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Summary: Endothelium-derived relaxing factor/nitric oxide (EDRF/NQ) is produced
by the vascular wall and is a key modulator of vascular tone and blood pressure.
NO is also produced by vascular smooth muscle (VSMC) where it can inhibit
proliferation. Since cytokine-activated VSMC proliferation is a major event in
the development of atherosclerosis, we investigated the influence of cholesterol
(CE)-enrichment of VSMC on cytokine-induced NO synthesis. Treatment of VSMC with
native LDL for one week did not promote CE-accretion or alter NO production
following exposure to endotoxin (LPS). In contrast, CE-enrichment by cationized
LDL augmented LPS-induction of NO synthesis 2-5-fold. While TNF-a promoted little
NO synthesis in control VSMC, it was very potent after CE-enrichment. Similarly,
CE-enrichment augmented IL-la-induced NO synthesis. However, CE-enrichment did
not affect the synergistic induction of NO synthesis by cytokines in combination
with IFN-y. Our findings suggest that CE-enrichment of VSMC upregulates signal
transduction pathways which mediate cytokine and LPS induction of NO synthase
aCt‘IVlty. @ 1993 Academic Press, Inc.

Nitric oxide (NO) is a key cell-signalling molecule whose importance in vascular
physiology and pathophysiology is becoming increasingly appreciated (1). NO is
produced by NO synthases which are either constitutively expressed (cNOS), or
inducible (iNOS), and arise from at least three distinct genes (2-5). NO is
produced constitutively by cNOS in endothelial cells where it regulates vascular
tone and blood pressure (6,7), and mediates responses to vasedilators (8,9). NO
also inhibits VSMC proliferation (10), although it is unclear whether the

quantities of endothelium-derived NO are sufficient to achieve this effect in
vivo. However, high Tevels of NO are produced by iNOS, which is induced in VSMC
and macrophages following exposure to bacterial lipopolysaccharide (LPS) or
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viati i i : NO - nitric oxide; EDRF - endothelium-derived
relaxant factor; iNOS - inducible nitric oxide synthase; cNOS - constitutive
nitric oxide synthase; LPS - lipopolysacchride; TNF-a - tumor necrosis factor-a;
IL-1a - interleukin-la; IFN-y - interferon-y; LOL - low density lipoprotein; cLDL-
cationized low density lipoprotein; CE - cholesteryl ester.
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cytokines (11-15). Thus, NO may regulate VSMC function in an autocrine and
paracrine manner. Since NO inhibits VSMC proliferation, alterations in NO
synthesis may be important in the pathophysiology of atherogenesis, which is
characterized by VSMC hyperplasia and cholesteryl ester deposition. Indeed,
atheroscierosis has been associated with either reduced (16), or elevated (17)
NO synthetic capacity. However, the influence of CE-enrichment on NO generation
by VSMC has not been explored. We report here that CE-enrichment augments
cytokine-induction of iNOS activity.

MATERIALS AND METHODS

Materials: RPMI-1640, M-199, penicillin, streptomycin, and amphotericin B were
from Gibco (Grand Island, NY). Fetal bovine serum (FBS) and newborn calf serum
were purchased from Hyclone (Logan, UT). N,N-dimethyl-1,3-propanediamine was from
Kodak Chemicals (Rochester, NY}; 1-ethy1-3-(3-dimethylamino-propy1) carbodiimide-
HC1 was purchased from Aldrich Chemicals (Milwaukee, WI}. Human recombinant
interleukin-la (IL-la), human recombinant tumor necrosis factor-a (TNF-a), and
rat recombinant interferon-gamma (IFN-y) were obtained from Hoffman La-Roche
(Nutley, NJ). LPS (E.coli BO111:B4) was obtained from Sigma (St. Louis, MQ).
Other chemicals were obtained from Fisher Scientific (Springfield, NJ).
Preparation of plasma LDL and cationized LDl {clDL}: LDL (1.019 - 1.063 g/m1) was
isolated by preparative ultracentrifugation of pooled donor human plasma (18).
LDL was cationized as previously described (19). Lipoproteins were screened for
the presence of thiobarbituric acid-reactive substances (TBARS), wusing
matondialdehyde as standard (20). LDL and clDL contained <2 nmol TBARS/mg
protein. Lipoproteins were dialyzed against 0.154 M NaC1, 0.3 mM EDTA, 0.1 M
NaHPO, (pH 7.4) for 48 h.

