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Apolipoprotein A-I (apoA-I) has anti-inflammatory and anti-oxidative properties. This study was de-
signed to investigate whether apoA-I affects apoptosis and cytokine production of human blood neu-
trophils in an in vitro culture system. Spontaneous apoptosis of neutrophils was significantly delayed
by apoA-I. In addition, high density lipoprotein containing apoA-I also delayed apoptosis of
neutrophils. Apoptosis of neutrophils was inhibited by anti-scavenger receptor type B-I antibodies.
The amounts of interleukin-8, interferon (IFN)-inducible protein 10 (IP-10), and tumor necrosis factor-α 
(TNF-α) in the supernatants of cultured neutrophils treated with apoA-I were significantly increased.
Combined treatment of neutrophils with IFN-γ and apoA-I produced higher amounts of IP-10 and
TNF-α than did treatment with IFN-γ or apoA-I alone. The present study reveals that apoA-I activates
neutrophils to produce cytokines and delays spontaneous apoptosis of neutrophils. These findings
suggest that apoA-I, although a well-known negative acute-phase protein, has a pro-inflammatory ef-
fect in neutrophils.
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Introduction

Apolipoprotein A-I (ApoA-I) is present in a majority of

high density lipoprotein (HDL) particles and constitutes

about 70% of the apolipoprotein content of HDL particles

[30]. Thus, plasma apoA-I concentrations correlate closely

with plasma HDL-cholesterol levels [30]. ApoA-I has anti-in-

flammatory and anti-oxidative properties [1], which may

contribute to its cardioprotective role as inflammation and

oxidation are believed to be key processes in atherosclerosis

[24]. The atheroprotective effects of HDL may be due to its

anti-inflammatory properties [28], and HDL-associated

apoA-I might play a role as a constitutive anti-inflammatory

factor [5].

Atherosclerosis causes ischemic stroke and transient is-

chemic attacks in the arteries perfusing the brain [37].

Atherosclerotic plaques contain blood-borne inflammatory

and immune cells, including macrophages, T cells, dendritic

cells, mast cells, and natural killer cells [35]. The most abun-

dant immune cells in atherosclerotic lesions are mono-

cyte-derived macrophages and T cells. Neutrophils,

However, have received little attention with regard to the

pathogenesis or development of atherosclerosis [35]. In athe-

rogenesis, neutrophils are implicated to produce oxidizing

radicals and proteolytic enzymes during neu-

trophil-endothelium interactions [3]. Recently, Zernecke et al.

have shown that depletion of neutrophils significantly re-

duces the plaque size, indicating a functional role of neu-

trophils in atherosclerotic lesion formation [39]. Moreover,

it has been reported that apoA-I decreases formyl

Met-Leu-Phe (fMLP) - activated neutrophil degranulation

and superoxide production [20]. Therefore, neutrophils may

also be an important mediator in the development of

atherosclerosis.

Mature neutrophils are terminally differentiated and

short-lived cells. The apoptosis of neutrophils has been char-

acterized as an important factor in the resolution of in-

flammation [33]. Apoptotic neutrophils in tissues are recog-

nized and phagocytosed by macrophages, limiting the tissue

injury caused by neutrophils at sites of inflammation [16].

The number of apoptotic cells increases in sub-luminal re-

gions of atherosclerosis, which might correspond to sites of

neutrophil accumulation, suggesting that the low neutrophil

numbers detected in atherosclerotic plaques might be due

to an increased turnover of the cells in lesions [39].

Neutrophils are generally not considered as an important

source of de novo synthesis of polypeptide mediators but

these cells are involved in the production of proin-

flammatory cytokines and chemokines, such as tumor ne-
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crosis factor (TNF)-α, interleukin (IL)-1β, IL-8, and interferon

(IFN)-inducible protein 10 (IP-10) in response to a variety

of stimulants, including lipopolysaccharide (LPS), TNF-α,

and IFN-γ, thereby contributing to immunomodulation

[19]. Chemokines selectively recruit monocytes, neutrophils,

and lymphocytes to sites of vascular injury, inflammation,

and developing atherosclerosis [7]. However, the possible ef-

fects of apoA-I on the functions or survival of neutrophils

are not well understood. This study was designed to de-

termine whether apoA-I modulates spontaneous apoptosis

and cytokine production of neutrophils. The present study

showed that apoA-I is able to delay apoptosis of neutrophils

and stimulate TNF-α and IL-8 production.

