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Abstract

The transcription factor nuclear factor-kappa B (NB} is involved in the production of inflammatory cytokines and in the control of
the inflammatory response. Some nonsteroidal anti-inflammatory drugs such as acetylsalicylic acid (ASA) or salicylate are known to exe
some of their anti-inflammatory pharmacological properties independently of cyclooxygenase inhibition. For ASA and salicylateBan NF-
inhibitory effect at mM concentrations (pharmacological plasma concentrations reéackied) has been shown. We studied the action of
ASA, salicylate, and several NkB inhibitors on the mitogen-induced activation of peripheral blood lymphocytes (PBL) and purified T
cells. We showed that ASA and salicylate (1-3 mM) (but not indomethacin, a specific cyclooxygenase inhibitor) as well as a group o
chemically unrelated inhibitors of NkB (including the sesquiterpene lactone parthenolide, Bay 11-7082, sulfasalazine, the proteasome
inhibitor MG-132 and the peptide SN-50, an inhibitor of the nuclear transfer of the p50 subunit @B kvere potent inhibitors of
phytohemoagglutinin-activated PBL and T cell proliferation. At the same concentrations, they inhibitel Bifding to DNA in nuclear
extracts. The inhibition of proliferation was not relieved by exogenous interleukin (IL)-2. We concluded theB IdEtivation has a
fundamental role in T cell proliferation independently of IL-2 production. Some pharmacological actions of ASA may be ascribed to the
inhibition of immune cell proliferation via the inhibition of the transcription factor KB- © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction trations of ASA [2,3]. It was recently found that ASA and

salicylate disrupt signal transduction by inhibiting the trans-

Many of ASA’s therapeutic effects are clearly due to the
inhibition of prostaglandin synthesis [1]. However, not all
of ASA’s anti-inflammatory actions can be accounted for by
simple inhibition of COX 1 and 2. For example, therapeutic

location to the nucleus of the transcriptional regulator
NF-«B [4]. NF-kB is a dimeric protein complex composed

of members of the Rel family of transcription factors and is
necessary for the transcription of many genes involved in

serum concentrations of salicylate, the major metabolite of inflammatory and immune responses. In quiescent cells,

ASA and a poor inhibitor of COX 1 and COX 2, correlate
better with clinical anti-inflammation than serum concen-
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Abbreviations ASA, acetylsalicylic acid; COX, cyclooxygenase; ERK,
extracellular receptor-activated kinase; FBS, fetal bovine serum; IL-2,
interleukin-2; JNK, c-Jun N-terminal kinase; MAP, mitogen-activated pro-
tein kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; NF«B, nuclear factor-kappa B; PBL, peripheral blood lympho-
cytes; PHA, phytohemagglutinin; and TNE-tumor necrosis factor alpha.

NF-«B is held in the cytosol by an inhibitory protein, IkB.

In stimulated cells, IkB is phosphorylated by IkB kinase
(IKK) and targeted for proteasomal degradation, thus re-
leasing the NF«B dimer (most frequently composed of the
p50 and p65 subunits), which moves to the nucleus and
binds to DNA (reviewed in [5]). IKK is composed of two
kinase subunits (IKKalpha and IKKbeta) and a regulatory
subunit (IKKgamma) [5]. ASA and salicylate inhibit the
IKKbeta subunit of IKK kinase, thus preventing IkB phos-
phorylation and its subsequent degradation [6]. In endothe-
lial cells, the salicylate inhibition of the TNE-induced
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expression of the adhesion molecules E-selectin, VCAM tissue culture flasks (Falcon). After monocyte adhesion (at
(vascular cell adhesion molecule), and ICAM (intracellular least one day), PBL were removed, washed, and cultured
adhesion molecule) was ascribed to the inhibition of 8- (2-3 X 10° cells/mL) in complete RPMI medium in a 37°,
signaling [7]. In monocytes, ASA inhibition of NkB ac- 5% CO, atmosphere incubator and refed at least every three
tivation was shown to down-regulate the production of days. Each preparation was used for a maximum of three
IL-12 [8]. These findings seem to indicate that interference weeks.

