biorad) for 30 minutes with 13 volts. The PVDF 

membrane was washed thrice with Tris-glycine solution pH 7.4 containing 0.1 % Tween 20 

(TTBS) for 15 minutes each, prior to blocking with 5% nonfat milk or BSA in TTBS for 1 

h1mr in room temperature or overnight at 4 °C. Primary antibody binding which involved 

specific antibodies such as monoclonal anti~iNOS, lµg/ml (courtesy of Dr. R. Hattori, 

Japan); anti-IKBcx/MAD3(FL), polyclonal anti-cFos, 1: 1000 each (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA); monoclonal anti-phosphotyrosine clone PY20, 4µg/ml (Transduction 

Laboratories, Lexington, KY); and anti-c-jun/AP-1, lµg/ml (Oncogene Science, Lake Placid, 

· NY) occured for 1-2 hours minimum or overnight when necessary, followed by washing with 

TTBS thrice for 15 minutes each. Secondary antibody binding with horseradish peroxidase

co~iugated anti-mouse or rabbit lgG (Bio-Rad) was uniformly done for 1 hour, followed by 
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washing with TTBS twice for 30 minutes each and once with TBS (i.e. TTBS without tween-

20) for 30 minutes. Band detection was done using the ECL™ system (Amersham) prior to 

film exposure. To check the uniformity in protein loading and transfer, a-actin or tubulin 

were also detected on the same membrane using monoclonal specific antibodies. 

J. Isolation of Total RNA and Northern Hybridization 

Total RNA was isolated from rat and mouse smooth muscle cells using a commercially 

available kit (RNAzol™ or Ultraspec"M RNA, Biotecx Laboratories Inc, Houston, TX). 

Briefly, treated RASM were rinsed twice with Dulbecco's phosphate buffered saline (D

PBS, IX) and 2 ml RNAzol™ is added to each 6-cnt culture dish. The RNAzol-cell 

suspension was transferred to a RNAse-free tube and supplemented with equal volume of 

chloroform. This was then shaken thorpughly and allowed to sit on ice for 5 minutes 

followed by centrifugation at 12,000g (4 °C) for 15 minutes. Upon centrifugatio~, the upper 

(aqueous) phase was collected and an equal volume of chilled isopropanol was added. The 

solution was vortexed briefly 3:nd stored at -20°C for at least 15 minutes. Next, samples 

were centrifuged at 12,000g (4 °C) for 15 minutes to pellet RNA. The pellet was washed 

with 75% ethanol and dried under vacuum for a final solubilization in a RNAse-free solution 

containing 0.1 % sarkosyl and 0. lM mercaptoethanol. To measure RNA content, an aliquot 

was quantified by absorbance at 260nm (Shimadzu). To check the integrity of the RNA~ 

another aliquot was supplemented with 6X gel-loading buffer and subsequently loaded on 

a 1.5% agarose gel in IX Tris Acetate EDTA buffer and 0.5µg/ml ethidium bromide. 

R;_bosomal RNA were visualized using a UV transilluminator. Unused RNA in sarkosyl

mercaptoethanol solution was stored with 70% ethanol and 2M ammonium at -70°C. 
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For the northern blot, approximately 7-10 µg of RNA was resuspended in 8 µl sarkosyl-

mercaptoethanol, was supplemented with 22-µl stock solution of 200 µI dimethyl sulfoxide, 

50 µl glyoxal (Clontech 40% aqueous solution), 8 µl 0.5M NaHPO4 pH 6.5, and 4 µI 

ultrapure 20% SOS, followed by incubation for 1 hour at 50°C and then electrophoresed in 

1 % agarose gel in lOmM N£1iHPO4, pH 6.5. without ethidium bromide. Afterwhich the RNA 

was transferred to a nylon membrane in 20X SSC, which was subsequently baked for 1 hour 

at 80°C. Membranes were hybri~ized overnight at 42°C with 50% formamide, 5X SSC, 

0.2% SOS, 0.05M NaHPO4, 10% dextran sulfate, 50µg poly-A-RNA, 50µg denatured 

salmon sperm DNA and the 32P-labelled probe (100,000 cpm/ cm2 membrane). The probe 

was a subcloned Nathan clone HB101/iNOS3L into pBluescript SK Hine II/Barn Hl site 

(645-bp) based on the iNOS cDNA from mouse.macrophage iNOS (generously provided by 

Dr. Carl Nathan from Cornell University Medical College, NY), labelled with [a-:32P]dCTP 

(NEN Research Products, Boston, MA) by random primer labelling (Oligolabelling kit from 

Pharmacia LKB Biotechnology, Piscataway, NJ) tq a specific activity of 108cpm/µg. There 

is a 92% homology between the iNOS cDNA sequence from RASM and mouse macrophages 

(Geng et al., 1994). Hybridized membranes were washed twice at room temperature with 

2X SSC-0.1 %SOS for 10 minutes and once at 50°C with O. lX SSC-0.1 % SOS for 5 minutes 

p:·for exposure to XOMAT (KODAK) film. To determine uniformity of sample-loading and 

transfer, blots were stripped and rehybridized with 1-Kb glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) cDNA probe. For multiple hybridizations, blots were submerged 

in RN Ase-free water for 5 minutes at 85 °C with constant stirring prior to each hybridization. 

K. Reverse Transcription Polymerase Chain Reaction {RT-PCR) 
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Total RNA was isolated according to the method discussed above. Prior to RT-PCR, RNA 

from stored samples was precipitated by 2 cycles of resuspension in 70% ethanol and 15-

minute centrifugation at maximum speed. The final pellet was dried under vacuum and 

resuspended in RNAse-free lOmM Tris, lmM EDTA (TE), pH 8 solution. Three units of 

DNAse I (Gibco BRL) was added for a further 30-minute incubation at 37°C, followed by 

a phenol-chloroform extraction, ethanol wash, and final resuspension in RNAse-free TE with 

lOmM NaCl, pH 8. The amount of RNA in the solution was quantified by absorbance at 

260nm (Shimadzu Corp., Japan). In each reverse transcription reaction, 2 ng of the RNA 

sample and 1.25 pg of exogenous RNA standards (prepared according to methods discussed 

below) was reverse transcribed in a 20µ1-reaction mixture of commercially available reagents 

(GeneAmp® RNA PCR kit, Perkin Elmer, NJ) containing 2.5 U M-MLV reverse 

transcriptase, 1 U RNase inhibitor, 2.5µM random hexamers·, lmM each dNTP, 5mM MgC12 

and lXPCR buffer TI in 1 cycle of 18 minutes at 42°C, 5 minutes at 99°C and 5 minutes at 

S°C in a Perkin-Elmer Cetus DNA Thermal Cycler. To check the presence of DNA 

contamination, duplicate reactions without reverse transcriptase were also performed. As 

negative control, an RTPCR reaction was performed in the absence of known template. To 

e,~ch 20µ1-RT reaction, an 80µ1-PCR reaction solution containing a final concentration of 
I 

0.3µM of each primer, 2.SU Tag polymerase, 2mM MgC12 and lXPCR buffer TI was added. 

The primers used to target iNOS mRNA were 5'-CTGGCAGCAGCGGCTCCATG-3' at base 

position 2987-3006 and 5-'GAAAAGACCGCACCGAAGAT-3' at base position 3389-3409 

of rat iNOS cDNA (Nunokawa et al., 1993). Each RT reaction involved 1 cycle at 42°C for 

18 minutes, 99°C for 5 minutes and S°C for 5 minutes. PCR amplification was achieved by 
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1 cycle at 94 °C for 2 minutes, followed by 29 cycles at 94 °C, 60°C, 72 °C for 30 seconds, 

30 seconds, and 1 minute respectively; and a single extension step at 72 °C for 4 minutes and 

4 °C for 3 minutes. For visualization and quantification by densitometry of each RTPCR 

reactions, a 10µ1 aliquot was electrophoresed in 1-1.5% agarose gel in lX TAE containing 

0.5µg/ml ethidium bromide to allow UV-induced fluorescence (Transilluminator, Fisher 

Scientific). Densitometric analysis of the PCR products was performed using IS 1000 Digital 

Imaging System (Alpha Innotech Corp., San Leandro, CA). 

Preliminary experiments were performed to· determine the range of amplification cycles 

and starting RNA substrate within the linear phase of the exponential increase of PCR 

products of each particular primer pair. 