 

Materials and Methods

Reagents

Histopaque, apoA-I, propidium iodide (PI), fluorescein

isothiocyanate (FITC)-conjugated Annexin V, LPS

(Escherichia coli strain O111 : B4), and other chemicals were

purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Endotoxin levels were evaluated using a Limulus amoebo-

cyte lysate assay (BioWhittaker, Walkersville, MD, USA).

Giemsa staining solution was purchased from Fluka (Bushes,

Switzerland). Dextran and ECL chemiluminescence kit were

obtained from Amersham Pharmacia Biotech (Uppsala,

Sweden). RPMI-1640 medium was acquired from Gibco-BRL

(Invitrogen, Calsbad, CA, USA). Antibodies against human

TNF-α, toll like receptor -2, CD11b, and scavenger receptor

type B-I (SR-BI) were purchased from R&D Systems

(Minneapolis, MN, USA).

Cell culture

Peripheral blood neutrophils were isolated from healthy

young donors using a method involving dextran sed-

imentation and differential centrifugation through a

Ficoll-Hypaque density gradient [26]. The donors were con-

firmed to have refrained from anti-inflammatory drugs for

at least 3 weeks before sampling. Informed consent was ob-

tained from all volunteers. Venous blood was collected in

sodium citrate solution (3.8%). The cellular part of the blood

was mixed with a solution of 3% dextran in 0.9% NaCl sol-

ution and maintained for 45 min at 25°C. The neutrophil

- rich upper layer of the suspension was then collected and

centrifuged (250× g, 10 min). Residual erythrocytes were re-

moved by hypotonic lysis and the pellet was suspended in

Hepes-buffered saline [25 mM Hepes (pH 7.4), 125 mM

NaCl, 0.7 mM MgCl2, and 0.5 mM EDTA]. The suspension

was centrifuged (250× g for 30 min) in Histopaque solution

at 4
o
C. Isolated neutrophils (2×10

5/100 μl) were maintained

in RPMI-1640 medium supplemented with 5% fetal bovine

serum, 1% glutamine, 100 U/ml penicillin, and 100 μg/ml

streptomycin in 96-well flat bottomed plates at 37oC in a

humidified atmosphere containing 5%CO2 [26]. Neutrophils

were shown to be 95% pure by morphological staining and

CD66b binding assays.

Morphological assessment of neutrophil apoptosis

Neutrophils incubated in the presence or absence of

ApoA-I were spun down on a glass slide in a cytospin

(Shandon, Pittsburgh, PA, USA). Cells were fixed with meth-

anol and stained with Giemsa staining solution. Percentages

of apoptotic cells were determined by counting at least 300

cells per slide.

PI and Annexin V-FITC staining

Phosphatidylserine exposure was measured by the bind-

ing of Annexin V-FITC using the protocol outlined in the

TACS apoptosis detection kit (R&D Systems, Minneapolis,

MN, USA). Cells (1×106) were first harvested and washed

with phosphate-buffered saline (PBS) and then suspended

in PBS including 0.5 mM EDTA; the cells were then in-

cubated for 15 min with Annexin V-FITC and PI. The cells

(1×10
4
) were subsequently analyzed by flow-cytometry

(Becton Dickinson, Franklin Lakes, NJ, USA). The combina-

tion of Annexin V-FITC and PI allows for the differentiation

between early apoptotic cells (Annexin V-FITC positive), late

apoptotic and/or necrotic cells (Annexin V-FITC and PI pos-

itive) and viable cells (unstained).

