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Regulation of eosinophil apoptosis by
nitric oxide: Role of c-Jun-N-terminal
kinase and signal transducer and
activator of transcription 5
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Background: Reduced eosinophil apoptosis is considered to be
a key mechanism for eosinophilia in allergic diseases such as
asthma, rhinitis, and eczema. 
Objective: The aim of our study was to investigate the possible
modulatory effect of nitric oxide (NO) in human eosinophils. 
Methods: Apoptosis in isolated eosinophils was assessed by rel-
ative DNA fragmentation assay, annexin-V binding, and mor-
phologic analysis. The activation of c-Jun-N-terminal kinase
(JNK) and signal transducer and activator of transcription 5
(STAT5) was assessed by immunoblot analysis.
Results: The NO donor S-nitroso-N-acetylpenicillamine
(SNAP) reversed the survival-prolonging effect of IL-5 by
inducing apoptosis. This effect was blocked by the NO scav-
enger (2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3oxide.potassium salt), indicating that reversal of IL-
5–mediated eosinophil survival was due to NO. The effect of
NO on IL-5–afforded cell survival was not mediated by cyclic
guanosine 3´: 5´-monophosphate (cGMP), because neither an
inhibitor of guanylyl cyclase nor inhibitors of phosphodi-
esterases had any effect on SNAP-induced eosinophil apoptosis
in IL-5–treated cells. SNAP induced a time-dependent increase
in the activity of JNK, and an inhibitor peptide specific for

JNK, L-JNKI1, completely reversed SNAP-induced apoptosis
in IL-5–treated eosinophils. In contrast, SNAP did not inhibit
IL-5–induced STAT5 activation. Inhibition of the activity of
caspases by Z-Asp-CH2-DCB reversed the effect of SNAP, sug-
gesting that NO promotes apoptosis in IL-5–treated human
eosinophils in a caspase-dependent manner. However, this
effect of NO was not mediated by means of activation of cas-
pases 3, 8, or 9. 
Conclusions: Our results suggest that exogenous NO reverses
IL-5–mediated eosinophil survival by inducing apoptosis, and
this is mediated by means of activation of JNK in a cGMP-inde-
pendent manner. (J Allergy Clin Immunol 2003;112:93-101.)
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Eosinophils are thought to play a critical role in aller-
gic diseases, such as allergic rhinitis, asthma, and atopic
dermatitis.1 In patients with asthma, activation of
eosinophils in the airways is thought to cause epithelial
tissue injury, contraction of airway smooth muscle, and
increased bronchial responsiveness.2 Apoptosis or pro-
grammed cell death might be an important feature in the
resolution of asthmatic inflammation.3 Apoptosis is char-
acterized by specific biochemical and morphologic
changes, including cell shrinkage, surface blebbing, DNA
fragmentation, and loss of nucleoli,4 so that the apoptotic
cell is phagocytosed intact without release of its contents.
In vitro, eosinophil apoptosis is inhibited by cytokines,
such as IL-3, IL-5, and GM-CSF.1,3,4 Eosinophil apopto-
sis is upregulated by Fas (CD95/APO-1), a 45-kDa trans-
membrane protein belonging to the TNF receptor family.5

We and others have previously shown that eosinophil
apoptosis is delayed in patients with asthma or inhalant
allergy.6,7 The number of eosinophils in the asthmatic
lung is elevated and is inversely correlated with the num-
ber of apoptotic eosinophils.8