Preparation of Exogenous RNA Standards 

A. Molecular Clonin~ of an exogenous DNA fragment 

Preparation of RT-PCR RNA standards was based on a previously published method with 

n .odifications (Boriello and Lederer, 1995). To differentiate between the PCR products of 

RNA standards from iNOS mRNA, a distinctively bigger segment with unrelated sequence 

(743 bp) subcloned between T3 and T7 promoters of Bluescript II KS (Stratagene, La Jolla, 

CA; Fig. 4) construct, provided generously by Dr. Gregory I. Liou, was chosen for PCR 

amplication with T3 and T7 primers linked to a 20-mer iNOS sequence (underlined) at each 

5' end. The primer sequences were 5'-CTGGCAGCAGCGGCTCCATGAATT AACCCTCA 

CTAAAGG-3'and5'-GAAAAGACCGCACCGAAGATIAATACGACTCACTATAGGG-

3'. For the 100µ1-PCR reaction, 0.3µM of each primers were added to a solution containing 

2mM MgC12, lX PCR buffer, 200µM of each d(NTP), 2.5 ng template ( containing the 



Figure 4: Simple mapping of DNA construct used for the molecular cloning of the 
exogenous RNA standards in RTPCR. A 743bp insert was ligated between T7 and T3 
promoter regions of the MCS or multiple cloning site. 
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desired 832bp region) and 1 U of Taq polymerase. The reaction was performed at 94 °C for 

5 minutes, 55°C for 2 minutes, followed by 29 cycles at 72°C for 2 minutes, 92°C for 1 

minute, 55 °C for 2 minutes, and a single extension step at 72 °C for 10 minutes. Ten µI 

aliquots of the PCR reaction was electrophoresed in 1 % agarose in 1 X T AE to visualize the 

PCR product (830bp ). Several restriction digestion of the PCR product were performed to 

verify the size of the insert prior to PCR cloning. The PCR product was subsequently 

purified by gel electroelution, followed by cloning using the pGEM® -T vector system II 

(Promega Corp., Madison, WI). 

For transformation of the ligation reaction, JM109 competent cells (Promega Corp., 

Madison, WI) were used. A 1: 1 (vector:insert) ligation reaction provided the most positive 

colonies. Screening of the insert was performed by "Easypreps" (Berghammer and Auer, 

1993). The purified plasm~ds were subjected to restriction enzyme digestion by Eco RI, Apa 

I and Sal I (New England Biolabs, Beverly, MA) to verify size and orientation of the gene. 

Upon verification of the correct colonies, large scale cloning was performed in 250 ml LB 

broth (DIFCO laboratories, Detroit, Ml) supplemented with 100 µg/ml ampicillin (Sigma), 

overnight at 37°C in a shaking incubator_. Plasmid isolation was performed according to the 

protocol of Wizard™ maxipreps DNA purification system (Promega Corp., Madison, WI). 

The .purified plasmid was subjected to restriction enzyme digestion for further verification 

of the cloned gene, and subsequently linearized with Nco I for use in in vitro transcription. 

B. In vit;o Transcription _of the DNA insert 

For the in vitro transcription reaction, 1.5µg Nco I-linearized plasmid in 20µ1 TE, 25.5µ1 

of RNAse-free water, 20µ1 o( 5X transcription buffer (at room temperature) containing 
,. 
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200mM Tris Hcl pH 7.9, 30mM MgCl2, l0mM spermidine, 50mM NaCl; l00U RNAse 

inhibfror, lOmM DTT, 25µM NTP mix and 40U Sp6 polymerase were c9mbined in this 

s~quence for a total of 100µ1, and subsequently incubated (dry incubator) in 37°C for 2 

hours. Thereafter, cRNA concentration was measured at 260nm .. A 4µ1-aliquot was mixed 

with formamide dye and loa_ded in a 1.5% agarose gel in lX T AE to verify the size of the 

' . 

cRNA. Then the remaining 95µ1 in vitro transcription solution containing the cRNA was 

extracted by phenol/chloroform. Briefly, an equal volume of phenol-choloroform-isoamyl 

solution was added to the cRNA solution. The suspension was vortexed briefly and 

centrifuged at 14,000rpm to allow the separation of the aqueous phase. Upon collection of 

the aqueous or top layer, an equal volume of chloroform was added to it. The suspension 

was vortexed and centrifuged _again to separate the aqueous layer. To the aqueous layer, 

0.lX volume of 3M Na acetate and .2.SX volume .of 100% ethanol was added and 

subsequently stored in -70°C for 10 minutes to allow the cRNA to precipitate. The solution 

was centrifuged for 20 minutes at 14,000rpm at 4 °C and the supernatant was disposed. The 

pellet was washed with 75% ethanol, and centrifuged again. The final pellet (very visible) 

was dried under vacuum and resuspended in 80µ1 DEPC-treated TE solution. Half of the 

solution was stored in Na acetate/ETOH solution (as described above) in -80°C and the other 

h~.lf was purified by gel electroelution. An aliquot was obtained to determine the cRNA 

concentration at 260nm. To determine whether the cRNA was cleared of DNA 

contamination, RTPCR reactions were performed in the absence of reverse transcriptase. 

The amount of starting cRNA which produced a PCR product within the linear range of the 

exponential amplification was also determined. 
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L. Isolation of Nuclear Proteins and Electrophoretic Mobility Shift Assays CEMSA) 

Following the method of Dignam et al. (1983) with minor modifications, cells were 

washed twice with 5 ml of pre-chilled DPBS, scraped off with a rubber scraper and collected 

into microcentrifuge tubes for centrifugation at 1800 rpm for 10 minutes. The pellet was 

· resuspended in 5 pellet volumes of buffer A which contains l0mM HEPES-KOH pH 7.9, 

l0mM KCl, 1.5mM MgC12, 0.3M sucrose, 0.5mM OTT, 0.5 mM PMSF, 2µg/ml antipain, 

2µg/ml leupeptin and 2µg/ml pepstatin. The pellet was homogenized at 4 °C with a Dounce 

glass homogenizer pestle A (Kontes, Vineland, NJ) with 10 strokes and an additional 2 

strokes in the presence of 0.4% NP-40. The homogenate was transferred to clean centrifuge 

u:.bes and centrifuged for 10 minutes at 1200g at 4°C and the resulting pellet was washed 

twice with buffer A ( original pellet volume) without NP-40. The pellet was then 

resuspended at 4 °C in 2.5 pellet (original pellet volume) volumes of buffer B which contains 

lOmM HEPES-KOH pH 7.9, 400mM NaCl, 1.5mM MgC12, 0.lmM EGTA, 5% glycerol, 

0.5mM OTT and 0.5 mM PMSF using a 100-µl pipet tip. The resuspended nuclei 

homogenate was slowly stirred using a rotator for 30_ minutes at 4 °C, followed by 

centrifugation for 30 minutes at 16,000g at 4 °C. The supernatant was· collected and dialyzed 

aga~nst 50 volumes of buffer C which contains 20mM HEPES-KOH pH 7.9, 75mM NaCl, 

O.lmM EOTA, 20% glycerol, 0.5mM OTT and 0.5 mM PMSF for 3 hours (with buffer 

changed after 1.5 hours) at 4 °C. !he nuclear extract was cleared of insoluble particles by 

a final centrifugation at 25,000gfor 15 minutes at 4°C. The supernatant was collected in 

aliquots either for storage at -80°C or for protein determination by the modified Bradford 

assay as described above. Typical protein concentration was 1-2.5 µg/µl. 
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EMSA was performed using a commercially available kit (Promega Corporation, Madison, 

WI). Briefly, the DNA-binding reactions consisted of Sµg of sample nuclear protein, 

' poly( d[I-C]), 3000-6000 cpm of 32P-labelled oligonucleotides, and buffer contaiping 1 0mM 

Tris-HCl pl-J 7.5, 50mM ~aCl, lmM dithiothreitol (DTT), lmM EDTA, and 5% glycerol. 

Binding reactions were performed at room temperature and the subsequent electrophoresis 

on 4% Tris-glycine polyacrylamide gel in_ lX Tris-glycine buffer were performed at 4 °C. 

A ~l oligonucleotides were obtained from Promega and the respective sequences for NF-KB 

and AP-l(c-jun) probes were 5'-AGTTGAGGGGACTTTCCCAGG-3' and 5'

CGCTIGATGAG TCAGCCGGAA-3'. To check for sequence specificity, parallel reactions 

were performed either in the additional presence of unlabelled specific (i.e. same sequence) 

oligonucleotide or unlabelled nonspecific (i.e. sequence unrelated to the specific probe used) 

· oligonucleotide. Hela cell nuclear extracts (Promega) were used as positive controls. 

M. Analysis of. Data · 

For all in vitro experiments, quantification of 4-6 treated groups were performed (i.e. 4-6 

wells on a 24-well cell culture cluster). For all PCR reactions, triplicates of 10µ1-aliquots 

from each group were electrophoresed. Each experiment was repeated twice and from each 

experiment, two RT-PCR reactions were performed. Data were calculated and analyzed with 

an IBM-computer using an appropriate spreadsheet program (Lotus 123) and statistical 

software package (SYSTAT/ SYSGRAPH). Comparisons within and among groups were 

performed with one-way analysis of variance (ANOV A) followed by Dunnett's or Neuwman

Keul's, or two-way ANOV A, when appropriate. Differences were considered significant 

when P<0.05. 