Western blot analysis

Neutrophils treated with apoA-I or LPS for 20 hr were

harvested, washed with ice-cold PBS; and treated with lysis

buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl, 1.5

mM MgCl2, 1 mM EGTA,10% glycerol, 1 mM NaF, 1% Triton

X-100, and protease inhibitors (1 mM PMSF, 20 U/ml aproti-

nin). The concentration of protein in each lysate was de-

termined using the Bio-Rad Protein Assay Reagent (Bio-Rad

Lab., Richmond, CA, USA) following the manufacturer’s

protocol. Then, 25 μg of proteins was separated by 12%

SDS-polyacrylamide gel electrophoresis and transferred onto

nitrocellulose membranes (Amersham Life Science, Inc.,
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Piscataway, NJ, USA). The membranes were blocked with

blocking buffer (10 mM TrisHCl, 0.15 M NaCl, 0.1% NaN3,

and 5% skim milk) for 1 hr at 25°C and incubated with pri-

mary polyclonal antibodies directed against procaspase-3,

procaspase-8, procaspase-9, Mcl-1, or β-actin (1:1,000 dilu-

tion) in a blocking buffer overnight at 4°C. The membranes

were incubated with secondary antibodies for 1 hr at 25°C.

The signals were detected using ECL chemiluminescence

(Amersham, Buckinghamshire, UK) following the manu-

facturer’s instructions.

ELISA

The cells were cultured in RPMI-1640 medium containing

apoA-I for the indicated times. The concentrations of IL-8,

IP-10, and TNF-α in the supernatants were then measured

in triplicate using standard ELISA kits (R&D Systems), with

standard cytokine preparations being used as internal

controls.

Statistical analysis

Results are presented as the means±SD. A student's t-test

for unpaired samples was used to compare the means.

Results

Effects of apoA-I on spontaneous apoptosis of

human neutrophils

Typical apoptotic cells were readily identified by their

nuclear condensation and the presence of cytoplasmic va-

cuoles in in vitro culture conditions (Fig. 1A, indicated by

arrows). After 20 hr of culture, the percentage of neu-

trophils showing spontaneous apoptosis was 66±7% as de-

termined by morphological examination. Spontaneous

apoptosis was significantly inhibited with 20 μg/ml

apoA-I (23±6%) (Fig. 1A). Phosphatidylserine exposure

was measured by flow-cytometry using Annexin V

staining. The preventive effect of apoA-I against sponta-

neous apoptosis was confirmed by PI and Annexin V

staining (70±5% in control vs. 30±6% in apoA-I treatment,

p<0.01), as shown in Fig. 1B. Treatment of neutrophils

with increasing concentrations of apoA-I for 20 hr sig-

nificantly decreased apoptosis (Fig. 2A). In this study, LPS

also increased the percentage of viable neutrophils and re-

duced the percentage of apoptotic cells. These results in-

dicate that apoA-I inhibits spontaneous apoptosis.

A

B

Fig. 1. Morphological analysis and PI and Annexin V staining

of apoA-I-treated neutrophils. Neutrophils were cultured

for 20 hr with medium (None) or 20 μg/ml apoA-I

(+ApoA-I). (A) Apoptotic neutrophils were assessed

morphologically by Giemsa staining. Arrows indicate

apoptotic cells. (B) Cell death was assessed by staining

of cells with PI and Annexin V.

Effects of HDL on apoptosis of neutrophils

Lipidated apoA-I forms discoidal HDL particles.

Therefore, it was investigated whether HDL containing

apoA-I also affects the survival of neutrophils.  Figure 2B

shows that neutrophil apoptosis was delayed by HDL in a

dose-dependent manner.

Effects of various neutralizing antibodies, including

anti-SR-BI antibody, on apoA-I-induced delay of

apoptosis

Several groups have reported the existence of a specific

receptor for apoA-I [9]. One of the recent candidates is SR-BI

[15]. To test the possible role of SR-B1 in apoA-I-induced

delay of apoptosis, antibodies against various receptors were

added to the culture media prior to the addition of apoA-I.