Nitric oxide (NO) is enzymatically synthesized from
the amino acid L-arginine by enzymes called NO synthas-
es (NOS), which are classified into the constitutive neu-
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ronal (nNOS) and endothelial (eNOS) enzymes and the
inducible enzyme (iNOS).9 There is little or no expression
of iNOS under normal circumstances, but its synthesis is
rapidly stimulated by a wide range of inflammatory
cytokines and bacterial products.9 NO has many physio-
logic and pathophysiologic functions, such as regulation
of vascular tone, platelet aggregation, and the immune
response.9 The biologic effects of NO can be divided into
cyclic guanosine 3´: 5′-monophosphate (cGMP)–mediat-
ed and cGMP-independent mechanism. Although NO can
affect the cellular functions through posttranslation mod-
ifications of proteins directly (nitrosylation and nitration)
and indirectly (methylation and ribosylation), the main
physiologic signaling pathway of NO is considered to be
the activation of guanylyl cyclase, formation of cGMP,
and concomitant protein phosphorylation by means of the
activation of protein kinase G.10,11 Increased evidence
suggests that NO is involved in the pathogenesis of
inflammation and associated tissue destruction.12 The
role of NO in bronchial asthma is still incompletely
understood. Patients with bronchial asthma and allergic
rhinitis show increased levels of NO in exhaled air.13

Increased concentration of products of NO are also found
in induced sputum in patients with asthma.14 Moreover,
iNOS is expressed in the bronchial mucosa of patients
with asthma but not in normal control individuals.15

Because exhaled NO and sputum eosinophils are
raised in subjects with asthma, a relationship between
them is plausible. This idea is supported by the finding
that production of NO and expression of iNOS have been
reported in the human eosinophil.16 NO disrupts Fas-
receptor signaling in human eosinophils, suggesting that
it might affect eosinophil survival.17 The aim of this
study was to investigate the effect of NO on apoptosis in
IL-5–treated or cytokine-deprived human eosinophils
and to explain the molecular mechanism of action of NO
on these cells. 

METHODS

Eosinophil purification

Blood (50-100 mL) was obtained from normal individuals.
Eosinophils were isolated to >99% purity under sterile conditions as
previously reported.6,18 The cells were resuspended at 106 cells/mL
and cultured in RPMI 1640 or L-arginine, nitrate, and nitrite-free
Dulbecco modified Eagle medium supplemented with 100 µmol/L
L-arginine (for nitrite production and NOS inhibitor cultures), 10%
fetal calf serum, and antibiotics.

Determination of eosinophil apoptosis 

Unless otherwise stated, eosinophil apoptosis was determined by
propidium iodide staining of DNA fragmentation and flow cytometry
as previously described.6,18,19 The cells showing decreased relative
DNA content were considered to be apoptotic. Annexin-V binding
and morphologic analysis were performed as previously reported.19

Oligonucleosomal DNA fragmentation in eosinophils was analyzed
by agarose gel DNA electrophoresis as previously described.18,20

Nitrite determination, RNA extraction, and

RT-PCR

Nitrite was measured as previously described by adding 100 µL of
Griess reagent to 100-µL samples of medium.21 RNA was extracted
as previously described.21 First-strand cDNA was synthesized using
sequence-specific downstream primer for human iNOS or human β-
actin, which was used as reference. The Mg2+ concentration in the
reaction mixture was 1.0 mmol/L. Primers for amplification of β-
actin were 5′-TGACTGACTACCTCATGAAGATCCTCACCG-3′
(sense) and 5′-CCACGTCACACTTCATGATGGAGTTG-3′ (anti-
sense), resulting in a 304-bp product. Primers for amplification of
iNOS were 5′-ATGCCAGATGGCAGCATCAGA-3′ (sense) and 5′-
CACTTCCTCCAGGATGTTGTA-3′ (antisense), resulting in a 372-
bp product.22 Products were analyzed on 1.5% agarose gel containing
ethidium bromide and visualized in UV light.