/ 



RESULTS 

I. The Role of Protein Synthesis in iNOS Activity in RASM 

A. What are the concentration- and time-dependent effects·of protein· synthesis inhibitors e.g. 

cycloheximide and anisomycin on iNOS activity in RASM? 

l) Cycloheximide (CH)-dependent effects 

Confluent RASM were exposed to medium (Fig. 5 A) or 1 0µM CH (Fig. -5 B) for 24 hours, 

followed by a 30-minute incubation in the absence (hatched bars) or presence of ( open bars) 

a NOS inhibitor, N° monomethyl L-arginine (NMMA, lmM) and subsequent addition of 

vehicle (CONTROL) or L-arginine (LARG, 1-1 0mM) for an additional 15-minute incubation 

in the presence of IBMX. There were no significant changes in cGMP levels among groups 

exposed to medium with or without NMMA or L-arginine. These data suggested the absence 

of basal iNOS activity in RASM. In contrast, exposure to CH for 24 hours significantly 

increased cGMP levels i.e. 13±1 vs. 265±55 pmoles/mg protein/15 minutes (Fig. 5 A,B; 

CONTROL, open bar). In the presence of NMMA, CH-stimulated cGMP accumulation was 

significantly reduced by 70% (Fig. SB, CONTROL, hatched bar). Addition of 1 or 1 0rnM 

LARG potentiated the CH-stimulated cGMP accumulation and also prevented the 

comp~titive inhi~ition by NMMA (Fig.SB). 

· To determine the concentration-dependent" effects of CH on ~NOS activity, confluent cells 

w~re exposed to increasing concentrations of CH (0-109µ~).for 24 hours. CH alone, at low 



Figure 5: Modulatory effects of L-arginine and its inhibitory analogue N-monomethyl-L
arginine (NMMA) on cycloheximide (CH)-stimulated cGMP accumulation in RASM. 
Cells were stimulated with either medium (panel A) or medium containing 1 0µM CH (panel 
B)for 24 hours,followed by a 30-minute incubation in ES solution with (hatched bars) or 
without (open bars) lmM_NMMA. Thereafter, lmM IBMX with (L-ARG) or without 
(CONTROL) 1-J0mM L-arginine was added for the final JS-minute incubation. Means± 
SEM; n= 4 wells. *p<0.05 from cGMP levels in appropriate CONTROL cultures. #p<0.05 
from cGMP levels in appropriate VEHICLE cultures. 
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concentrations ( ~ 1 0µM), significantly increased cGMP levels by 4-9fold, reaching peak 

levels at lOµM (Fig.6A). In contrast, higher concentrations (50-lO0µM) reached moderate 

(i.e. 2-4 fold from basal values) cGMP levels only. In addition, to dete~ine the 

concentration-dependent effects of CH on LPS-induced NOS (iNOS) activity, cells were 

exposed to increasing concentrations of CH in the presence of LPS ( 1 00ng/ml) for 24 hours. 

· CH also caused a similar biphasic dose-response curve,. but tl:ie level of cGMP accumulation 

were 100-fold higher t~an_levels attained by LPS stimulation alone (Fig.6B). 

To determine whether CH effects on iNOS activity is time-dependent, confluent cells were 

exposed to 1 0µM CH for increasing lengths of time. Vehicle-treated groups (Fig. 7 A, open 

sc.;uares) did not produce significant cGMP accumulation at anytime throughout the entire 

experiment. However, in the presence of l0µM CH (Fig.7A, closed squares), cGMP levels 

were significantly elevated from baseline values after 12 hours, reaching peak levels after 24 

hours incubation with CH. Moreover, in response to LPS-stimulation alone, iNOS activity 

peaked after 6 hours and steadily declined over the next 18 hours (Fig. 7B, open squares). 

When LPS was combined with CH in order to determine the effects of CH on LPS-induced 

NOS, the short-term (~6 hours) LPS-stimulated NOS activity was inhibited, but after 

prolonged exposure to both CH and LPS, iNOS activity increased beyond the peak reached 

by LPS stimulation alone (Fig. 7B, closed·squares). 

2) Anisomycin (ANI) -dependent effects 

To determine whether another protein synthesis inhibitor can reproduce .the effects of CH 

on iNOS activity, similar protocols were followed to determine the kinetics of ANI-induced 

cGMP accumulation. in RASM. Confluent cells were exposed to increasing concentrations 



Figure 6: Concentration-dependent effects of cycloheximide (CH) on vehicle-stimulated 
or lipopolysaccharide (LPS)-stimulated cGMP accumulation in RASM. Cells were 
incubated for ,24 hours in normal growth or serum-containing medium supplemented with 
0-J00µkl CH either in the absence (panel A) or presence of J00ng/ml LPS (panel B). This 
was followed by a 15-minute incubation in a solution containing lmM IBMX and lmM L
arginine. Thereafter, accumulated cGMP was determined by.RIA. Means± SEM; n= 4 
wells. *p<0.05 from cGMP levels of the corresponding group without CH. Note: In panel 
A, cGMP amounts are expressed in pmol, in contrast to panel B which are expressed in 
nmol. 
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Figure 7: Time-dependent effects of cycloheximide (CH) on vehicle-stimulated (panel A) 
or lipopolysaccharide (LPS)-stimulated (panel B) cGMP accumulation in RASM. Cells 
were incubated.with either medium (panel A) or medium containing JOOng/ml LPS (panel 
B) alone (vehicle, open squares) or in combination with JOµM CH (closed squares). 
Accumulation of cGMP in the presence of IBMX and L-arginine (both lmM) during a 15-
minute period was subsequently determined after each time indicated. Means ± SEM; n= 4 
wells. *p<O. 05 from cGMP levels of the corresponding group stimulated by vehicle alone. 
Note: In panel A, cGMP amounts are expressed in pmol, in contrast to panel B which are 
expressed in nmol. 
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(0-lµg/ml) of ANI for 24 hours. A biphasic pattern of cOMP accumulation in response to 

increasing concentrations of ANI was observed, similar to that after CH stimulation (Fig. 

SA). A maximum 6-fold increase from baseline levels was observed with 250-750ng/ml 

ANI. Higher concentrations did not significantly increase basal cOMP levels but instead 

reduced cOMP levels. Similar to CH, LPS-stimulated cOMP levels were also markedly 

elevated (i.e. 6-7 fold) by 100-250ng/ml ANI (Fig. SB). 

To investigate whether the effects of ANI on iNOS activity was also time-dependent , cells 

were exposed to 250ng/ml ANI for 0-24 hours. cOMP levels remained at basal levels at all 

times among vehicle-treated groups (Fig. 9A, open squares). In contrast, cells exposed to 

ANI for longer time ( ~ 18 hours) produced significant levels of cOMP (Fig. 9 A, closed 

squares). In the presence of LPS, iNOS activity after 6 hours ofLPS exposure was inhibited 

by ANI, whereas iNOS activity after 12 hours exposure to LPS and ANI was a markedly 

elevated relative to LPS-stimulation alone (Fig. 9B, closed squares). 

I 

Characterization of the ANI-activated NQ:cOMP pathway was further investigated by the 

addition of LNAME (lO0µM), LARG (lmM), D-arginine (DARO, lmM) and sodium 

nitroprusside (SNP, 250µM). ANI-induced cGMP accumulation was inhibited by LNAME 

(Fig. lOA,B, hatched bars), only when LARO was not added. In the presence of DARO, 

ANI-induced cOMP accumulation was unaffected (Fig. lOA,B). SNP, as a direct agonist of 

soluble guanylate cyclase,_ stimulated cOMP accumulation in the presence of LNAME, 

equivalently in both groups exposed to either ANI alone or ANI with I 00 ng/ml LPS (Fig. 

lOA,B; solid bars). These data suggested that sqc activity was not altered under these 

conditions. rhese results resemble closely the responses observed from cells exposed to CH. 



