
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11325-021-02503-z

SLEEP BREATHING PHYSIOLOGY AND DISORDERS • ORIGINAL ARTICLE

Polymorphonuclear neutrophils promote endothelial apoptosis 
by enhancing adhesion upon stimulation by intermittent hypoxia

Jinna Li1 · Le Wang1 · Jie Hu1 · Xing Chen1 · Wei Zhou1 · Shuo Li1 · Hengjuan Guo1 · Yan Wang1 · Baoyuan Chen1 · 
Jing Zhang1 · Jie Cao1 

Received: 1 April 2021 / Revised: 21 July 2021 / Accepted: 28 September 2021 / Published online: 11 October 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
Purpose  This study explored the interactive effects between polymorphonuclear neutrophils (PMNs) and vascular endothelial 
cells under intermittent hypoxia (IH) and investigated the mechanisms underlying these effects.
Methods  Endothelial cells were co-cultured with PMNs isolated from rats exposed to normoxia or IH. The PMN apoptotic 
rate was determined using flow cytometry. Expression of apoptosis-related proteins in the endothelial cells were evaluated 
using Western blotting, and the levels of intercellular adhesion molecules in the co-culture supernatants were measured using 
enzyme-linked immunosorbent assay.
Results  The PMN apoptotic rate in the IH-exposed rat group was significantly lower than that of the normoxia control group. 
There was a positive relationship between the PMN apoptotic rate and IH exposure time. In endothelial cells co-cultured with 
PMNs isolated from IH-exposed rats, a significant increase in the protein expression levels of Bax, Bcl-2, and caspase-3 and 
a significant decrease in the Bcl-2/Bax ratio were observed. Furthermore, the intercellular cell adhesion molecule-1(ICAM-1) 
and E-select element (E-S) levels were elevated significantly in the co-cultured supernatants of endothelial cells and PMNs 
from IH-exposed rats compared to that from controls. The above IH-induced alterations were partially restored by tempol 
pretreatment.
Conclusions  The apoptotic rate was low in PMNs from IH-exposed rats, which consequently increased the apoptotic signals 
in endothelial cells in vitro. This may be associated with the increased levels of intercellular adhesion molecules. Further, 
tempol partially attenuates the PMN-mediated pro-apoptotic effects on endothelial cells under IH.

Keywords  Apoptosis · Endothelial cells · Obstructive sleep apnea · Polymorphonuclear neutrophils · Intermittent hypoxia · 
Adhesion

Introduction

Obstructive sleep apnea (OSA) is a common sleep-breathing 
disorder. Approximately one billion adults worldwide suffer 
from OSA, with half of this population suffering from mod-
erate-to-severe OSA, which poses a major threat to human 

health [1]. Intermittent hypoxia (IH) during sleep, result-
ing from repeated intermittent apnea and/or hypopnea, is a 
landmark pathophysiological characteristic of OSA [2], and 
is considered to be the key intermediary mechanism associ-
ated with OSA-related cardiovascular complications[3, 4].

In patients with untreated OSA, long-term exposure to 
IH causes endothelial injury and dysfunction, which directly 
affects the function of the corresponding organs and tissues, 
thus contributing to cardiac and vascular diseases [5]. IH 
can promote excessive oxidative stress and inflammatory 
immune responses mostly derived from circulating blood 
cells, which are considered the underlying mechanisms of 
atherosclerosis [6]. Our research team has previously dem-
onstrated that lymphocytes from IH-exposed rats could pro-
mote apoptosis of endothelial cells via oxidative and inflam-
mation injury in vitro [7]. Polymorphonuclear neutrophil 
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(PMN) is another classic inflammatory cell, which forms an 
essential component of non-specific immunity. Specifically, 
they are crucially involved in the body’s resistance to micro-
bial invasion, as well as the inflammatory promotion, devel-
opment, and regression [8]. However, uncontrolled release of 
their toxic substances may cause damage to the surrounding 
tissues [9]. Normally, neutrophils limit their activity through 
apoptosis. PMN apoptosis is critically involved in control-
ling the progression of oxidative stress and inflammation, as 
well as vascular injury. The survival, function, and metabolic 
status of PMNs directly affect the vascular endothelium. A 
large number of activated and infiltrated PMNs were found 
in lesions of acute coronary syndromes [10–13], which sig-
nificantly increased the risk of future cardiovascular events 
[14]. In addition, PMNs were involved in the pathogenesis 
of lethal myocardial reperfusion injury [15], whereas their 
depletion reduced the myocardial infarct size [16], and pro-
tected the myocardium [17]. The interaction between PMNs 
and vascular endothelial cells under IH, which is termed as 
cross-talking, has been increasingly researched. Previous 
study has found that the apoptosis of PMNs in IH-exposed 
rats with heart failure were delayed, which contributed to the 
exacerbation of myocardial damage and progression of heart 
dysfunction [18]. Delayed PMN apoptosis has also been 
assessed in patients with OSA, and negatively correlated 
with OSA severity [9]. However, there are few studies on the 
direct relationship between PMN apoptosis and endothelial 
cells under IH. Therefore, this study aimed to explore the 
interactive effects between PMNs and vascular endothelial 
cells under IH and investigate the mechanisms involved.