Immunoblot analysis

Eosinophils were suspended at 106 cells/mL and cultured at
37°C. At the indicated time points, cells were centrifuged at 12,000g
for 10 minutes. The cell pellet was lysed by boiling for 5 minutes in
30 µL of Laemmli buffer (×6), centrifuged at 12,000g, and debris
was carefully removed. Samples were then stored at –20°C until
immunoblot analysis. For immunoblot analysis, each protein sample
was loaded on 8% to 12% SDS-PAGE gel and electrophoresed for 2
hours at 100 V. The separated proteins were transferred to nitrocel-
lulose membrane (Hybond ECL) with semi-dry blotter and blocked
using 5% nonfat dry milk in TRIS-buffered saline containing Tween
20 (0.1%). Proteins were labeled using specific antibody and subse-
quently detected using horseradish peroxide–linked anti-rabbit or
anti-mouse IgG and imaged on film using ECL Western blotting
detection systems. After phospho-signal transducer and activator of
transcription 5 (STAT5) was detected, the membrane was striped at
50°C for 30 minutes and washed by TRIS-buffered saline containing
Tween 20 (0.1%). To confirm equal protein loading, immunoblots
for total STAT5 proteins were carried out using antibody against
STAT5 and detected as previously.

Materials

Reagents were obtained as follows: 2-(4-Carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide. potassium salt
(Carboxy-PTIO), L-arginine, L-c-Jun N-terminal kinase peptide
inhibitor 1, L-stereoisomer (L-JNKI1), and L-TAT control peptide
(Alexis Corp, Läufelfingen, Switzerland); Z-Asp-CH2-DCB, AC-
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Abbreviations used
Carboxy-PTIO: 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylim-

idazoline-1-oxyl-3-oxide.potassium salt) 
cGMP: Guanosine 3´: 5´-monophosphate 

GEA 3175: 1,2,3,4-oxatriazolium,-3-(3-chloro-2-
methylphenyl)-5-[[(4-methylphenyl)
sulfonyl] amino]-, hydroxide inner salt 

IBMX: Isobutylmethylxanthine 
iNOS: Inducible NO synthase
JNK: c-Jun-N-terminal kinase
NO: Nitric oxide

ODQ: 1H-[1,2,4] oxadiazolo [4,3,-α]quinoxalin-1-
one

PDE: Phosphodiesterase
SNAP: S-nitroso-N-acetylpenicillamine 

STAT5: Signal transducer and activator of
transcription 5
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DMQD-CHO, AC-IETD-CHO, AC-LEHD-CHO (Peptide Institute,
Inc, Osaka, Japan); ODQ (Tocris, Bristol, UK); IBMX (isobutyl-
methyxanthine; EGA-Chemie, Steinheim, Germany); 8-Br-cGMP,
8-Br-cAMP, dibutyryl-cGMP, dibutyryl-cAMP, zaprinast (Sigma
Chemical Co, Poole, Dorset, UK); polyclonal Bax and monoclonal
caspase 3, polyclonal STAT5b, monoclonal pJNK antibodies (Santa
Cruz Biotechnology, Santa Cruz, Calif); caspase 8 mAb and Bcl-2
mAb (Oncogene Research Products, Boston, Mass); caspase 9 mAb
(NeoMakers, Fremont, Calif); phospho-STAT5 mAb (New England
Biolabs, Hitchin, UK); horseradish peroxide–linked anti-rabbit or
anti-mouse IgG (Amersham Life Science, Amersham, UK). Unless
otherwise stated, the reagents were obtained as previously

described.6,18,19,21-23 The incubation time is 40 hours unless other-
wise stated. Carboxy-PTIO, L-JNK1, L-TAT, ODQ, IBMX, zapri-
nast, and caspase inhibitors were added a moment before S-nitroso-
N-acetylpenicillamine (SNAP). 

Statistics

Results are expressed as means ± SEMs. Apoptosis is expressed
as apoptotic index. Apoptotic index = number of measured apoptot-
ic cells/number of total measured cells. Statistical significance was
calculated by analysis of variance for repeated measures supported
by the Student-Newman-Keuls test. Differences are considered sig-
nificant if P < .05.