Isolation and culture of aortic VSMC: VSMC were propagated from explants of rat
thoracic aorta, and cultured as previously described (19). Cells were identified
as VSMC by their hill-and-valley morphology and positive staining for a-actin.
Cells were maintained in M-199/10% FBS (v/v} containing penicillin (80 ug/ml),
streptomycin (80 ug/mi), and fungizone (2.0 ug/ml), and incubated at 37 °C in 5%
CO, in air.

Preparation of foam cells; Cells were grown to confluence in 96-well cluster
plates in M-199/10% FBS and treated with M-199/5% FBS alone, or containing LDL
or cLDL (100 ug/ml) for seven days. These media were replaced on day 4. VSMC ex-
posed to native LDL did not accumulate free or esterified cholesterol, while
cells exposed to cLDL increased free and esterified cholesterol 2-fold and
10-30-fold, respectively (19).

Assay of NO: NO was measured as nitrite in the conditioned medium of normal and
CE-enriched VSMC in 96-well cluster plates as previously described (12). Cells
were exposed to stimulants in 200 ul of RPMI containing 10% newborn bovine calf
serum, 2.5 mM glutamine, 25 mM HEPES and penicillin/streptomycin/fungizone. At
appropriate time-points, 100 ul of medium were added to Greiss reagent (0.05%
napthalenediamine and 0.5% sulfanilamide in 5% orthophosphoric acid,1:1) to form
an azo dye adduct which was assayed in quadruplicate at 0D, and quantified
using nitrite as reference (0-100 uM). Background absorbance was determined using
medium alone, and was subtracted from all values.

Miscellaneous assays: Cellular and lipoprotein protein content was measured by
the method of Lowry et al (21), using bovine serum albumin as standard.
Statistical analysis: Data are expressed as mean + SEM, and analyzed by Student’s
t test or analysis of variance, followed by Newman Keul’s test. Differences with
p < 0.05 were considered significant.

RESULTS

In initial experiments, the influence of cytokines and LPS on nitrite production
was evaluated. As depicted in Table 1, LPS and IL-la stimulated nitrite release
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Jable 1
- itri i i Musc] 1
Treatment Dose Nitrite (fmoles)
Control 252 + 21
LPS (ug/ml): 0.5 210 + 21
5.0 672 + 2I°
50.0 3108 + 252°
IL-la (U/ml): 5.0 231 + 42
50.0 483 + 4?2°
500.0 3633 + 252"
TNF-a (U/m1): 25.0 168 + 21
250.0 273 + 42
2500.0 357 + 42

VSMC were exposed to media alone {control) and increasing
concentrations of LPS, IL-1a, or TNF-a for 44 hours, followed by
measurement of NO as nitrite (mean + SEM , n=8, " = p < 0.05).

in a dose-dependent manner. In contrast, barely detectable levels of nitrite are
attained even after exposure to high concentrations of TNF-a (2500 U/ml).
Although basal release of nitrite-positive material is detected in 44-hr
conditioned medium from control VSMC, it does not arise from NO since it is not
reduced by treatment with a specific NOS inhibitor (1.0 mM N*-methyl-L-arginine,
data not shown).