Figure 8: Concentration-dependent effects of anisomycin (ANI) on vehicle-stimulated 
(panel A) or lipopolysaccharide (LPS)-stimulated (panel B) cGMP accumulation in 
RASM. Cells were incubated/or 24 hours in medium.containing 0-lµglml AN/ either in the 
absence (pane/A) or presence of JOD_ng/ml LPS (panel B). This wasfollowed by a 15-minute 
incubation in a solution containing lmM IBMX and lmM L-arginine. Thereafter, 
accumuk::ted cGMP was determined by RIA. Means ± SEM; n= 4 wells. *p<0.05 from 
cGMP levels of the corresponding group without AN/. Note: In panel A, cGMP amounts are 
expressed in pmol, in contrast to panel B which are expressed in nmol. 
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Figure 9: Time-dependent effects of anisomycin (ANI). on vehicle-stimulated (panel A) or 
lipopolysaccharide (LPS)-stimulated (panel B) cGMP accumulation in RASM. Cells were 
incubated in either medium (panel A) or medium containing _I 0Ong/ml LPS (panel B ), alone 
( open squares) or in combination with 250nglml AN/ ( closed squares). Accumulation of 
·cGMP in the presence of lmM IBMX and lmM L-arginine during a 15-minute period was 
subsequently determined. Means ± SEM; n= 4 wells. *p<0.05 from cGMP levels of the 
corresponding group stimulated by vehicle or LPS alone. 
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Figure 10: Modulatory effects of L-arginine (L-ARG) and its inhibitory analogue N(J
nitro-L-arginine-methyl ester • (L-NAME) on anisomycin (ANI)-stimulated cGMP 
accumulation in RASM. Cells were stimulated with 250nglml AN/ for 24 hours, followed 
by a 30-minute treatment with ES or LNAME (J00µM) and a subsequent 15-minute 
incubation in 1 mM IBMX solution containing each particular substance indicated. Means 
± SEM; n=4 wells. #p<0.05 from cGMP levels in vehicle -treated cultures. *p<0.05 from 
cGMP levels in LNAME-treated CONTROL group. 
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B. How do changes in NOS induction correlate with changes in protein synthesis and cell 

proliferation? 

To investigate the correlation between of CH-stimulated cGMP accumulation and total 

prntein synthesis inhibition, protein synthesis was measured by 35S-methionine incorporation 

in confluent RASM cells incubated for 24 hours in methionine-free DMEM growth medium 

supplemented with trans35S-label, dialyzed 10% fetal bovine serum (FBS) and 0-1 OOµM CH 

with or without lOOng/ml ~PS. Thereafter, the cells were washed with Earle's salt solution 

(ES) prior to a 15-minute incubation in a solution containing 1 mM each of IBMX and LARG 

and subsequent collection of HCl-soluble fractions to measure cGMP levels by RIA. Cell 

fractions containing HCl- and ethanol-insoluble 35S-labelled proteins were collected for 

scirtillation counting. The total 35S-methionine incorporation from vehicle-treated groups(0) 

was 100%, representing uninterrupted protein synthesis (Fig. 11 A,B). In the presence of 

IOµM CH, total S35-methionine incorporation was significantly reduced to 13% (Fig. 11 A, 

B). Maximum inhibition of protein synthe~is was observeo with 50-1 00µM CH. Addition 

of LPS did not alter CH-dependent inhibition of protein synthesis (Fig. 1 lB). 

The correlation between CH-dependent iNOS activity and cell pro~iferation was 

determined by cell counting using a hemocytometer. RASM cultures grown in medium were 

incubated in 10% PBS-containing (Fig. 12A) or serum-free medium (Fig. 12B) with (closed 

symbols) or without IOµM CH (open symbols) for 0-3 days post-confluence. After each time 

indicated, total cell number was determined by hemocytomer, according to the described 

method. Cells kept in serum-containing medium throughout, showed a significant increase 

in total cell number after 24 hours, which persisted to 3 days (Fig. 12A). However, in the 



Figure 11: Concentration-dependent effects of cycloheximide (CH) on vehicle-induced 
(panel A) or lipopolysaccharide (LPS)-induced (panel B) cGMP accumulation (open bars) 
and trans35S-label incorp~ration (hatched bars) in RASM. Cells were incubated for 24 
hours in methionine-free medium supplemented with trans35 S-label, in the absence or 
presence of 1 00nglml LPS with or without 1-1 00µM CH. This was followed by a 15-minute 
incubation in a solution containing lmM IBMX and lmM L-arginine. Thereafter, 
accumulated cGMP was determined by RIA of the HCl-solublefractions, whereas trans35S
label ( ~70% L-methionine[35S]) incorporation into HCl- and ethanol-insoluble cell fractions 
was quantified by scintillation spectrometry. Means ± SEM; n= 4 wells. #, *p<0.05 from 
%Trans 35 S-label incorporation values or cGMP level respectively, of control cultures in the 
absence of CH. 
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Figure 12: Effects of cycloheximide (CH) on total RASM cell proliferation. Confluent 
RASM cultures grown in normal or serum-containing medium were exposed to either 10% 
fetal bovine serum(FBS) containing- (panel A) or serum-free (panel B) medium with (clo$ed 
symbols) or without J0µM CH (open symbols)for the indicated length of time. After each 
period, cells were washed with ca++ free phosphate-buffered saline solution containing 
EDTA, subsequently trypsinized and counted by hemocytometer. Mean ± SEM; n=6. 
*p<0.05.~rrom each respective Day 0 count. #p<0.05from each appropriate vehicle-treated 
group. 
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presence of 1 0µM CH for 3 days, cell counts significantly dropped, relative to the vehicle

treated counterpart. Under serum-free conditions, cell number increased only for the first 2 

days, which then plummeted day 3 (Fig. 12B). In the presence of CH, cell number remained 

, close to basal counts all throughout. Total cell count was not affected during the time 

required for NOS activation by CH i.e. the first 12-24 hours (Fig. 12A, closed symbols). 
' 

II. The mechanism(s) of NOS induction by protein synthesis inhibition 

A. What are the effects of CH on iNOS gene expression? 

Northern blot analysts of iNOS steady state mRNA in RASM was performed. Total RNA 

extracted from RASM (15µg) incubated for 0-12 hours with lOµM CH were hybridized with 

iNOS cDNA probe (Fig. 13A). From unstimulated cells (0), there was no iNOS mRNA 

detected (indicated by arrow), a 4.4 kB band visible by autoradiography, which confirms the 

absence of basal iNOS mRNA. . After 12 h?urs of CH stimulation, iNOS mRNA was clearly 

evident. Similar results were observed from northern blot analysis of RNA extracted from 

murine aortic smooth muscle cells exposed to l0µM CH for 12 hours, using the same iNOS 

probe ( data not shown)., Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA 

showed uniformity in sample loading on each lane, as well as specificity of response to CH 

(Fig. 13B). Utilizing RT-PCR analysis of gene expression, in groups exposed to LPS and 

CH for 12 hours, mRNA levels were significantly higher than mRNA levels from either CH

or LPS-stimulated cells (Fig. 14). CH-treated groups showed a moderate increase in mRNA 

levels, whereas LPS-stimulated cells showed the least amount of iNOS mRNA. 

Neither lO0ng/ml LPS- nor lOµM CH alone caused detectable iNOS proteins by western 

blot analysis (Fig.15). However, combination of LPS and CH in the 24-hour treatment of 



Figure 13: Northern blot analysis of inducible NO synthase (iNOS) mRNA in RASM. 
Total RNA ( l 5µg) extracted from RASM incubated for 0-12 hours, as indicated (0, 3, 6, 12), 
with 1 0µM CH was hybridized with iNOS cDNA probe (panel A). Arrow indicate the 4.4 kB 
i!yOS mRNA. Signals for glyceraldehyde-3-phosphate dehydrogenase mRNA (GAPDH)for 
each lanes are shown (panel B ). Results shown are representative of 2 separate experiments. 
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Figure 14: Superinduction of lipopolysaccharide (LPS)-induced NOS mRNA by CH in 
RASM. Total RNA were extracted from RASM exposed to medium (lane 2), J0µM CH (lane 
3), J00ng/ml LPS (lane 4) or a combination of CH and LPS (lane 5)for 12 hours. From 
each group, 2 ng RNA was obtained for semi-quantitative RT-PCR analysis in the presence 
of 1.25 pg exogenous RNA standard (described in the methods section). Upper panel: An 
aliquot of 10µ1 was obtained from each RTPCR and electrophoresed in 1.5% agarose gel 
in JX TAE. Note: The photograph is shown in reverse tone to facilitate visualization of 
bands. Lower panel: Each band was analyzed by densitometry using an imaging system 
(Alpha Innotech Corp., San Leandro, CA), from which the results are shown as ratios of 
densitometric area ofiNOS (At) and the standards (As). Arrowheads point to 830 bp bands 
from RNA standards and 423 bp bands from iNOS mRNA. Negative controls include a 
reaction without RNA ( lane 1) and identical reactions from each group with the exception 
of rever.~i transcriptase (data not shown). Data shown are representative of 2 RTPCR 
reactions from 2 independent experiments. '-
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Figure 15: Time-dependent superinduction of lipopolysaccharide (LPS)-induced NOS 
protein levels by CH in RASM. Confll!-ent RASM were exposed to medium (VEH) or 1 0µM 
CH, eitht r in the presence (LPS, .J00ng/ml) or absence (CTL) of LPS for 0-24 hours. After 
each time indicated, total cell proteins were isolated as discussed in the methods. An aliquot 
containirJ,g 1 00µg from each group were analyzed by western. blot hybridization using 
monoclonal anti-iNOSfrom Dr. R. Hattori, Kyoto, Japan. 'The 130 kDa iNOS is indicated 
by the arrow. Results shown here are representative of 2 s~parate experiments. 
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RASM produced a visible 130 kDa band (see arrow). As a positive control, RASM 

maximally stimulated with 500U/ml IL-1 ~ for 24 hours showed an evident 130 kDa band 

- under similar blotting condition~. 