A B

C

D

FIG 1. Assessment of percentages of apoptotic (hypodiploid DNA content) and nonapoptotic (diploid DNA)
cells in IL-5 (10 pmol/L)–treated eosinophils in the absence (A) and presence (B) of S-nitroso-N-acetylpeni-
cillamine (SNAP; 1000 µmol/L). The effect of nitric oxide (NO) donors SNAP (C, 1-1000 µmol/L) and GEA3175
(D, 1-100 µmol/L) on apoptosis in IL-5 (10 pmol/L)–treated eosinophils. **P < .01 compared with the respec-
tive control in the absence of NO donors and in the presence of IL-5. Each data point represents the mean
± SEM of 5 (C) or 7 (D) independent determinations using eosinophils from different donors.
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RESULTS

Effects of NO on IL-5–mediated eosinophil

survival 

When eosinophils were cultured in cytokine-deprived
conditions for 40 hours, the apoptotic index was 0.43 ±
0.06 (n = 6). IL-5 increased cell survival in a concentra-
tion-dependent manner during 40-hour incubation by
delaying apoptosis. The maximal antiapoptotic effect of
IL-5 was obtained at 10 pmol/L concentration (apoptotic
index 0.15 ± 0.05, n = 6). NO-donor SNAP (1-1000
µmol/L) reversed IL-5–mediated cell survival in a con-
centration-dependent manner by inducing apoptosis (Fig
1, A-C). Structurally unrelated NO-donor 1,2,3,4-oxatria-
zo l ium, -3- (3 -ch lo ro-2-methy lpheny l ) -5 - [ [ (4 -
methylphenyl) sulfonyl] amino]-, hydroxide inner salt;

GEA 3175; GEA Ltd., Copenhagen, Denmark; 1-100
µmol/L)23 also reversed the IL-5–afforded eosinophil sur-
vival (Fig 1, D). When morphologic criteria for apoptosis
were used, SNAP increased the apoptotic index in IL-
5–treated cells (Fig 2, A). Furthermore, SNAP induced
fragmentation of DNA in IL-5–treated cells (Fig 2, B). To
see whether the SNAP-induced reversal of IL-5–afforded
eosinophil survival was due to the release of NO from
SNAP, the effect of a NO-scavenging compound carboxy-
PTIO24 was tested. Carboxy-PTIO abolished the apopto-
sis-inducing effect of SNAP in IL-5–treated eosinophils
(Fig 2, C), confirming that the effect is mediated by NO
and not the penicillamine moiety of SNAP. 

SNAP also reversed the effects of IL-3, IL-5, GM-
CSF, and TNF-α on eosinophil survival (Fig 2, D) as ana-
lyzed by the annexin-V binding assay. SNAP (1 mmol/L)
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FIG 2. A, The effect of S-nitroso-N-acetylpenicillamine (SNAP) (1000 µmol/L) on apoptosis in IL-5 (10
pmol/L)–treated cells as analyzed by morphologic criteria. B, The effect of SNAP (1000 µmol/L) on oligonu-
cleosomal DNA fragmentation in eosinophils in the presence of IL-5 (10 pmol/L). A representative of 2 sim-
ilar experiments is shown. C, 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1oxyl-3-oxide (C-PT10) (50
mmol/L) abolished the apoptosis-inducing effect of SNAP (1000 µmol/L) in IL-5 (10 pmol/L)–treated
eosinophils. D, The effect of SNAP on apoptosis in the presence of IL-3 (100 pmol/L), IL-5 (10 pmol/L), GM-
CSF (70 pmol/L), and TNF-α (600 pmol/L) as assessed by annexin-V binding during 24-hour incubation. **P
< .01; ***P < .001 compared with the respective solvent control. Each data point represents the mean ± SEM
of 6 independent determinations using eosinophils from different donors. 

A

B

C

D



J ALLERGY CLIN IMMUNOL

VOLUME 112, NUMBER 1

Zhang et al 97

also increased constitutive eosinophil apoptosis (apoptot-
ic index 0.40 ± 0.03 and 0.56 ± 0.03 in the absence and
presence of SNAP, respectively, n = 5, P < .05). GEA
3175 (100 µmol/L) did not enhance constitutive
eosinophil apoptosis (apoptotic index 0.54 ± 0.07 and
0.51 ± 0.09 in the absence and presence of GEA 3175,
respectively, n = 7).