Anti-SR-BI antibody alone significantly decreased the apop-

totic rate of neutrophils but failed to block the delay of neu-

trophil apoptosis induced by apoA-I (Fig. 3). However, pre-

incubation of neutrophils with antibodies against CD36,

CD62 ligand, toll-like receptor-2, and CD11b affected neither

the spontaneous apoptosis nor the apoA-I-induced delay in

apoptosis of neutrophils.
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 A  B

Fig. 2. Dose dependence of the anti-apoptotic effects of apoA-I and HDL in neutrophils. Neutrophils were cultured for 20 hr with

the indicated concentrations of apoA-I (A) and HDL (B). Apoptotic cells were quantified morphologically under a light

microscope. Data are expressed as the percentage of cells showing morphological features of apoptosis. Results represent

the means±SD of 3 independent experiments. The dotted line in panel A indicates the mean apoptotic rate of neutrophils

treated with LPS for 20 hr.

Fig. 3. Effects of various neutralizing antibodies, including an-

ti-SR-B1, on apoA-I-induced delay of apoptosis in

neutrophils. Neutrophils were incubated with neutraliz-

ing antibodies for 1 hr and further cultured for 20 hr

in the presence or absence of apoA-I. Abs, antibodies.

Effects of apoA-I on the activation of caspases

It was investigated whether caspase activation during

spontaneous apoptosis is modulated by apoA-I treatment.

The full-length proenzyme forms of caspase-3, caspase-8,

and caspase-9 were reduced in neutrophils cultured for 20

hr, indicating proteolytic activation during spontaneous

apoptosis (Fig. 4A). The reduced levels of full-length procas-

pase-3 and procaspase-8 in neutrophils notably recovered to

control levels levels with exogenous addition of apoA-I.

 A

 B

Fig. 4. Effects of apoA-I on the protein levels of procaspases

and Mcl-1 in neutrophils. (A) Neutrophils were treated

with or without apoA-1 or LPS for 20 hr. The levels of

procaspases, Mcl-1, and Bax proteins were measured by

Western blot analysis. (B) Neutrophils were incubated

with or without apoA-1 for the indicated times and pro-

tein levels of Mcl-1 was measured as in panel A.

Expression of β-actin protein was served as a loading

control.
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However, no significant difference was detected in the level

of procaspase-9 between lysates from cells cultured in the

absence or presence of apoA-I. It has been demonstrated that

Mcl-1 is a major anti-apoptotic factor in neutrophils [21]. To

determine whether the expression of Mcl-1 is affected by

apoA-I, neutrophils were incubated for 20 hr in the presence

or absence of apoA-I, and Mcl-1 levels were analyzed by

western blot analysis. Compared to freshly isolated neu-

trophils, the protein level of Mcl-1 was significantly reduced

after 20 hr of culture, and this effect was reversed with the

addition of apoA-I. In neutrophils, the predominant

pro-apoptotic Bcl-2 family member expressed is Bax [25].

However, the levels of the Bax protein were not decreased

by apoA-1 as well as LPS. Mcl-1 is rapidly degraded due

to its half-life of only 2-3 hr [38]. [21] T. Yang, H.L. Buchan,

K.J. Townsend and R.W. Craig, MCL-1, a member of the

BCL-2 family, is induced rapidly in response to signals for

cell differentiation or death, but not to signals for cell pro-

liferation, J. Cell. Physiol. 166 (1996), pp. 523-536. Full Text

via CrossRef | View Record in Scopus | Cited By in Scopus

(119) The levels of Mcl-1 protein decline by 2 hr and that

the apoA-1 had a protective effect against Mcl-1 decline (Fig.

4B). These results suggest that inhibition of the degradation

of Mcl-1 by apoA-1 may related to the delay of apoptosis

in neutrophils, although we cannot rule out the possibility

that apoA-1 regulate transcriptional level of Mcl-1 during

spontaneous apoptosis.

Cytokine production by apoA-I-treated neutrophils

The ability of apoA-I-treated neutrophils to produce cyto-

kines was evaluated. As shown in Fig. 5, incubation of neu-

trophils with apoA-I evoked an increase in IL-8 production

in a dose-dependent manner. Moreover, the addition of

apoA-I to cultures of neutrophils led to a significant increase

in the release of IP-10. ApoA-I-treated neutrophils were able

to produce a significantly high amount of TNF-α. However,

the levels of IL-8 and TNF-α released by neutrophils in re-

sponse to apoA-I were similar to the level of produced in

response to LPS. These results suggest that neutrophils re-

lease differential levels of cytokines in response to apoA-I

stimulation.