To determine whether CH, superinduced other known inducers of NOS and whether 

maximum inhibition was reversible, confluent R;\SM cells were incubated in medium alone 

'(CONTROL) or suppleme~ted with 100 ng/ml LPS, JOU/ml IL-1~ or 1000 U/ml TNFa as 

indicated (open bars), or in combination with maximum CH concentration (500µM, hatched 

or solid bars).for 12 hours followed by incubation for another 2 hours, either in the presence 

(solid bars:CH:::>-CH) or absence (hatched bars:CH=>- MEDIUM) of CH, prior to a 15-minute 

cGMP accumulation in the presence of lmM each of IBMX and L-ARG (Fig. 16). In 

addition to LPS, CH also superinduced TNFa- and IL-1~-stimulated NOS activity after 12 

hours which was only apparent upon removal of CH (hatched vs. solid bars). This also 

demonstrated that the cells were viable after 12 hours of maximally suppressed protein 

synthesis and that this inhibition was reversible within 2 hours after removal of CH (hatched 

b;.irs). 

To determine whether CH superinduction of LPS-induced NOS was dependent on 

continuous transcription, cells were incubated with 1 00ng/ml LPS (solid bars) or VEHICLE 

(open bars) for 18 hours (when iNOS activity is on the decline, see insert), then stimulated 

with medium (CONTROL) or lOµM CH (CH) each, or in combination with Sµg/ml 

actinomycin-D (ACTD, CH/ACTD), a transcription inhibitor, for another 12 hours (Fig. 17). 

Among the vehicle-treated groups ( open bars), the group exposed to CH alone for a total of 

12 hours produced a significant 4-fold increase in cGMP levels. Exposure to ACTD, alone 



Figure 16: Effects of removal of cycloheximide (CH) on vehicle-, lipopolysaccharide
(~PS) f!r cytokine-induced cGMP accum·ulation in~SM. Cells were treated medium 
atone (CONTROL) ·or supplemented ·each with LPS ( J00ng/ml), IL-Jp (JOU/ml) or TNF 
( J000U/ml) ( open bars), or combined with 500µM CH (hatched and solid bars)for 12 hours. 

I 

Aff er 12 hours, each group was washed extensively with ES and incubated for 2 hours more 
inf medium alone (open and hatched bars) or medium containing 500µM CH (solid bars). 
T~is was followed by a 1 S-minute period of cGMP accumulation in the presence of IBMX 
arid L-ar?inine (lmM each) which was subsequently quantified by RIA, as discussed in 
Methods. Means ± SEM; n= 6 wells. *:P<0.05 from cGMP values in appropriate VEHICLE 

I 

a~d CH>CH cultures. 
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Figure 17: Transcriptional regulation of cycloheximide's (CH) superinduction of 
lipopolysaccharide (LPS)-induced cGMP accumulation in RASM. Cells were stimulated 
with VEHICLE (open bars) or J0Ong/ml LPS (hatched bars)for 18 hours,followed by a 12-
hour incubation in the vehicle (CONTROL) or J0µM CH (CH), or 5µg/ml actinomycin-D 
with (CHIACTD) or without (ACTD) CH. At the end of the 30- hour treatment, cGMP 
accumulation over a 15-minute period was measured. *:P<0.05 from cGMP levels in 
appropriate CONTROL cultures. #:P<0.05 from cGMP levels in appropriate CH-treated 
cultures. Means ± SEM; n= 6 wells. Insert: Time-dependent iNOS activity in response to 
LPS with ( closed squares) or without CH ( open squares). Refer to Fig. 6B for more details. 
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·. or in combinati6n with CH for 12 hours, also caused a significant but very small (2-fold) 

increase in basal cGMP levels. However, the c'ombination .:>f ACTD and CH prevented the 

4-fold increase in cGMP levels observed with CH alone.· Among the LPS-treated groups 

(hatched bars), LPS-treatment caused a 7-fold increase from basefine values (CONTROL), 

.; which was incre~s~d further by'•6~f~ld,.(71±6 vs. 440±43) when CH was added for the next 

12 hours (CH). When ACTD was added.in.stead of CH, there was no increase in cGMP 

levels observed (ACTD). Similarly, when ACTD and CH were added together, instead of 

. just CH, there was also no significant increase in LPS-stimulated iNOS activity (CH/ AC~). 

These data suggest that CH-induced NOS and superinduction of LPS-induced NOS are both 

dependent on transcription. 

B .. Does CH-mediated iNOS sene expression involve transcription factors NF-KB or AP-1? 

1) Effects of CH on the NF-KB complex 

To correlate the changes OQ the inhibitory subunit of NF~KB, i.e. IKB, with iNOS activity 

by CH, we determined the time-dependent effects of CH on IKB« protein levels. Western 

blot analysis, as described in Methods, was performed on the soluble proteins extracted from 

RASM exposed to 1 0µM CH for increasing lenghts of time. IKB a proteins are indicated by 

arrows. At time 0 (i.e. under basal conditions), two·immunoreactive bands (37-40 kDa) were 

detected (Fig.18, arrows). After 3 hours of exposure to CH, the lower band was reduced but 

h tensified within the next 3 hours. On the other hand, the upper band slightly disappeared 

during the first 6 hours only to increase in intensity after 12 hours and increasing further over 

the next 12 hours. After 24 hours, the upper band became the dominant species in contrast 

to the lower band which was almost completely abolished. 



Figure 18: Time-dependent reduction of basal I KB a protein levels by CH in RASM. 
Confluent RASMwere exposed to vehicle (O') or JOµM CH for 5 minutes to 24 hours. After 
each time indicated, total proteins were isolated. and JOµg from each group were 
electrophoresed in 4-20% Tris-HCl gel. hd3a protein (indicated by arrows) levels were 
detected by western blot analysis using polyclonal anti-hd3a/MAD3 (Santa Cruz 
Biotechnology, CA). Tubulin protein levels were detected to provide controls for uniformity 
in protein loading and specificity of treatment. Results shown here are representative of 2 
separate experiments. 
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To provide evidence that CH reduces IKBa levels by inhibiting its resynthesis after 

turnover, we determined the effects of CH on IKBa protein levels in the presence of protease 

inhibitors which prevents IKBa degradation. Cells were exposed to phenylmethanesulphonyl 

fluoride (PMSF), tosyl phenylalanyl chloromethyl ketone (TPCK) or calpain inhibitor 1 

(CAL) with or without CH for 24 hours and thereafter, total cellular proteins were isolated 

for western blot analysis (Fig.19A). In the presence of a particular protease inhibitor alone, 

there was no significant change in the two immunoreative· IKBa bands. In the presence of 

CH alone, the lower band was markedly reduced with the upper band still visible. When CH 

was combined with a particular protease inhibitor, the CH-mediated effects on IKBa were 

prevented, i.e. the two immunoreactive bands resembled the pattern observed in control 

. (CTL) or vehicle-treated groups. Actin· or tubulin protein levels were detected to provide 

· controls for uniformity of protein loading and specificity of treatment. 

To directly investigate the inhibitory role of IKB a in mediating iNOS gene expression, the 

effects of protease inhibitors (which maintains IKBa protein levels) on CH-induced NOS 

activity. was determined (Fig.19B). Confluent RASM 'were exposed to lOµM CH alone 
. . 

(open bars), or combined with increasing concentrations of various protease inhibitors, 

namely PMSF (0.1-lmM, upper panel), TPCK (l-25µM, middle panel),.CAL (5-20µM, 

lower panel) for 24 hours (hatched bars). There~fter, iNOS activity was determined by 

cGMP accumulation during a 15-minute period in the presence of both IBMX and LARG, 

as described in Methods. Similar to earlier observations, CH significantly stimulated iNOS 

activity after exposure to 24 hours. Increasing concentrations of all protease inhibitors 

utilized caused a significant attenuation of CH-stimulated iNOS activity. 