The effect of NO on human eosinophil

apoptosis is independent of cGMP 

To test whether the induction of apoptosis by NO in
IL-5–treated eosinophils was mediated by cGMP, sever-
al pharmacologic tools were used. The cell permeant
cyclic nucleotide analogs, dibutyryl-cGMP and 8-Br-
cGMP (both at 10-1000 µmol/L) failed to reverse IL-5
(10 pmol/L)–induced eosinophil survival (data not
shown, n = 4). Neither an inhibitor of guanylyl cyclase
ODQ (10 µmol/L), nor an inhibitor of phosphodiesterase
(PDE)5 zaprinast, nor a nonselective PDE inhibitor
IBMX affected the effect of SNAP (33-1000 µmol/L) in
the presence of IL-5 (10 pmol/L) (data not shown, n = 4).
Furthermore, stable and nonhydrolyzable analogs of
cAMP, dibutyryl-cAMP, and 8-Br-cAMP (both at 10-
1000 µmol/L) failed to reverse IL-5–induced eosinophil
survival (n = 4, data not shown). 

Activation of JNK mediates the induction of

apoptosis by NO in IL-5–treated eosinophils

When IL-5–treated eosinophils were incubated at 37°C
in the presence of SNAP (1000 µmol/L), a time-dependent
increase in the activity of JNK was detected using Western
blotting with an anti-pJNK antibody that recognizes the dual
phosphorylated (ie, activated) JNK (Fig 3, A). To evaluate
the functional role of JNK activation in NO-induced apop-
tosis in IL-5–treated cells, a novel cell-permeant inhibitor
peptide specific for JNK, L-JNKI1,25 was used. L-JNKI1
alone did not affect apoptosis in IL-5–treated eosinophils
(Fig 3, B). However, L-JNKI1 (10 µmol/L), but not the neg-
ative control peptide L-TAT, almost completely reversed
SNAP (1000 µmol/L)-induced apoptosis in IL-5–treated
eosinophils (Fig 3, B). To see whether IL-5 downregulates
JNK activation and whether SNAP simply restores basal
JNK activation independent of IL-5, JNK phosphorylation
was measured in eosinophils cultured for 30 minutes in the
presence or absence of IL-5 and SNAP. The immunoblots
showed some basal activity of JNK, which was not affected
by IL-5 (10 pmol/L). In contrast, SNAP (1 mmol/L) signif-
icantly increased the phosphorylation of JNK in the pres-
ence of IL-5 compared with the respective control in the
presence of IL-5 (n = 7, data not shown). 
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FIG 3. A, Effect of S-nitroso-N-acetylpenicillamine (SNAP) on phosphorylation of c-jun-N-terminal kinase
(JNK). JNK activation was measured using an antibody recognizing the phosphorylated JNK. A representa-
tive of 3 similar experiments is shown. B, The effect of JNK inhibitor, L-JNKI1 (10 µmol/L), and the negative
control peptide L-TAT (10 µmol/L) on SNAP (1000 µmol/L)-induced apoptosis in IL-5–treated eosinophils.
Each data point represents the mean ± SEM of 4 independent determinations using eosinophils from dif-
ferent donors. ***P < .001 compared with the respective SNAP-treated sample in the presence of L-TAT.
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Early IL-5 signaling pathways in eosinophils

are not affected by NO

Recently in rat eosinophils, IL-5 has been shown to
promote the phosphorylation of STAT5 by means of a
JAK2-dependent mechanism.26 When the eosinophils
were incubated in the presence of 10 pmol/L IL-5,
STAT5 was phosphorylated in a time-dependent manner,
and the maximal activation was obtained at 30 to 60 min-
utes (Fig 4, A). When the eosinophils were incubated in
the presence of SNAP and IL-5 for 60 minutes, the phos-
phorylation of STAT5 was not decreased, however (Fig
4, B). This suggests that NO does not affect STAT5 phos-
phorylation or earlier IL-5 signaling steps in eosinophils. 