with the NF«B transcriptional regulation may be an im-

portant component of the anti-inflammatory actions of sa- 2 3. T cell preparation

licylates. However, at similar concentrations, other effects

of salicylates have also been reported. They were shown to T cells were prepared from PBL by negative selection
interfere with signaling via the MAP kinases by inhibiting with the human T cell enrichment columns from R&D
JNK and activating p38 in fibroblasts [9] and by inhibiting  Systems following the manufacturer’s indications. Cells

ERK, thus preventing integrin-dependent activation, in neu- were equilibrated for at least one day in complete medium
trophils [10]. The inhibition of leukocyte accumulation before utilization.

vivo at the sites of carrageenan-induced inflammation was
?sc]ribed to a salicylate-induced production of adenosine2.4. Lymphocyte stimulation
11].

Lymphocyte activation represents a central event in the
inflammatory/immune response. In this study, we analyze
the effects of salicylates on mitogen-induced lymphocyte
proliferation. We show that proliferation is potently inhib-
ited by theurapeutic concentrations of ASA and salicylate,
but not by the COX inhibitor indomethacin. Furthermore,
we show that proliferation is inhibited by a variety of agents
that are known to inhibit NReB activation. We conclude
that the mechanism by which salicylates inhibit lymphocyte
proliferation is largely by inhibition of NReB signaling and
that in general inhibition of NReB activation precludes
lymphocyte proliferation.

Lymphocyte suspensions were seeded atx110°
cells/mL in 6- or 24-well plates. Cells were incubated for at
least 1 hr before stimulation with PHA (8g/mL). IL-2
when present was 100 U/mL. Anti-inflammatory drugs were
added 30 min before stimulation with the exception of
SN-50, which was preincubated for three hr prior to stim-
ulation.

2.5. Cell proliferation

Cell proliferation was measured byH]thymidine incok
poration. PH]Thymidine (1 wCi/mL, specific activity 25
Ci/mmol) was added at the indicated time of stimulation.
Incubations were stopped 6 hr later with 0.1% SDS; solu-
bilized cells were collected and the wells washed with PBS
containing 0.1% SDS. The acid-insoluble material recov-
ered after 5% trichloroacetic acid precipitation was washed

RPMI (with L-glutamine), MTT, and PHA were from three times with trichloroacetic acid and counted.
Sigma Chemical Co.; FBS, penicillin, streptomycin, and
Lymphoprep™ from GIBCO BRL; oligonucleotide sense 2.6. MTT test
and antisense was synthesized by Amersham Pharmacia
Biotech; poly(dl-dC), T4 polynucleotide kinase, and the To determine the change in cell number, growth activity
radiochemicals ¥P]JATP and [methyfH]thymidine were ~ Was measured by a colorimetric assay using MTT [13].
purchased from Amersham Pharmacia Biotech; parthenol-MTT (0.5 mg/mL) was added to the suspension 48 hr after
ide, MG-132, and SN-50 were from Biomol Research Lab- Stimulation and the reaction stopped 1 hr later with 0.5 mL
oratories, Bay 11-7082 from Calbiochem, and IL-2 from Of lysis extraction buffer composed of 20% SDS in 1/1
PeproTech EC LTD; human T cell enrichment columns dimethylformamide/water pH 4.7 as reported in [12]. After

were from R&D Systems. All other reagents were of ana- Overnight agitation, the solubilized formazane was deter-
lytical grade. mined at 540 nm.

2. Materials and methods

2.1. Materials

2.2. PBL preparation 2.7. NF«B activation assay

Peripheral blood mononuclear cells were isolated from  NF-«B was assayed by electrophoretic mobility shift
buffy coats by gradient centrifugation on Lymphoprep™ assay (EMSA) on the nuclear extracts of at least 30°
following the classical procedure of Boyum [12]. The iso- PBL as in [14], after 3 hr of stimulation. Samples were
lated mononuclear cells were resuspended in RPMI contain-prepared by incubating g of nuclear extracts with 50
ing 10% FBS, penicillin, and streptomycin (complete me- fmol (25,000 cpm) of*?P-labeled double-stranded N8
dium), diluted to 2—-3x 10° per mL, and seeded in 75-ém  consensus oligonucleotide’tBGT TGA GGG GAC TTT
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120 Table 1
[*H]Thymidine incorporation in PHA-stimulated PBL. Effect of
indomethacin and NkB inhibitors