Figure 19: Effects of protease inhibinon on hdJaprotein levels (panel A) and CH-induced 
NOS acnvity (panel B) in RASM. A. Total cell protein was extracted from RASM stimulated 
with vehicle (VEH), or 2lµM calpain inhibitor 1 (CAL), or BµM TPCK, or lmM PMSF with 
( CH) or without ( CTL) CH for 24 hours. Thereafter, 1 0µg per group were used for western 
blot analysis with a specific antibody against IKBa(Santa Cruz Biotechnology, CA). Actin 
and tubulin proteins were detected to provide controls for protein loading and specificity of 
treatment. Results from the PMSF-treated groups are representative of 2 separate 
experimerits. B. Confluent RASM were exposed to 0.1-lmM PMSF, 1-25µM TPCK or 5-
20µM caipain inhibitor 1 for 0, 30 minutes or 1 ho_ur respectively, prior to addition of either 
vehicle (open bars) or J0µM CH (hatched bars) for a 24-hour incubation. Thereafter, 
cGMP accumulation was determined during a 15-minute incubation in IBMX and L-arginine 
as discussed in Methods. ·Means ± SEM; n= 4 wells. *p< o~os from CH-treated group. 
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To investigate whether CH activated NF-KB, nuclear proteins were isolated from cells that 

were exposed to vehicle or CH, with or without LPS for 3 hours and were subsequently 

analyzed by mobility shift assays using radiolabelled NF-KB probe (Fig. 20). In vehicle

treated groups (lanes 1, 4, 8), there was no significant shift observed, suggesting that there 

i~ no basal NF-KB activity in RASM. In groups exposed to either CH (lane 6) or LPS (lanes 

2, 5) alone, significant shifted bands were observed, showing activation of NF-KB. In cells 

that were exposed to both CH and LPS (lanes 3, 7), the shifted bands were more intense 

suggesting that NF-KB activation was enhanced under this condition. Competitive inhibition 

by the additional presence of excess unlabelled NF-KB probe during the binding reaction 

caused a reduction in the intensity of all shifted bands (lanes 8-10). In contrast, nonspecific 

competition by the additional presence of unlabelled nonspecific (NS) probe did not reduce 

the intensity of the shifted bands (lanes 4-7). Extension of the experimental protocol to 18 

hours showed a similar pattern of shifted bands in response to radiolabelled NF-KB probe 

( data not shown). Nuclear extracts from Hela cells were also used in binding reactions with 

the same NF-KB probe and served as positive controls(+). 

2) Effects of CH on the AP-1 complex 

To determine whether CH altered basal levels of AP-1 components, western blot analysis 

was performed from ·cells exposed to l0µM CH for increasing lenghts of time (Fig. 21). 

After each time indicated,total proteins were isolated and the levels of FOS and JUN proteins 

were detected. At basal conditions, both FOS and JUN proteins were evident (0'). Either CH 

or LPS did not alter the level of FOS protein levels comp~ed to basal or 0'. In contrast, JUN 

protein levels were elevated by either CH or LPS alone, after 6 hours and up to 24 hours. 



Figure 2\1: Effects of cycloheximide (CH) on LPS-activated NF-KB in RASM. Confluent 
cultures were exposed to vehicle(-) or J0µM CH (CH) with (LPS+CH) or without J00ng/ml 
LPS (LPS)for 3 hours, and subsequently nuclear extracts (5µg) were obta~nedfrom each 
group for electrophoretic mobility shift assays. To confi,:.,,, the specificity of DNA-binding, 
radiolabelled NF-KB probe was challenged with 50 molar f!Xcess of either unlabelled NF-KB 
or non-specific (NS) oligomer. Binding r_eactions were separated in 4% nondenaturing gel, 
which were subsequently dried and exposed by auto radiography. Nuclear extracts from H ela 
cells were used as positive control. 
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Figure 21: Effects of cycloheximide (CH) on the steady state levels of FOS (55 kDa) and 
JUN (39 kDa) proteins in RASM. Confluent cultures were exposed to vehicle (0') or 10µM 
CH (CH), or J00ng/ml LPS (LPS)for the lenght of time indicated. After each time, total 
proteins were isolated and analyzed by western blotting. An aliquot (200µg) from each 
group was loaded into 10% polyacrylamide gel and hybridized with specific antibodies. · 
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To· investigate whether CH-mediated increase of JU~ protein levels affected basal AP-1 

a<;tivity, nuclear proteins were isolated from cells that were ·exposed to vehicle or CH, with 

or without LPS for 3 hours (Fig. 22). In contrast to basal NF-KB which was not active (lane 

1, arrowheads), the r~tolabelled AP-J probe caused a strong shift with nuclear extracts from 

. ' •', -

· ·vehicle-treated control groups (lane 7, stick arrow), suggesting pre-existing AP-1 activity. 

In CH-treated cells, radiolabelled AP-1 probe produced a strong shift of equal intensity to 

control treated groups (lane 8). LPS caused a stronger shift that was prevented by the 

presence of CH (lane 9, 10). Unfortunately, in both experiments where LPS was present, the 

pattern of AP-1 activation was not consistent. In similar experiments where the protocol 

was extended for 18 hours, CH caused a consistent increase in AP-1 activation ( data not 

shown). Nuclear extracts from Hela cells were also used in binding reactions with the same 

AP-1 probe and served as positive controls (lane 5, 6). 

C. Is there a difference between the half-lives of iNOS mRNA from LPS or CH alone, or in . 

combination? 

To determine the relative half-lives ~f iNOS mRNA induced by CH or LPS alone, or by the 

combination of CH and LPS, cells were exposed to medium (lane 1) CH (lanes 2, 3) or LPS 

(hnes 4-6) alone or to·the combination of CH and LPS (lanes 7-9) for 12 hours (Fig. 23). 

Thereafter, ACTD (Sµg/ml) was added to inhibit transcription. At each time indicated, the 

total RNA from each group was isolated for analysis by RT-PCR. In unstimulated groups, 

there was no detectable iNOS mRNA (lane 1 ). In CH-treated groups, there was a significant 

level of iNOS expression (lanes 2, 3). In LPS-treated groups, the iNOS mRNA level was 

very low, often times undetectable (lanes 4-6). This was an expected finding based on the 



Figure 22: Effects of cycloheximide (CH) on AP-1 activity in RASM. Confluent cultures 
were exposed to vehicle (lane 1, 7, 11), or JOµM CH (lanes 2, 8,12), or JOOng/ml LPS (lanes 

. 3, 9, 13) or LPS and CH together (lanes 4, JO, 14)for 3 hours. Thereafter, nuclear extracts 
(5µg) were obtained from each group for electrophoretic mobility shift assays with either 
a radiol<,..belled NF-KB or AP-1 as indicated. To confirm the specificity of DNA-binding, 
radiolabelled AP-1 probe was challenged with 150 molar excess unlabelled AP-1 
oligonucleotide (lanes 6, 11-14). Binding reactions were separated in 4% nondenaturing gel, 

· which were subsequently dried, and exposed by autoradiography. Nuclear extracts from Hela 
cells w~re used as positive controls (lanes 0, 5, 6). Arrowheads indicate NF-KB shifted 
bands. Long arrow indicates AP-1 shifted bands. · 
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Figure 23: Rela,tive mRNA half-lives among CH, LPS or CH and LPS stimula,ted RASM. 
Total RNA was extracted from confluent cultures exposed io medium (lane 1 ), CH (lane ,2, 
3), LPS (lanes4-6), LPS and CH (lanes 7-9)for 12 hours followed by addition of 5µg ACTD. 
After O' (lanes 2,4,7), 1.5 hours (lanes 5, 8) and 4 hours (3, 6, 9) in ACTD, total RNA was 
isolated according to methods described. From each group, 2 ng RNA was obtained for 
semi-quantitative RT-PCR analysis in the presence of 1.25 pg exogenous RNA standard 
(discussed in Methods). Upper panel: From each RT-PCR reaction, a 10µ1-aliquot was 
obtained for electrophoresis in 1.5% agarose gel in IX TAE. Note: Photograph is in reverse 
tone to facilitate visualization of bands. Lower panel: Each band was analyzed by 
densitometry using an imaging system (Alpha Innotech Corp., San Leandro, CA), from which 
the results are shown as ratios of densitometric area of iNOS (At) and the standards (As). 
Arrowheads point to 830 bp bands from RNA standards and 423 bp bands from iNOS 
mRNA. M refers to 100-base pair ladder with the 600 bp as the brightest band. Negative 
controls include a reaction without RNA (lane 10) and identical reactions from each group 
with the exception: of reverse transcriptase ( data not shown). Data shown are representative 
of 2 RTPCR reactions from 2 independent experiments. 
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time-dependent decline in iNOS activity produced by LPS-stimulated RASM and determined 

by cGMP accumulation. In the presence of CH and LPS, the level of iNOS mRNA was 

markedly higher than LPS- or CH-induced mRNA levels (lanes _7-9). LPS-induced mRNA 

levels decayed within the first 4 hours after addition of ACTD, in contrast to either CH alone 

or CHwith LPS-induced iNOS which did not show any decay after 4 hours (lanes 4, 9). In 

both groups stimulated with CH or CH and LPS, there is a slight but significant increase in 

mRNA levels in the presence of ACID even after 4 hours (lanes 3, 9), but after 12 hours in 

ACTD, a downward trend was evident (data not shown). 