Material and methods

Animals

This study was approved by the Animal Ethical and Wel-
fare Committee of Tianjin Medical University. We used 64, 
8-week-old, male Wistar rats (250–280 g) provided by the 
Model Animal Center of Hygiene and Environmental Medi-
cine Research Institute, Chinese Academy of Medical Sci-
ence (License No. SCXK-(Army) 2019–003). The rats were 
randomly allocated to the following eight groups (n = 8, each 
group): normal oxygen control for 4 (NC4), 6 (NC6), and 8 
(NC8) successive weeks; 5% (v/v) IH exposure for 4 (IH4), 
6 (IH6), and 8 (IH8) successive weeks; and 5% IH exposure 
pretreated with equal volume of normal saline or tempol for 
6 successive weeks (IHN6 and IHT6, respectively).

IH exposure

The rats were placed in similar self-made sealed Plexiglas 
chambers (23 cm × 20 cm × 12 cm = 5520 cm3 ≈ 5.5 L). Pure 

nitrogen or clean air was infused into every chamber through 
timer-controlled solenoid valves controlled by respiratory 
simulation system 1.0 (Copyright: Feng Jing, Tianjin, China, 
2005), based on the IH cycle. Each IH cycle lasted for 2 min 
and consisted of an initial 30-s hypoxia phase, when nitrogen 
was infused into the chamber until the minimum oxygen 
concentration reached 5%, and a final 90-s reoxygenation 
phase, when compressed air was infused into the chamber 
until the oxygen saturation gradually returned to 21%. Rats 
in the normal oxygen control group were exposed to alter-
nating cycles of compressed room air in the chamber. Rats 
in the IHT6 group were treated via intraperitoneal injection 
of 10% tempol at 100 mg/kg/day for 6 successive weeks 
before 5% IH exposure. Contrastingly, rats in the IHN6 
group received equal volumes of normal saline through 
the abdominal cavity for 6 successive weeks before 5% IH 
exposure. The exposure experiments were performed daily 
from 8:30 a.m. to 4:30 p.m. for 4, 6, or 8 weeks. All the rats 
were allowed food and water ad libitum, in addition to the 
exposure period.

PMN isolation

All animals were anesthetized through intraperitoneal injec-
tion of 3% pentobarbital (30 mg/kg) for euthanasia at the 
end of IH or normal oxygen exposure. To obtain whole 
blood samples, the abdominal skin was retracted to expose 
the abdominal aorta. PMNs were isolated as follows. Blood 
samples (5 mL) were layered on discontinuous gravity gradi-
ents, including 1.119 g/ml Histopaque-1119 and 1.083 g/ml 
Histopaque-1083 (Sigma-Aldrich, USA) at 25 °C. After cen-
trifugation at 700 g at room temperature of 30 min, the liquid 
layers from top to bottom were as follows: the plasma layer, 
lymphocyte layer, Histopaque-1083 layer, polymorphonu-
clear leukocyte layer, Histopaque-1119 layer, and red blood 
cell layer. Therefore, PMNs were extracted at the interphase 
between the Histopaque solutions. Subsequently, they were 
washed twice using phosphate buffer saline (PBS; pH 7.4) 
and re-suspended in serum-free 1640 medium. The cells 
were assessed for viability (98%) and purity (96%) using 
the trypan blue exclusion [19] and Wright-Giemsa stain 
(Accustain; Sigma-Aldrich) assay, respectively. For subse-
quent experiments, PMNs were adjusted to 106 cells/mL.