Additions Concentration SH]Thymidine
100 incorporated (%)
—_ : — — 8+5
3 —@—salicylate BHA e 100
=1 ASA PHA Parthenolide iy 52+ 10
S PHA Parthenolide 2.5M 155
£ PHA Parthenolide M 10x2
& PHA Bay 11-7082 uM 37+6
% PHA Bay 11-7082 2.5M 10=5
£ PHA Bay 11-7082 2M 5+3
'5} PHA Sulfasalazine 1mM 127
es PHA SN-50 18uM 32+ 10
© PHA MG-132 5uM 5+3
< PHA Indomethacin 1M 110+ 10
g PBL preincubated with the indicated amounts of agents were stimulated
o

as in Fig. 1. Values are expressed as % of cpm incorporated in stimulated
control and represent the meansSD of three experiments in duplicate.
Significance was at leagt < 0.001 in alltreatments compared to stim-
ulated control except for indomethacin (not significant).

0 T I 1
0 5 10 15

[salicylate or ASA] mM Resting PBL were stimulated with the mitogen PHA.
) o o ) ) DNA synthesis was measured &siJthymidine incorpora
Fig. 1. Inhibition of PH]thymidine incorporation by ASA and salicylate. tion after about 24 hr of stimulation. As shown in Fig. 1
PBL preincubated with the indicated amounts of salicylate or ASA were e . s g- L
stimulated with 3ug/mL of PHA. [PH]Thymidine was added 24 hr later. thym'd'ne_ Incorporation was 'nh|b|ted_ by ASA and _Sa“CY'
For details see Materials and Methods. Values expressed as % of cpmlate. Semimaximal inhibition was obtained at approximately
incorporated in stimulated PBL (approximately 30,000 cpm) represent the 1 mM of either agent, well within the concentrations (2-5
means* SD (bars) of three experiments in duplicate. mM) required for the anti-inflammatory action of salicylate.
The inhibition of PBL proliferation does not appear to
) depend on COX inhibition, first because salicylate, a poor
CCC AGG C-3) in the presence of 0.ag of poly(dl-dC)  cox inhibitor, was as effective as ASA, and second be-
in binding buffer (25 mM HEPES, pH 7.9, 0.5 mM EDTA,  cause inhibiting COX with indomethacin was without effect
0.5 mM dithiothreitol, 2% Nonidet P-40, 5% glycerol, and = on lymphocyte proliferation. Indomethacin actually induced
50 mM NacCl, final volume 2QuL) for 20 min at 37°. The  aslight, although not significant, potentiation of lymphocyte
oligonucleotide—protein complex formed was separated proliferation in accordance with [15] (Table 1).
from free oligonucleotide on a 6% native polyacrylamide Lymphocyte proliferation is known to depend on the
gel in 50 mM Tris, 200 mM glycine, 1 mM EDTA, pH 8.5  stimulus-induced production of IL-2 and on the up-regula-
for 1 hr at 20 V/cm. Specificity of the binding was con- tion of CD25, the high-affinityx-chain of the IL-2 receptor
firmed by using excess unlabeled oligonucleotide. The gels[16]. It was therefore possible that the effects of salicylates
were fixed in 10% acetic acid and dried. Revelation of the could be overcome by supplementing IL-2. However, ex-
radioactive bands and quantitation was performed on a highogenous IL-2 (100 U/mL) did not alleviate the salicylate

sensitivity Phospho Screen laser scanning detection systeninhibition of lymphocyte proliferation (not shown).
(Cyclone, Packard). Some effects of ASA and its metabolite salicylate have

been ascribed to the disruption of signal transduction be-
tween cell surface receptors and the transcription of inflam-