D. What are the effects of CH on phosphotyrosine-containin~ proteins? 

In order to determine whether CH-mediated iNOS activity required phosphorylation of 

proteins with tyrosine residues, we performed a western blot analysis of the total protein 

content using anti-phosphotyrosine antibodies. Cells were exposed to lOµM CH with or 

without genistein (90µM) as tyrosine kinase inhibitor and total protein were isolated after 

e;~ch time indicated (Fig.24). Cells exposed to LPS (l00ng/ml) with or without genistein 

served as positive control. No significant time-dependent alteration among the 

phosphorylated tyrosine-containing proteins was evident in response to CH. 



Figure 24: Effects of CH on _total phosphorylation_ of tyrosine-containing proteins in 
RASM. Confluent RASM were exposefi: to vehicle (CTL), JOµM CH, or JOQng/mlLPS with 
or without 90µMgenistein (G). After each time indicated, total proteins were isolated and. 
an aliqtn.rJt of 50µg from ·each group were electrophoresed in 10% Tris-HCl gel. 
Phosphotyrosine proteins were detected by western blot analysis using monoclonal anti
phosphotyrosine PY20 antibody (Transduction La.boratories, Lexington, KY). 
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DISCUSSION 

A number of stimuli including bacterial endotoxin lipopolysaccharide (LPS), and 

cytokines, interleukin (IL-1 ), tumor necrosis factor (TNFa) and interferon (IFN y ), have been 

shown to cause the expression of type II or inducible NOS (iNOS) in vivo or in vitro (Busse 

and Mulsch et at, 1990; Julou-Schaeff~r et al., 1990; Fleming et al., 1991; Liu et al., 1993). 

In addition to septic shock, iNOS-derived excessive NO m~y also cause pathophysiological 

symptoms associated with arthritis, ulcerative colitis, allograft rejection and systemic lupus 

erythematosus or SLE (Clancy and Abramson, 1995).. In order to understand and ultimately 

inte.~ere with specific pathophysiological mechanisms which lead to ex~essive NO 

production, we proceeded to ·elucidate the regulatory m(?chanism of iNOS gene expression 

in vascular smooth muscle cells. The-initial query was directed at the dependency of iNOS 

on new protein synthesis. -Early results soon directed the study towards mechanisms of iNOS 

transcription. 

Cycloheximide (CH), a commonly used protein synthesis inhibitor, was utilized in the 

study. It prevents peptidyltransferase activity, necessary for peptide formation during the 

elongation process of protein synthesis (Dehoux et al., 1993). However, as results show, 

protein synthesis appears to play a complicated dual role in the induction of NOS in vascular 

smooth muscle cells. LPS-stimulated iNOS activity was inhibited by CH, confirming earlier 

reports on inhibition of iNOS gene expression (Koide et al., 1993; Schulz et al., 1992; Kanno 
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et al., 1993), but was superinduced after prolonged exposure to CH. The latter phenomenon 

is more appropriately referred to as superinduction because at the time when LPS-induced 

NOS activity was expected to reach basal levels { ~ 12 hours), in the presence of CH, iNOS 

activity increased beyond the maximum levels attained by LPS stimulation alone. This 

phenomenon involved iNOS gene expression and subsequent fun~tional en_zyme activity 

induced by CH in the absence of other known NOS inducing agents. 

Similarly, Ringold et al. (1984) observed in transfected Chinese hamster ovary (CHO) cells 

that CH (~ 1 0µM) caused the expression of the transfected human P-interferon gene. In 

addition, Ghersa et al. ( 1991) also observed an increase in the induction of endothelial 

leukocyte-adhesion molecule-1 (ELAM-1) in endothelial cells stimulated with both IL-1 and 

CH. Part of the mechanism explaining these phenomenon was hypothesized to include 

interference with resynthesis of modulatory labile proteins. The identity of these relevant 

labile proteins was not known. ~ince it appears that many of the regulatory mechanisms of 

g, me expression of inflammatory mediators involve such labile proteins, we proceeded to 

further investigate in more detail, the identity and role of labile protein(s) in the induction 

of NOS and superinduction of LPS-induced NOS by CH. 

In 1993, Xie et al. cloned and characterized the iNOS promoter region from the mouse 

macrophages, and a year later, also reported that the NF-KB region was a necessary element 

in conferring the induction of NOS by LPS (Xie et al., 1993, 1994). The IKB subunit of the 

NF-KB complex appeared to be the most likely candidate to fit the profile of the labile 

\ 

protein repressor. Unfortunately, the sequence of the iNOS promoter region in RASM was 

not availa~le. Nevert~eless, the prelimina~ pharmacological results obtained in this study 
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with regards to iNOS and a modulatory labile protein suggests strong similarities in the 

sequence of the iNOS promoter in murine macrophages and RASM. Because of the 

differential rates in protein turnover between 1Kl3a and iNOS, IKBa, the more labile protein 

between the two, was more sensitive to inhibition by CH. The inhibitory role of IKB on CH

indu_ced NOS gene expression was strongly supported by the data showing the attenuation 

of CH-induced NOS activity by protease inhibitors.These resembled observations by Miilsch 

et al. (1995) on the inhibitory effects of a protease inhibitor, tosyl-Lys-chloromethylketone 

(TLCK) on IL-1 induced NOS in intact blood vessels. With regards to direct inhibition of 

NF-KB by NAC, DETC, or ASA; gross morphological changes and 35% inhibition of 

mitochondrial respiration, were observed in RASM cultures after prolonged exposure to 

ASA or DETC. Furthermore, prolonged exposure(~ 12 hours) to NAC in the presence of 

LPS or cytokines enhanced iNOS activity in RASM (Marczin et al., 1994). The cysteine 

residue of NAC is believed to be the active component since N-acetyl serine did not mimic 

the effects of NAC. The significance of this observation on NAC is yet to ~e determined. 

Alternatively, superinduction of LPS- or cytokine-induced NOS by CH is believed to 

derive from the ability of CH to stabilize mRNA (Evans et al., 1994). However, this 

mechanism does not takejnto account the al:>ility of CH to cause gene induction by itself . 
. , . ' 

Since the present data showed that iNOS gene expressio~ occured following stimulation by 

CH alone, via depletion of IKBa and subsequent activation of NF-KB, the mechanism of 

superinduction must be modified to include iNOS mRNA formation and stabilization by CH. 

One way br which CH may prevent the degradation of mRNA is by inhibition of a 

translation-coupled degradation complex. Savant-Bhonsale et al. (1992) showed that 
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mutation of either translation start site or termination sequence caused a significant 

accumulation of mRNA. One region found to be relevant to the formation of this complex 

was an adenylate/uridylate-rich domain containing AUUUA motifs at the 3' untranslated 

region. Although, destabilization elements could also exist in the 5' end (McCarthy and 

Kollmus, 1995). The identity of the relevant RNAses were not determined. 

It is interesting to note that all iNOS mRNA sequenced to date, in contrast to types I 

(bNOS) and ill (ecNOS), possess this motif at the 3' (Geng et al., 1994). Evans et al. (1994), 

r.Lowed that CH, even for a short (30 minutes) incubation, lenghtened the half-life of IL-1-

induced NOS mRNA. However, they did not address the level of induction by CH alone. 

Similarly, we observed an increase in mRNA levels in response to CH and CH combined 

with LPS, as early as 1.5 hours after exposure to actinomycin-D. If stabilization of the 

transcript was indeed a property of CH, then we would expect mRNA levels to reach plateau 

levels as a function of time. However, it ~as a· c~msistent observation that a slight increase 

in mRNA levels occured after transcription was shutidown by actinomycin D. Although we 

did not perform a nuclear run-on analysis to determine the effects of actinomycin D and CH 

on the changes in transcriptional rates, the concentration used for actinomycin D (5µg/ml) 

was significant to pharmacologically block LPS-induced NOS activity. Interestingly, Borelli 

et al. reported that CH caused a significant reduction of 3H-actinomycin D lev~ls associated 

with acid-precipitable fractions of either CHO or Swiss 3T3 cells, suggesting that CH 

blocked actinomycin D from reaching its target site by an unidentified mechanism (Borelli 

et al., 1992). However, their apparent failure to detect a significant reduction in total RNA 

synthesis was attributed to the small percentage of mRNA formation ( ~5%) relative to total 
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RNA synthesis. This inhibitory effect was also found not to be caused by alterations in cell 

permeability . 