Assessment of PMN apoptosis

A viability dye containing annexin V and 7-aminoactino-
mycin D (eBioscience, USA) was used to differentiate the 
late-stage apoptotic and necrotic cells from the early-stage 
apoptotic cells [20]. After re-suspending neutrophils to 
106 cells/mL in annexin V binding buffer, 5 μL of fluoro-
chrome-conjugated annexin V was added to 100 μL of cell 
suspension and incubated for 15 min at room temperature. 
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The cells were washed and re-suspended in 200-μL bind-
ing buffer; subsequently, we added 5 μL of 7-aminoac-
tinomycin D viability staining solution. The final mix-
tures were stored in the dark at 4 °C and analyzed using a 
fluorescence-activated cell sorter/scanning flow cytometer 
(BD Biosciences FACS Calibur) within 4 h for apoptotic 
neutrophil detection. We measured 20,000 events per sam-
ple. The PMN apoptotic rate was determined based on the 
cell number in each quadrant, which was expressed as the 
percentage of the total cell count.

Preparation of rat aortic vascular endothelial cells

Cryopreserved primary rat aortic endothelial cells (Wuhan 
Pricells Biomedical Technology Co., Ltd., Wuhan, China) 
were initially thawed and resuscitated in a 37 °C water 
bath. Subsequently, they were added to a 50-mL flask con-
taining RPMI-1640 medium with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin, and 100 g/mL streptomycin; 
finally, they were cultured in a 5% CO2 and 37 °C incuba-
tor with saturated humidity. After two or three passages, 
the cells in the logarithmic growth phase were collected, 
washed in PBS, and digested using 2.5 g/L trypsin and 
2 g/L EDTA (Gibco, USA). The cells were arranged into 
a single cell suspension using a pipette. Subsequently, 
the cell concentration was adjusted to 105 cells/mL using 
RPMI-1640 medium containing 10% FBS. The cell sus-
pension was added to a 12-well plate at 1 mL/well fol-
lowed by incubation for 48 h at 37 °C in a 5% CO2 incuba-
tor with saturated humidity. After the cells adhered to the 
flask wall, they were rinsed using a serum-free medium 
(pH 7.4), and the medium was changed to serum-free 
medium for subsequent use.

Co‑culture of PMNs and endothelial cells

Purified PMNs were added to an endothelial cell culture 
plate at 1 mL/well, with the ratio of PMNs to endothelial 
cells being 10:1 [21]. The co-cultured cells were divided 
into the following groups: NC6E group, endothelial cells 
co-cultured with PMNs isolated from rats in the NC6 
group; IH6E group, co-cultured with PMNs isolated from 
rats in the IH6 group; IHN6E group, co-cultured with 
PMNs isolated from rats in the IHN6 group; and IHT6E 
group, co-cultured with PMNs isolated from rats in the 
IHT6 group. The co-cultured cells were placed in a 5% 
CO2 and 37 °C incubator with saturated humidity for 4 h. 
We then collected the supernatant and adherent endothelial 
cells. The supernatant and endothelial cells were frozen 
at − 80 °C for further experiments.

Enzyme‑linked immunosorbent assays of cellular 
adhesion molecules in co‑cultured supernatants

Enzyme-linked immunosorbent assays were used to deter-
mine the concentration of cellular adhesion molecules, 
including intercellular cell adhesion molecule-1 (ICAM-1; 
Biosource, CA, USA) and E-select element (E-S; Biosource, 
CA, USA). The procedure was performed following the 
manufacturer’s instructions and the absorbance was meas-
ured at 450 nm in a microplate reader (Labsystems Multi-
skan, USA).