Bcl-2 expression in IL-5–treated eosinophils:

no effect by NO 

The role of Bcl-2 family proteins in eosinophil apop-
tosis or its prevention is not clear, and the reported data
are conflicting.27-29 We did not detect any expression of
Bcl-2 (n = 2). In contrast, the proapoptotic species Bax
was strongly expressed as previously reported.27 We
could not see any change in the expression of Bax
between the samples of freshly isolated cells and cells
aged for 24 hours in the absence or presence of IL-5 with
or without SNAP (n = 2, data not shown). 

Effects of NO on activation of caspase

cascades in IL-5–treated eosinophils 

A pan-caspase inhibitor, Z-Asp-CH2-DCB (100-200
µmol/L) significantly reversed SNAP (1000 µmol/L)-
induced apoptosis in IL-5–treated eosinophils during 40

hours of incubation (Fig 5, A). Caspase 3 seemed to be
activated in the dying eosinophils cultured for 24 hours,
because the active 17-kDa subunit was detectable. IL-5
prevented the cleavage of procaspase 3. SNAP increased
caspase 3 cleavage in the presence of IL-5 (Fig 5, B), thus
suggesting a role for caspase 3 in the actions of NO.
However, SNAP reversed IL-5–mediated survival com-
pletely, and the activation of caspase 3 in SNAP-treated
cells was clearly less than in cells aged for 24 hours in
the absence of IL-5. In addition, the specific caspase 3
inhibitor (AC-DMQD-CHO, 2-200 µmol/L) was not able
to reverse the effect of SNAP in IL-5–treated eosinophils
(data not shown, n = 4). Caspases 8 and 9 have been pro-
posed to be involved in the extrinsic and intrinsic death
pathways, respectively. Some cleavage of procaspase 8
was detected both in IL-5–treated and IL-5–untreated
cells, but this was not increased by SNAP (n = 2, data not
shown). We were not able to detect any activation of cas-
pase 9 in eosinophils cultured for 24 hours in the pres-
ence or absence of IL-5 or SNAP (n = 3; data not shown).
Furthermore, when the functional role of caspases 8 and
9 was evaluated by use of specific inhibitors (AC-IETD-
CHO and AC-LEHD-CHO, 2-200 µmol/L, respectively),
they did not have any effect on apoptosis induced by
SNAP in IL-5–treated cells (data not shown, n = 4).

Endogenous NO is not a major regulator of

constitutive eosinophil apoptosis 

Eosinophils contain the enzyme NOS and produce
NO.16 To see whether endogenous NO production mod-
ulates eosinophil apoptosis, we studied the effects of
NOS inhibitors, L-NMMA (10-1000 µmol/L), L-NIO
(10-1000 µmol/L), and the selective iNOS inhibitor
1400W (1-1000 µmol/L) and that of a substrate for NOS,
L-arginine (1000 µmol/L). Neither the NOS inhibitors
nor L-arginine affected spontaneous eosinophil apoptosis
during 18 to 40 hours of incubation (n = 3-4, data not
shown). Consistently, spontaneous cell death did not
induce any release of NO measured as NO2

– (n = 2, data
not shown). Similarly, IL-5 did not induce any produc-
tion of NO (n = 2, data not shown). Consistently, no
iNOS mRNA could be detected by RT-PCR in
eosinophils cultured for 0, 6, or 20 hours in the absence
or presence of 10 pmol/L of IL-5 (n = 2, data not shown).