Next, experiments were performed to assess the influence of CE-enrichment of VSMC
on the potency and efficacy of LPS as an inducer of NO synthesis (Figure 1). CE-
enrichment augmented LPS-induced NO synthesis over 3-fold. Moreover, LPS induced
NO synthesis in control cells only at concentrations exceeding 10 ug/m1, whereas
LPS was active at concentrations 10-fold lower in eliciting nitrite production
by CE-enriched cells. However, native LDL, which does not cause cholesterol
enrichment (19), did not alter LPS-induced NO synthesis relative to control VSMC.

Since LPS induces the synthesis of numerous cytokines which mediate its
bioactivity, we investigated the possibility that CE-enrichment could modulate
induction of NO synthesis following exposure to TNF-a, IL-la, and [FN-y (Figure
2). In control VSMC, IL-la, but not TNF-a and IFN-y, induced NO synthesis. CE-
enrichment significantly potentiated IL-la-induced NO synthesis, and caused TNF-a
to act as a potent inducer of NO generation. Clearly, the greatest release of
nitric oxide by CE-enriched VSMC was observed with LPS, which stimulated NO
production nearly 8-fold. In contrast, IFN-y did not induce NO synthesis in
either control or CE-enriched cells (Figure 2). These data suggest that CE-
enrichment upregulates signal transduction pathways which mediate LPS- and
cytokine-induced iNOS activity, and hence, NO production.
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Figure 1. CE enrichment augments LPS induction of NO production by rat
VSMC: cells were exposed to medium alone (open circles), medium containing
native LDL (squares), or medium containing cLDL (triangles) for one week.
Cells were then exposed to medium containing LPS {1-100 ug/ml) for 24 hours
at 37 °C. Accumulation of NO was measured as NO, (n=4, mean *+ SEM,

* = p < 0.05).

Figure 2. CE enrichment augments cytokine induction of NO synthesis:

Normal and CE-enriched VSMC grown in 96-well cluster plates were exposed to
serum-free M-199 alone (control), or to M-199 containing TNF-a (12.5 ng/ml),
1L-la (25 ng/ml1), IFN-y (50 ng/ml), or LPS (50 ug/m1) for 24 hours at 37 °C.
NO was measured as described in Methods (n=4, mean + SEM, * = p < 0.05 from
ce11§ not treated with cytokines or LPS, # = p<< 0.05 normal vs CE-enriched
VSMC) .

We next tested the possibility that CE-enrichment would alter the synergistic
induction of iNOS by INF-y in combination with other cytokines (1}. Normal and
CE-enriched VSMC were exposed to TNF-a, IL-1a, or LPS in the presence and absence
of IFN-y. While IFN-y did not induce NO synthesis when administered alone, it
markedly potentiated induction of NO synthesis by other cytokines. Indeed, TNF-a,
IL-1a or LPS in the presence of IFN-y increased NO-release more than 6-fold
despite the inability of TNF-a to induce NO production when administered alone
(Figure 3, Panel A). CE-enrichment did not modify the synergistic effect of co-
stimulation by INF-y in the presence of TNF-a or LPS, but slightly reduced the
synergistic stimulation of combined INF-y/IL-la treatment (Figure 3, Panel B).

DISCUSSION

Generation of NO within the blood vessel wall is important in the regulation of
intrinsic tone and the maintenance of a non-thrombogenic surface. In this study,
we show that CE-enrichment of VSMC augments LPS- and cytokine-induced iNOS
activity. Although we did not directly measure iNOS mass or the steady state
levels of iNOS mRNA, our data support the hypothesis that CE-enrichment can
upregulate iNOS protein levels. Indeed, LPS (12,15) and IL-la (22) induce NO
production by VSMC by increasing transcription and translation of iNOS following
a delay of 6-8 hr, most probably through upregulation of iNOS gene transcription
(1). However, it is also conceivable that alterations in post-translational
processing of iNOS by CE-enriched VSMC may mediate its enhanced activity. The

106



Voli. 191, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A s B s
o - CONTROL b - CE-SMC