Western blotting

After endothelial cell lysis, the proteins were loaded to 
sodium dodecyl sulfate (SDS)-polyacrylamide gradient gel, 
separated using electrophoresis, and transferred to nitrocel-
lulose membranes. These membranes were blocked using 
5% non-fat milk in Tris-buffered saline containing 0.1% 
Tween-20 (TBST) for 1 h and then incubated with primary 
antibodies against GAPDH (1:1000), Bcl-2 (1:300), Bax 
(1:300), and caspase-3 (1:400) (Santa Cruz Biotechnol-
ogy, CA, USA) overnight at 4 °C. The membranes were 
washed using TBST and incubated with secondary antibody 
(1:5000) at room temperature for 1 h. Films with Bcl-2, Bax, 
caspase-3, and GAPDH bands were scanned; furthermore, 
the protein band intensity on the scanned images was quan-
tified using ImageJ software (NIH, USA). Bcl-2, Bax, and 
caspase-3 accumulation were expressed as the ratio of the 
respective protein intensity to GAPDH intensity.

Statistical analysis

All statistical analyses were performed using software ver-
sion SPSS 19.0 (SPSS Inc., Chicago, IL), and the results 
are expressed as mean ± standard deviation. Comparisons 
among the groups were performed using one-way analy-
sis of variance, while those between the two groups were 
performed using Student’s t test. P < 0.05 was considered 
statistically significant.

Results

Comparison of PMN apoptotic rate in normoxia 
and IH

Flow cytometric assays revealed PMN distribution in 
NC4, NC6, NC8, IH4, IH6, and IH8 groups, which distin-
guished apoptotic cells from healthy and dead cells. The 
PMN apoptotic rate increased with time passage in all 
groups. Moreover, for similar exposure times, the PMN 
apoptotic rate in the IH group was significantly lower 
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than that in the normal oxygen control group. In the nor-
moxia group, only the PMN apoptotic rate at 4 weeks 
was significantly different from that at 8 weeks. In the 
IH group, the PMN apoptotic rate at 8 weeks was sig-
nificantly higher than that at 4 or 6 weeks (Fig. 1). These 
results indicated that IH exposure could result in delay in 
PMN apoptosis.

Comparison of apoptosis protein expression levels 
in endothelial cells

We performed Western blot assay to explore the pro-
apoptotic effect of PMNs, obtained from differently treated 
rats, on endothelial cells. Compared with the normal oxy-
gen co-cultured group (NC6E), the IH co-cultured group 
(IH6E) showed a significant increase in Bcl-2, Bax, and 
Caspase-3 levels in the endothelial cells. However, the 
Bcl-2/Bax ratio was remarkably decreased in the IH6E 
group than that in the NC6E group. Compared with the 
IH6E group, tempol pretreatment significantly prevented 
these aforementioned alterations; however, normal saline 
pretreatment did not (Fig. 2). These results demonstrated 
that PMNs obtained from IH rats showed elevated cytotox-
icity by accelerating endothelial apoptosis via alterations 
in apoptosis-related proteins. Further, the pro-apoptotic 
effect was partly attenuated by pretreatment with tempol.

Comparison of cellular adhesion molecules 
in the supernatant

ELISA was used to detect the ICAM-1 and E-S levels in the 
co-cultured supernatants of PMNs and endothelial cells. As 
demonstrated in Fig. 3, ICAM-1 and E-S levels were sig-
nificantly higher in the IH6E group than in the NC6E group. 
Moreover, tempol pre-intervention resulted in a significant 
downregulation in ICAM-1 and E-S levels.

Discussion

In this study, we explored the effect of PMNs, from IH-exposed 
rats, on apoptotic signals in endothelial cells and the inter-
ventional role of tempol, and investigated the mechanisms 
involved. The main findings are as follows: (1) IH exposure 
resulted in PMN apoptosis delay, and the PMN apoptosis rate 
was positively associated with IH exposure time. (2) PMNs iso-
lated from IH-exposed rats increased endothelial cell apoptosis 
in vitro—this may be associated with an enhanced adhesion 
effect—and tempol pretreatment partially weakened the PMN-
mediated pro-apoptotic effect on endothelial cells under IH.