DISCUSSION

In this study, we found that exogenous NO reversed IL-
5–mediated eosinophil survival by inducing apoptosis.
The NO donors SNAP and GEA3175 increased the num-
ber of apoptotic cells in the presence of IL-5 in a concen-
tration-dependent manner, and this effect was abolished
by a NO scavenger. Our results are in agreement with the
study of Beauvais and Joly,30 in which it was suggested
that other NO donors reduced survival and induced apop-
tosis of IL-5–primed eosinophils. The main physiologic
signaling pathway of NO is considered to be activation of
guanylyl cyclase, leading to formation of cGMP, and con-
comitant protein phosphorylation. We used several tools
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FIG 4. A, Time course of phosphorylation of signal transducer and
activator of transcription 5 (STAT5) by IL-5 (10 pmol/L). STAT5
activation was detected using an antibody directed toward the
phosphorylated STAT5 (upper lane). The lower lane shows the
total STAT5 content in the same sample. B, The effect of S-nitroso-
N-acetylpenicillamine (SNAP) on IL-5–induced phosphorylation of
STAT5. Eosinophils were incubated with medium (Con), IL-5 (10
pmol/L), IL-5 (10 pmol/L), and SNAP (1000 µmol/L) for 60 minutes.
Representatives of 3 experiments with similar results are shown.
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to modulate the cGMP concentrations in the eosinophils,
including inhibition of guanylyl cyclase, inhibitors of
PDEs, and cell permeant analogs of cGMP, but the NO-
induced apoptosis or IL-5–mediated eosinophil survival
was not modulated by any of them. The apoptotic effect
of NO on IL-5–treated eosinophils, therefore, seems to be
independent of the activation of the guanylyl cyclase. This
seems to differ from anti-CD95–induced eosinophil apop-
tosis, because Hebestreit et al17 reported that NO was able
to disrupt Fas-receptor signaling. The effect of NO on
Fas-receptor signaling was reported to be due to activa-
tion of soluble guanylyl cyclase, and db-cGMP and db-
cAMP induced effects similar to NO donors. Thus, the
results of this study and that of Hebestreit et al17 suggest
that NO can regulate human eosinophil apoptosis at 2 sep-
arate levels, namely by reversing IL-5–mediated inhibi-
tion of apoptosis and by disrupting Fas-receptor signaling
and that these effects do not and do depend on the activa-
tion of guanylyl cyclase, respectively (Fig 6).

The MAPK family consists of a growing number of
serine/threonine kinases that are characteristically activat-
ed by threonine and tyrosine phosphorylation. The mem-
bers include ERK1, 2, 5, and 6, JNK/SAPK, and various
isoforms of p38. Both p38 and JNK/SAPK are implicated
in the signaling pathway of programmed cell death and
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FIG 5. A, The effect of a pancaspase inhibitor Z-Asp-CH2-DCB on eosinophil apoptosis in the presence of S-
nitroso-N-acetylpenicillamine (SNAP) (1000 µmol/L) and IL-5 (10 pmol/L). Each data point represents the
mean ± SEM of 7 independent determinations using eosinophils from different donors. **P < .01 compared
with the respective control in the presence of SNAP and IL-5. B, The effect of SNAP on the cleavage of cas-
pase 3. A representative experiment of 3 similar experiments is shown. 

FIG 6. The mechanistic interactions involved in the regulation of
eosinophil survival by IL-5 and nitric oxide.
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B
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activated in response to numerous environmental stimuli,
including NO.11,31-33 We have previously shown that p38
MAPK activity is involved in the prolonged survival, inhi-
bition of apoptosis, or both in human eosinophils, but it is
not possible to reverse IL-5–afforded eosinophil survival
by inhibiting p38 MAPK activity.18 Thus, an effect by NO
on p38 activity seemed unlikely. The JNK signal trans-
duction pathway is preferentially activated in response to
environmental stress and by the engagement of several
classes of cell surface receptors, including cytokine
receptors, serpentine receptors, and receptor tyrosine
kinases.31 JNK targets are mainly transcription factors,
including c-Jun, ATF2, Elk1, c-myc, or p53. Thus, JNK
probably acts by modifying the expression of genes that
play an important role in controlling cell death or sur-
vival. We found that NO activates JNK in IL-5–treated
human eosinophils. The effect of NO on apoptosis can be
reversed by specifically blocking JNK activation. This
confirms that the NO-induced apoptosis in human
eosinophils is mediated by means of activation of JNK.
Although the induction by NO of apoptosis by means of
a JNK-mediated pathway seems a theoretical possibility,
it is surprising that only limited data have been presented
to support such a signaling mechanism in other cell types.
In murine RAW 264.7 macrophages, NO induces apopto-
sis and activates JNK and p38 MAPK.33 In bovine chon-
drocytes, NO was recently reported to mediate IL-
1–dependent apoptosis in association with JNK activa-
tion.34 NO-stimulated JNK activation has also been impli-
cated in IL-1 β–activated islet beta-cell destruction in
pancreatic endocrine cell lines,35 in the apoptosis of
H9C2 cardiac muscle cells,36 rat adult cardiomyocytes,37