3. Results

2.8. Statistical analysis matory cytokines via inhibition of kB phosphorylation,
. resulting in the prevention of NkB signaling. To assess
Values are always expressed as mearstandard devi-  the importance of NRB inhibition in the salicylate effect

ation of at least triplicate experiments. Statistical differ- gn PBL proliferation, we tested if other N&B inhibitors
ences between control and treatments are reported as sigwould similarly affect lymphocyte proliferation (Table 1).
nificant (the probability associated with the Studemitsst Parthenolide, a sesquiterpene lactone from the medicinal
in a two-tailed distribution of paired data) in the correspond- plant Tanacetum partheniurased in traditional medicine
ing legends to figures. for the treatment of fever and migraine, was recently re-
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Fig. 2. Inhibition of NF«B activation by salicylates or NkB inhibitors. Aliquots of 3-mL suspensions of PBL seeded in 6-well plates were incubated as
in Fig. 1. Cells were removed after 3 hr of stimulation and washed in PBS. Nuclear extracts were prepared as indicated in Materials and Methods. (A)
typical [*2P] image of the EMSA pattern of nuclear NéB acquired with Cyclone (Packard). Where indicated, a 100-fold excess of unlabeled oligonucleotide
(cold oligo) was included to confirm the specificity of the binding. (B) The intensity values of theBNIirked [*2P]oligonucleotide band areas (total lux)

are reported as % of the PHA-stimulated control and represent the means of three different experifpeRts< 0.001; **, P < 0.01.Bay, Sulfas, and

Parth represent Bay 11-7082, sulfasalazine, and parthenolide, respectively.

ported to be a potent inhibitor of IkB phosphorylation and trophoretic mobility shift assay (EMSA) technique. PHA
NF-kB signaling [17], although it also inhibits tyrosine induced a strong nuclear translocation of the AB-dimer,
phosphorylations as well as the activities of the MAP ki- which was significantly decreased by salicylate, BAY 11-
nases ERK, JNK, and p38 [18]. As shown in Table 1, 7082, parthenolide, and SN-50. A representative experiment
parthenolide was a powerful inhibitor of lymphocyte pro- is reported in Fig. 2A. The % inhibition of NkB associ-
liferation (cso about 1M). Another powerful inhibitor of ation with DNA from three experiments is reported in Fig.
PBL proliferation was BAY 11-7082d5, about 0.5uM), a 2B.

recently introduced inhibitor of the TNE-induced nuclear MTT reduction is a measure of cell-associated reducing
translocation of NR¢B and anti-inflammatory agent [19], power, which is in turn a function of cell humber and
which acts by preventing IkB phosphorylation. Unlike par- viability. An MTT reduction test is reported in Fig. 3. It
thenolide, BAY 11-7082 is not an inhibitor but rather a shows that PHA-induced proliferation (measured with the
potentiator of MAP kinases JNK and p38 [19]. Lymphocyte MTT test 2 days after stimulation) was strongly affected by
proliferation was also strongly affected by sulfasalazine, an all the NF«B inhibitors except for indomethacin, which
anti-inflammatory agent that was recently reported to inhibit had only a slight tendency to increase proliferation. Salic-
NF-«B signaling [20]. Proteasome inhibitors affect ¢B- ylate inhibition at low concentrations was less powerful in
activation by preventing the degradation of phosphorylated these experiments than in Fig. 1, probably because salicy-
IkB [21]. One such compound, MG-132 [21,22], was also a late at longer incubation times is metabolized to non-inhib-
powerful inhibitor of lymphocyte proliferation, as shown in itory compounds. Some decrease in MTT reduction was
Table 1. The NR«B inhibitor SN-50, a 26 aa cell-permeable also visible in unstimulated cells, an indication of cytotox-
peptide containing a sequence that interferes with the nu-icity. This is in agreement with a recent report showing that
clear translocation of the p50 subunit of MB; has been  a basal level of NRB activity is required for the survival
reported to be a rather specific inhibitor of NB-signaling of unstimulated primary lymphocytes [24]. To better assess
[23]. As shown in Table 1, SN-50 was also an inhibitor of the cytotoxic effects, we monitored the action of MB-
lymphocyte proliferation. All the reagents tested were inhibitors on Trypan blue exclusion in unstimulated and
equally effective in the presence of exogenous IL-2 (not stimulated PBL in parallel experiments. We found that the
shown). We evaluated salicylate and the other inhibitors of number of cells that did not exclude Trypan blue (a sign of
lymphocyte proliferation for their effects on the nuclear cytotoxicity) was higher in resting than in stimulated PBL.
translocation of NR¢B in PBL. The degree of NiB bind- In fact, the ratio of Trypan blue-negative/positive cells was
ing to nuclear extracts from PHA-treated PBL in the pres- 3.5+ 0.3, 1.5* 0.2, and 2+ 0.2 (N = 3) in unstimulated,
ence of proliferation inhibitors was evaluated with the elec- parthenolide, and BAY-treated PBL, respectively, increas-
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Fig. 3. Inhibition of cell growth by salicylates and N& inhibitors.
Conditions as in Fig. 1. MTT was added at 48 hr. The values are expressed
as % of the unstimulated control and represent the meaS® of three