Effects of apoA-I on the release of cytokines by

IFN-treated neutrophils

IFN-γ treatment has been shown to up-regulate the re-

lease of IP-10 and down-regulate the release of IL-8 by neu-

Fig. 5. Cytokine production of apoA-I-treated neutrophils. After

treating the neutrophils (1×10
6
) with or without apoA-I

or LPS for 20 hr, the supernatant of the cultures was

collected and the concentrations of cytokines were meas-

ured by ELISA. The dotted line in panel A indicates the

mean IL-8 level in the supernatants of neutrophils cul-

tured with LPS for 20 hr.

trophils [6,12]. We investigated the effects of apoA-I on the

release of IL-8 and IP-10 by neutrophils in the presence of
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Fig. 6. Effects of combined treatment with IFN-γ and

apoA-I on apoptosis and cytokine production

of neutrophils. Neutrophils (1×10
6
) were treat-

ed with or without IFN-γ and/or apoA-I (20

μg/ml). After 20 hr of culture, apoptotic rate

was measured based on morphological

changes. The concentrations of cytokines in

the supernatants were determined by ELISA.

The results shown are the means±SD of 3 sep-

arate experiments.

IFN-γ. The release of IL-8 from neutrophils was strongly

induced by TNF-α, whereas IFN-γ decreased this response

[18]. However, IFN-γ had no effect on apoA-I-induced in-

crease of IL-8 release by neutrophils (Fig. 6). Moreover, TNF-

α enhanced the release of IP-10 from IFN-γ-treated neu-

trophils [18]. The addition of IFN-γ to cultures of neu-

trophils also enhanced the release of IP-10 from apoA-I-treat-

ed neutrophils. The levels of TNF-α and IL-10 released by

neutrophils treated with the combination of apoA-I and IFN-

γ were higher than those produced by neutrophils treated

with apoA-I alone.

Discussion

This study showed that exogenously added apoA-I po-

tently inhibits spontaneous apoptosis of neutrophils.

ApoA-I contains amphipathic α-helical domains that have

an affinity for lipid and, therefore, may interact with cell

membranes [30,31,32]. Exogenously added apoA-I may also

be lipidated during secretion of lipid-free apoA-I by hep-

atocytes to form HDL because infused apoA-I was in-

corporated into HDL in vivo [23]. In this study, HDL contain-

ing apoA-I was also significantly potent in inhibiting sponta-

neous apoptosis of neutrophils.

It has been suggested that apoA-I diminishes the function

of activated neutrophils [2,10,20]. ApoA-I, but not HDL, sig-

nificantly diminishes neutrophil degranulation and super-

oxide production in response to surface-bound IgG and

fMLP [2]. Moreover, apoA-I protects the kidney from ische-

mia/reperfusion injury by inhibiting inflammatory cytokine

release and neutrophil infiltration and activation in animal

model [34]. However, the direct effect of apoA-I on neu-

trophils has not been investigated. This study suggests that

although HDL-associated apoA-I is a well-known negative

acute-phase protein, neutrophils infiltrated in atherosclerotic

lesions may be activated by apoA-I, produce inflammatory

cytokines, and have prolonged survival.

Apoptosis inhibition can occur at a number of sites. The

death receptor-dependent pathway activates caspase-8, and

the mitochondria-dependent pathway activates caspase-9.

However, activation of caspase-3 is a common final effector.

This study shows that the cleavage of procaspase-3 was in-

hibited in cultured cells by apoA-I, suggesting that apoA-I

inhibits apoptosis by acting on the caspase cascade. It was

demonstrated that loss of Mcl-1 released Bax from hetero-

dimer between Mcl-1 and Bax, which enables translocation

of Bax into the mitochondrial membrane, leading to mem-

brane permeabilization and apoptosis [11]. In this study,

protein levels of Mcl-1 but not Bax were changed by apoA-I

treatment. This result suggests that inhibition of loss of

Mcl-1 by apoA-I is an important factor in delay of apoptosis.