3 . - INFy Y ¥ K | - CE~SMC/INFy ¥
TE; 12 _g 12 1 - %
£ £

Fa3 z

o g | 2

[ =

4] o

S ]

=] J o

o ¢ o

o o

a o

w w

= =

£ 3] £

3 z

CTL TNFa Lia LPS CTL TNFa itia LPS
TREATMENT TAEATMENT

Figure 3. IFN-y augments NO synthesis in response to cytokines. Normal
{Panel A) or CE-enriched (Panel B) VSMC were exposed to TNF-u (12.5 ng/ml),
IL-la (25 ng/ml), or LPS (50 ug/ml) in the absence (open bars) and presence
of IFN-y (50 ng/ml1) for 24 hours at 37° C (n=4, mean * SEM, * = p < 0.05,
control vs cytokine activation, # = p < 0.05, treatments alone vs treatments
containing IFN-y).

finding that CE-enrichment can modulate gene transcription is not without
precedent. We have found that CE-enrichment upregulates the mRNA expression of
the inducible form of cyclooxygenase (COX-2, unpublished observations), as well
as the mRNA and protein for basic fibroblast growth factor (23) in VSMC. CE-
enrichment could conceivably upregulate iNOS directly or secondarily through the
generation of secondary cytokines which induce iNOS, such as IL-1 (24).
Alternatively, CE-enrichment may decrease the synthesis of mediators which
inhibit iNOS expression, such as TGF-B (25).

Although native LDL has been reported to inhibit endothelial-cell dependent
relaxation of isolated rabbit thoracic aorta (26), we did not observe alterations
in VSMC iNOS activity following treatment with LDL. Notably, native LDL does not
cause CE-enrichment of VSMC (19). The effect of LOL on endothelial cell NO
synthesis appears to be non-specific since VLDL and HDL inhibited NO release,
possibly due to inhibition by 1lipid oxidation products, such as
lysophosphatidylcholine (27). However, the effects of CE-eprichment on iNOS
activity may well be cell-specific. In contrast to VSMC, oxidized LDL, but not
acetylated LDL reduce NO synthetic capacity of macrophages despite similar
increases in cellular cholesterol content after exposure to either LDL species
(28). Thus, NO synthesis by macrophages may be inhibited by LDL-oxidation
products, but not by LDL or LDL-derived cholesterol.

The synergistic effects of combined cytokine treatment on induction of NO
synthesis have been previously reported for macrophages (29), endothelial cells
(30), and VSMC (22). Although the mechanism of this synergy is unclear, IFN-y
also augments the induction of IL-18 mRNA in response to LPS or IL-1 in
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endothelial cells (30), and IFN-y and IFN-B stimulate the expression of LPS-
inducible genes in macrophages (31). However, Cg-enrichment did not modifying
synergistic effect of co-stimulation by INF-y in the presence of TNF-a or LPS.,
and slightly reduced the synergistic stimulation of combined INF-y/IL-la
treatment. These observations suggest that CE-enrichment does not alter signal
transduction pathways which mediate cytokine-induction of maximal NO synthesis.
Collectively, our data indicate that CE-enrichment upregulates NO synthesis, an
important modulator of blood vessel tone and proliferative state of VSMC.
However, the influence of atherosclerosis on NO production and vascular
responsiveness is not fully understood. Most studies have shown that
atherosclerosis 1is associated with reduced NO synthesis, with concomitant
hypersensitivity to exogenous NO (32). In contrast, atherosclerosis has also been
associated with dincreased NO formation (presumably derived from VSMC),
concomitant with decreased NO lifetime (17). Our findings provide evidence to
support the latter in vivo findings. Increased NO synthesis by CE-enriched VSMC
in the context of atherosclerosis may serve to attenuate the actions of mitogens
which are overexpressed in developing lesions (PDGF, IL-1, TNF). Thus, VSMC-
derived NO could serve a beneficial or protective role in atherogenesis by
inhibiting unrestricted SMC proliferation.
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