experiments in duplicate. Statistical differences are indicated by: *** or inhibitors in purified T lymphocytes. Purified T cells were incubated as in Fig.

T, P <0.001; **or tT P < 0.01; * P < 0.1; ns, nosignificant, 1. BH]Thymidine was added 48 hr later. Values in triplicate are expressed as
and are related to unstimulated or stimulated controls, respectively. Ab- o4 of the cpm incorporated in stimulated T cells (15,000 cpm). Significance
breviations as in Fig. 2 except for Indom, which stands for indomethacin. was at leasP < 0.001 in all treatments compared to stimulated control.

ASA 2 mM
Salic 2.5 mM
Salic 5§ mM
Parth 2 yM
Parth 5 uM
SN-50 18 uM
MG132 5uM
Sulfas 1 mM

unst

Fig. 4. Inhibition of PH]thymidine incorporation by salicylates and NB-

ing to 4.7+ 0.3 in all cases in stimulated PBL. Thus, the  £yrthermore, deregulation of N&B activity has been as-
cytotoxicity associated with the inhibition of NkB ac-  gociated with oncogenesis. In fact, MB- is activated by
tivity decreased in the presence of mitogen, in accor- gncogenic Ras and is required for Ras to induce foci in NIH

dance with [24]. _ _ 3T3 cells [31], while constitutive NiB activation is re-
T lymphocytes are likely the largest contributors to cell qyired for proliferation and survival in Hodgkin's disease

proliferation in the experiments described, since PHA is a lymphoma cells [32]. In lymphocytes, constitutive NB-
relatively specific stimulator of T lymphocytes. Experi- activation appears necessary for survival [24]. The inhibi-
ments performed on purified T lymphocytes confirmed the tion of cell proliferation following inhibition of NFxB
results obtained in PBL. The initiation ofH]thymidine  gignaling has recently been reported in 3T3 fibroblasts. It

incorporation was somewhat delayed in purified T cells, but \ya5 shown that cyclin D1 was down-regulated under these
the pattern of inhibition was unchanged. Data of a rep- conditions and that pRb was maintained in a hypophosphor-
rgsentatlve experiment on purified T cells are reported in ylated, active state [33]. Whether this is also the case in T
Fig. 4. cells will be the subject of future research.
The observations presented in this study show that mi-
togen-stimulated T cell proliferation is prevented by salicy-
4. Discussion lates (observations on the antiproliferative action of salicy-
lates in lymphocytes have previously been reported [34,
In addition to its well-established role in activating the 35]), as well as by a number of other unrelated agents whose
transcription of genes involved in immunological responses, common property is the inhibition of NkB activity. The
studies indicate that NkB also functions in promoting cell  main determinant of the salicylate inhibition of lymphocyte
proliferation. For instance, lymphocytes lacking the p50, proliferation is clearly not the inhibition of COX, since
p65, or c-Rel subunits of NkB exhibit defects in mito- indomethacin is without effect.
genic responses [25-28], and p50/p52 double-knockout an- NF-«B activity appears to be a major player in the
imals fail to generate mature osteoclasts and B cells [29,30].induction of PBL proliferation. Although salicylate and
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