PMNs are a key factor in the immune system and are cru-
cially involved in homeostasis and clearing the inflammatory 
response [22]. Under normal physiological conditions, the 
body inhibits the inflammatory response through the nor-
mal process of PMN apoptosis, with apoptotic PMNs being 

Fig. 1   Flow cytometry assay shows polymorphonuclear neutrophil 
(PMN) distribution in the NC4, NC6, NC8, IH4, IH6, and IH8 groups 
(n = 8). The left lower quadrant (Q3) contains healthy neutrophils 
(annexin V− and 7-AAD−). Early apoptotic neutrophils (annexin V+ 
and 7-ADD−) are displayed in the lower right quadrant (Q4). The 
upper right quadrant (Q2) contains late apoptotic and necrotic neu-
trophils (annexin V+ and 7-ADD+). The bar diagram shows the apop-
totic rate of PMNs isolated from rats exposed to NC or IH for dif-

ferent groups. a P < 0.05 indicates comparison with the NC4 group; 
b P < 0.05 indicates comparison with the IH4 group; c P < 0.05 indi-
cates comparison with the IH6 group; d P < 0.01 indicates comparison 
with the corresponding group under normoxic condition. NC, normal 
oxygen control; IH, intermittent hypoxia; PMNs, polymorphonuclear 
neutrophils; NC4, NC6, NC8, normal oxygen control for 4, 6, and 8 
successive weeks, respectively; IH4, IH6, IH8, 5% (v/v) IH exposure 
for 4, 6, and 8 successive weeks, respectively
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cleared by macrophages [23]. The present study simulated 
the conditions of IH in severe OSA. We found the apoptotic 
rate of PMNs from IH-exposed rats was lower than that of 
PMNs obtained from rats in the normoxia group. This sug-
gested that IH could induce delay in the PMN apoptosis. Our 
results are consistent with previous studies. Both in vitro 

and in vivo studies have reported a delay in the PMN apop-
totic rate under IH [9, 18, 24–26]. Moreover, IH exposure 
time was positively associated with the PMN apoptosis 
rate, which could involve a partial adaptation mechanism 
for reducing the delay in PMN apoptosis and protecting the 
vascular endothelial cells. This is consistent with a previous 

Fig. 2   Representative western blot analysis for Bcl-2, Bax, caspase-3, 
and GAPDH expression in endothelial cells co-cultured with PMNs 
from rats exposed to different treatments. The bar diagram shows 
densitometric analysis of western blot results for Bcl-2, Bax, Bcl-2/
Bax ratio, and caspase-3 in each group. a P < 0.05 versus the NC6E 
group, b P < 0.05 versus the IH6E group. NC6E, endothelial cells co-

cultured with PMNs obtained from normal oxygen control rats; IH6E, 
endothelial cells co-cultured with PMNs obtained from IH-exposed 
rats; IHN6E, endothelial cells co-cultured with PMNs obtained from 
IH-exposed rats pretreated with normal saline; IHT6E, endothelial 
cells co-cultured with PMNs obtained from IH-exposed rats pre-
treated with tempol; PMNs, polymorphonuclear neutrophils

Fig. 3   ICAM-1 and E-S levels in the co-cultured supernatants. a 
P < 0.05 versus the NC6E group; b P < 0.05 versus the IH6E group. 
NC6E, endothelial cells co-cultured with PMNs obtained from nor-
mal oxygen control rats; IH6E, endothelial cells co-cultured with 
PMNs obtained from IH-exposed rats; IHN6E, endothelial cells co-

cultured with PMNs obtained from IH-exposed rats pretreated with 
normal saline; IHT6E, endothelial cells co-cultured with PMNs 
obtained from IH-exposed rats pretreated with tempol; PMNs, poly-
morphonuclear neutrophils; ICAM-1, intercellular cell adhesion mol-
ecule-1; E-S, E-select element
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study on IH inflammation, where the inflammatory response 
peaked following 6 weeks of hypoxia exposure and subse-
quently showed a downward trend [27].