and in serum deprivation–induced apoptosis of neuronal
PC12 cells.38 Thus, to our knowledge, this is the first
description of JNK activation in NO-induced apoptosis in
nonmalignant human cells.

IL-5 might be the most important cytokine that primes
eosinophil function in humans.39 Numerous studies have
indicated that one of the major functions of IL-5 is the
inhibition of apoptosis in human eosinophils. Sharing a
common β-chain with IL-3 and GM-CSF receptor, IL-5
activates tyrosine phosphorylation of cellular sub-
strates.40 In this study, we show that STAT5 is phosphor-
ylated in IL-5–treated human eosinophils, confirming the
results of Hall et al.41 Although we confirmed that IL-5
induced STAT5 phosphorylation in eosinophils, NO did
not affect STAT5 phosphorylation in IL-5–treated cells,
suggesting that early steps of IL-5 signaling leading to
STAT5 activation are not affected by NO or JNK activa-
tion. The mechanistic interactions involved in the regula-
tion of eosinophil survival by IL-5 and NO are summa-
rized in Fig 6.

The Bcl-2 family has now been recognized to play a
central role in the control of apoptosis in many cell
types.42 The Bcl-2 family can be divided into 2 groups,
antiapoptotic proteins (such as Bcl-2, Bcl-XL, Mcl-1)
and proapoptotic proteins (such as Bax, Bad, and Bid).42

The balance of these proteins seems to affect whether a
cell lives or dies. Our results suggest that Bcl-2 or Bax

are not involved in the NO-induced apoptosis in IL-
5–treated eosinophils.

Caspases 8 and 9 have been proposed to be involved in
the extrinsic and intrinsic death pathways, respectively,
leading to activation of effector caspases (caspases 3, 6, and
7).43 Processing of caspase 8 and 3 proenzymes during
spontaneous and Fas-stimulated eosinophil death has been
reported, as well as blockade of procaspase processing by
IL-5.27 The effect of NO seemed to be dependent on cas-
pase activation, because it was prevented by a broad-spec-
trum caspase inhibitor Z-Asp-CH2-DCB. Also some pro-
cessing of caspase 3 but not caspases 8 or 9 proenzymes by
NO was detected. However, studies with specific inhibitors
indicated that the effect of NO was not mediated by means
of activation of caspases 8, 9, or 3. This is in line with the
recent results of Daigle and Simon44 and Zhang et al45 that
the common apoptosis-related caspases 3 and 8 are not
involved in spontaneous and dexamethasone-induced
apoptosis of human eosinophils. 

In this study, we also found that endogenous NO was
not involved in the regulation spontaneous eosinophil
apoptosis. NOS inhibitors did not affect spontaneous
eosinophil apoptosis. Moreover, no iNOS mRNA was
detected by RT-PCR, and nitrite was not released by
dying cells. These data suggested that endogenous NO
production does not modulate eosinophil apoptosis in
cytokine-deprived or IL-5–stimulated cells. 

Taken together, we have shown that NO reverses IL-
5–mediated eosinophil survival by activating JNK in a
cGMP-independent manner. NO-mediated inhibition of
IL-5–induced survival of eosinophils might represent a
counterregulatory mechanism to limit eosinophilia in
allergic diseases. The increased generation of NO in asth-
matic airways might therefore counteract the effect of IL-
5 in prolonging eosinophil survival.

We appreciate the skillful technical assistance of Mrs Tanja
Kuusela.
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