IL-8 plays a pivotal role in the recruitment and activation

of neutrophils (Luster, 1998) and monocytes [13]. IP-10 is

a chemokine to human monocytes and T lymphocytes

[36]. This study showed that IL-8 is synthesized and re-

leased by apoA-I-treated neutrophils. Therefore, it may be
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possible that neutrophils reaching the apoA-I-enriched area

produce the chemoattractant IL-8, which leads to an amplifi-

cation of immune cell accumulation and cytokine

production. However, atherosclerotic lesions do not contain

a high concentration of neutrophils, although IL-8 predom-

inance would favor neutrophil infiltration. On the other

hand, IP-10 interacts with CXCR3, which is a receptor that

is highly expressed on activated CD4+, CD8+, and natural

killer cells [8,27]. Neutrophils also produced IP-10 in the

presence of apoA-I, suggesting that IP-10 released by

apoA-I-activated neutrophils plays a role in the recruitment

of activated CXCR3
+

T cells to the site of inflammation.

Circulating TNF-α levels are strongly associated with the

incidence of cardiovascular and atherosclerotic events [4].

Monocyte chemotactic protein-1 is mainly produced by mac-

rophages and endothelial cells and TNF-α is reported to in-

duce its expression [29]. It has been shown that apoA-I in-

hibits TNF-α release in response to LPS [14]. In contrast, this

study showed that apoA-I-treated neutrophils produce TNF-

α and IP-10. Moreover, the production of TNF-α, but not

IL-8, by neutrophils was synergistically enhanced by the ad-

dition of IFN-γ and apoA-I. Soluble agents, including cyto-

kines, influence the rate of neutrophil apoptosis. IL-8 [17]

and TNF-α [22] tend to prolong neutrophil survival.

However, neutralizing antibodies against IL-8 and TNF-α 

did not block apoA-I-induced inhibition of apoptosis (data

not shown), suggesting that these cytokines may not be in-

volved in the inhibition of apoptosis by apoA-I.

In conclusion, human blood neutrophils were activated

and induced to delay apoptosis in response to apoA-I, which

suggests that apoA-I plays an important role in determining

innate immune responses in atherogenesis. Further work us-

ing in vivo models should be conducted to elucidate the pre-

cise roles of apoA-I and blood neutrophils in atherogenesis.
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초록：인간 호중구의 세포사멸과 시토카인 분비에 대한 아포지방단백 A-I의 영향

강형곤․최재형․허재택*

(동아대학교 의료원 신경외과학교실)

아포지방단백 A-I (apoA-I)은 항염증 및 항산화 작용을 가지고 있는 것으로 알려져 있다. 본 논문에서는 인간

혈액의 호중구를 이용하여 in vitro 상태에서 세포사멸과 시토카인의 분비 과정에 미치는 apoA-I의 영향을 조사하

였다. 인간 호중구에 apoA-I을 처리한 결과 세포사멸의 정도가 감소되었다. 또한, apoA-I을 함유하는 고밀도 지방

단백(HDL)에 의하여도 세포사멸은 현저히 감소되었다. HDL이 결합하는 수용체인 scavenger 수용체 B-1에 대한

항체에 의하여도 세포사멸은 억제되었다. ApoA-I을 20 시간 처리한 세포의 배양액내 인터루킨-8, 인터페론-유도

단백질 10(IP-10) 및 종양괴사인자-α의 분비가 현저히 증가하였다. 호중구에 인터페론 감마와 apoA-I을 동시 처리

하였을 때 시토카인 중에서 IP-10과 종양괴사인자-α의 분비가 단독으로 처리한 경우에 비해 현저히 증가되었다.

이러한 결과들은 인간 혈액 호중구에 apoA-I을 처리한 경우 호중구가 활성화되고 호중구의 세포사멸이 지연된다

는 것을 제시하는 것으로 apoA-I이 호중구에 대하여 염증성 인자로 작용할 것으로 추정된다.