Delayed PMN apoptosis can facilitate increased procoag-
ulant activity, leukocyte plugging in the capillaries [28], and 
release of proinflammatory cytokines and reactive oxygen 
species [28–30], which exert a toxic effect on endothelial 
cells, and are directly or indirectly involved in the occur-
rence and development of cardiovascular diseases. Vascu-
lar endothelial cell apoptosis could be the initial step in the 
pathogenesis of atherosclerosis [31, 32] and is positively 
associated with the incidence of advanced and unstable 
atherosclerotic plaques in the cardiovascular system [33]. 
In our study, compared with endothelial cells co-cultured 
with PMNs obtained from normoxia-exposed rats, in cells 
co-cultured with PMNs isolated from IH-exposed rats, the 
expression of Bax, Bcl-2, and caspase-3 was significantly 
increased, and there was a decrease in the Bcl-2/Bax ratio. 
This showed that PMNs obtained from IH-exposed rats had 
an increased cytotoxicity impact on endothelial cells by 
increasing their degree of apoptosis.

The manifestation of vascular endothelial dysfunction 
includes the activation of intercellular adhesion molecules 
[34], such as ICAM-1 and E-S, which are classic endothe-
lial dysfunction indicators [35–37]. In many chronic vas-
cular diseases, PMNs adhere and aggregate to the vascular 
walls. Therefore, the adhesion of neutrophils to the vascu-
lar endothelium could be a key factor in endothelial injury. 
Under IH, PMNs are activated with increased expression of 
intercellular adhesion molecules, which promotes the PMN 
adhesion and transmigration to endothelial cells [9, 38]. 
Concomitantly, endothelial cells are activated to express pro-
inflammatory factors, inflammatory chemokines, and adhe-
sion molecules, which further improve the adhesion between 
PMNs and endothelial cells [39]. Nocturnal hypoxemia in 
patients with OSA reportedly increased the expression of 
adhesion molecules, including ICAM-1 and VCAM-1, in 
blood circulation [40]. The levels of ICAM-1 and VCAM-1, 
and apoptosis of circulating endothelial cells, which were 
seen as an ex vivo indicator of vascular injury, were higher 
in IH-exposed rats than in the normoxia control rats [41]. In 
this study, co-culturing of PMNs isolated from IH-exposed 
rats with endothelial cells increased the supernatant levels of 
ICAM-1 and E-S. It indicated that co-culturing endothelial 
cells and PMNs obtained from IH-exposed rats increased the 
apoptosis signal of endothelial cells; this could be associated 
with enhanced intercellular adhesion.

Tempol is a nitrogen oxide compound that can directly 
remove intracellular and extracellular reactive oxygen spe-
cies. It has an antioxidant effect similar to that of superoxide 
dismutase. In this study, a significant increase of apoptosis-
related proteins was found in endothelial cells co-cultured 
with PMNs isolated from the IH-exposed rats. Moreover, the 

ICAM-1 and E-S levels were raised under IH. Contrastingly, 
the endothelial cells co-cultured with PMNs isolated from 
IH-exposed rats with tempol intervention showed a signifi-
cant alteration in the aforementioned values. These findings 
concluded that tempol may partially weaken the IH-induced, 
PMN-mediated pro-apoptotic effect on the endothelial cells 
by reducing the adhesion.

This study has some limitations. First, we demonstrated 
the pro-apoptotic effect of neutrophils on endothelial cells 
in IH at the cellular level, and did not observe the cardio-
vascular histopathological changes in IH-exposed rats. Sec-
ond, we did not use anti-adhesion molecules, such as such as 
ICAM-1 and E-S monoclonal antibodies, to further demon-
strate that adhesion molecules could play an important role 
in PMN-induced apoptosis of endothelial cells under IH. 
We will continue this study in the next step. Third, our study 
did not include patients with OSA. In the future, we will 
conduct such clinical studies. For example, specific serum 
biomarkers and ultrasound will be used to evaluate changes 
in vascular function and structure in patients with OSA, 
and to explore the relationship between PNM apoptosis and 
endothelial injury and dysfunction.

In summary, delayed apoptotic PMNs obtained from IH-
exposed rats, as effector cells with potential for endothelial 
injury, increased the apoptosis signal in co-cultured endothe-
lial cells, which was associated with increased cellular adhe-
sion effect. Tempol partially attenuated the PMN-mediated 
pro-apoptotic effect on endothelial cells under IH.
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