. With regards to other promoter regiqns that may function as potential regulatory sites, we 

. investigated the effects of CH on AP-1. This is one of the many consensus regions identified 

in the mouse macrophage iNOS promoter region (Xie et al., 1 ~93). Xie et al. (1993), showed . 

by promoter deletions on the sequences of the iNOS promoter, that the potentiative effects 

of IFN on LPS-stimulated promoter activity were reduced in constructs having a fragment 

that included AP:..1 than in constructs with the AP-1 site excluded. Although in the mouse 

macrophage iNOS promoter region, the AP-1 site is about 400 bp away from the NF-KB 

region, interactions between NF-KB and AP-1 must also be _considered. Until the sequence 

of the iNOS promoter from RASM is known, the exact role of AP-1 on iNOS gene 

expression is difficult to confirm. The present data suggest that AP-1 may play a role in the 

induction of NOS in RASM, in part due to the CH-induced upregulation of JUN gene 

products, in contrast to FOS which is not altered. It may be interesting to note that the 

formation of AP-1 from JUN homodimers, but not FOS-JUN heterodimers, is . also 

modulated by casein kinase II, which is the same kinase reported to phosphorylate IKBa 

under basal conditions (Abate et al., 1993; Barroga et al., 1995). Further understanding of 

the role of phosphorylation and identification of specific kinases in modulating the activation 

of specific transcription factors will shed more light on this issue. 

Previous studies on the role of tyrosine kinase in the NO-cGMP pathway show that tyrosine 

phosphorylation is a necessary step in conferring the induction of NOS activity by LPS 

(Marczin et al., 1994; Novogrodsky et al., 1994). In addition, phosphorylation of IKB;as 
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observed in a cell-free system, was found to be sensitive to tyrosine kinase inhibitors, 

herbimycin A and tyrphostin (Ishikawa et al., 1995). We were not able to detect a CH

induced effect on total. phosphorylation of tyrosine residues. It is likely that CH directly 

interferes with the loss of IteBa without requiring a similar kinase step. From the Western 

biot analysis of the time-dependent reduction of IteBa by CH, the reduction of the non

phosphorylated isoform was evident prior to any increase in the phosphorylated isoform. 

Moreover, it has been reported that IKB is phosphorylated at serine residues as a signal for 

ubiquitination and subsequent proteolysis (Chen et al., 1995). The exact identity of the IKB · 

kinase is still not known. 

PHYSIOLOGICAL RELEVANCE 

Cockfield et al. (1993) showed that CH alone induced TNFa and IFN-y gene expression 

and superinduced LPS-induction, similar to iNOS gene expression in. Since the regulatory 

region of the IFNy was not known to contain NF-KB sites, they suspected that the induction 

was more likely due to low levels of cytokine mRNA stabilized by CH which subsequently 

accumulated to detectable levels. In RASM, this possibility is unlikely since by utilizing 

RTPCR and the determination of cGMP accumulation in the presence of either NOS 

inhibitors or substrate, we did not dete.ct basal iNOS expression nor activity. Although, the 

sequence of the iNOS promoter regulatory regions in RASM is still not known, the present 

d.:ta strongly supports the hypothesis that the effects of CH on the iNOS promoter region 

involved the reduction of IKBa protein levels, and subsequent activation of NF-KB. Oguchi 

et al. (1994), showed that the iNOS promoter from the mouse macrophage transfected into 

a niouse macrophage cell line was fully functional in reponse to low concentrations of CH 
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stimulation. This suggested that the site that is sensitive to CH-mediated effects involves the 

iNOS promoter. When RASM cells were transfected with the iNOS promoter from mouse 

macrophage, several differences were observed in comparison to known regulatory systems 

in the mouse macrophage. Some of the notable differences include a differential response 

to LPS and cytokines, and a different NF-KB binding site (Spink et al., 1995). These 

differences suggest, in part, the existence of relevant species-specific differences with regards 

to DNA-binding proteins that may be acting as enhancers. 

On the other hand, Sirsjo et al. (1994) showed that CH-mediated effects may not be 

physiologically relevant due to differences in phenotypes among SMC in culture (which is 

synthetic) and in aortic strips (which is contractile). From their studies with SMC in vitro, 

CH upregulated iNOS rnRNA by LPS and IFNy, but downregulated rnRNA levels in aortic 

strips treated similarly. They hypothesized that this differences may be due to phenotypic 

differences in RN Ase levels. However, contrary to this hypothesis, to date, all known effects 

of CH on transcription.in vitro and in.vivo as shown by-Cockfield et al. (1993), were results 

of upregulation either by protection from labile RNA~es or by activation of a transcription 

factor released from labile protein repressors. However,'since NF-KB is such a ubiquitous 

tr .mscription factor mediating the induction of many unrelated gene products, we cannot . 

·. exclude the possibity ofautocrine factors modulating iNOS transcription. 

In summary, the transcriptional control of iNOS involves a delic~te balance of regulatory 

proteins which is sensitive to naturally occuring elements e.g. LPS and cytokines. However, 

the exact biological significance of NO production by protein synthesis inhibitors is not 

known. This study, along with new evidence showing trancriptional upregulation of the 
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constitutive isoforms (Ranjan et al., 1995; Inoue et al., 1995; Baltrons et al., 1995), 

emphasize the overwhelming importance .of transcriptional control of NO production under 

physiological or pathophysiological conditions. It .is likely that identification of isoform

specific promoter responsive elements will be the key to a more effective pharmacological 

regulation of NO production. 



SUMMARY AND CONCLUSIONS 

A. Effects of cycloheximide on the N9:cGMP pathway in RASM 

1. Addition of L-arginine with or without NOS inhibitor, NMMA did not produce any 

· significant increase in basal cGMP levels after 24 hours. 

2. In the presence of cycloheximide for 24 hours, cGMP accumulation in rat aortic smooth 

muscle cells was significantly increased. The combination of L-arginine and cycloheximide 

raised cGMP levels higher than levels reached by cycloheximide stimulation alone. 

3. Cycloheximide-stimulated cGMP accumulation was inhibited by NOS inhibitor, NMMA. 

L-arginine prevented the .inhibitory effects of NMMA. 

THUS, there is no basal NOS activity in RASM. Prolonged exposure to cycloheximide 

without the presence of known iNOS agonists caused significant iNOS activity. 

B. Mechanism of cycloheximide-induced iNOS activity 

1 Cycloheximide caused a biphasic dose-dependent induction of NOS activity after 24 

hours, concommitant with a dose-dependent inhibition of total protein synthesis. 

2. Anisomycin, another protein synthesis inhibitor, caused a similar dose- and 

time-dependent LNAME-sensitive effects on iNOS activity. 

3. Induction of NOS by cyloheximide did not correlate to changes in total cell proliferation. 

THUS, induction of NOS by protein synthesis inhibitors e.g. cycloheximide or anisomycin 

is due to partial protein synthesisoinhibition that is both time- and concentration-dependent. 

93 
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C. Effects of cycloheximide on LPS-, IL-1- or TNFa-induced NOS 

1. Cycloheximide inhibited LPS-induced NOS activity after th~ first 6 hours but 

superinduced LPS-induced NOS after 12 hours. 

2 Cycloheximide also superinduced IL-1-, and TNF-induced NOS activity. 

3. Cycloheximide NOS induction and superinduction of LPS-induced NOS was 

transcription-dependent. 

4. Maximum translation inhibition by cycloheximide was reversible within 2 hours after 

removal of cycloheximide. 

THUS, cycloheximide promotes superinduction by a variety of iNOS agonists. This 

phenomenon probably occurs at the transcriptional level.. 

D.Mechanism of cycloheximide-induced NOS and superinduction of LPS-induced NOS s:ene 

c.;.,:pression 

1. The steady state level of iNOS mRNA was increased in both rat and mouse aortic smooth 

muscle cells after 12 hrs of exposure to 1,0µM cycloheximide. 

2. Combination of LPS and CH caused a significant increase in iNOS gene expression after 

12 hours. 

3. iNOS mRNA indu~ed by either cycloheximide alone or in combination with LPS is more 

stable than iNOS mRNA induced by LPS. 

4. Both cycloheximide-induced NOS activity and time-dependent reduction of IKB a protein 

levels were prevented by several protease inhibitors. 

5. There was no activated NF-KB detected under basal conditions. NF-KB was activated after 

brief (3 hours) and prolonged (18 hours) exposure to either cycloheximide or LPS. 



95 

6. The combination of LPS and CH increased NF-KB activity higher than either CH- or LPS-

stimulated groups. 

7. Both cycloheximide and LPS caused an increase in JUN protein levels, but not in FOS. 

CH-increased AP-1 activity and this correlated with elevated JUN protein levels. 

8. Cycloheximide did not grossly affect phosphotyrosine proteins. 

THUS, cycloheximide altered basal IKBa protein levels and subsequently activated NF-KB 

leading to iNOS transcription, as well as stabilized LPS-induced NOS mRNA. 

Superinduction of LPS-induced NOS by cycloheximide involves both increased NF-KB 

at.tivity causing subsequent iNOS gene expression and mRNA stabilization. 
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