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Abstract. Transfusion‑related acute lung injury (TRALI) is 
a serious complication characterized by the acute onset of 
non‑cardiogenic pulmonary edema following transfusion of 
blood products. It is not known whether rapamycin has an 
effect on TRALI that is caused by blood transfusion. The aim 
of the present study was to determine the effect of rapamycin 
on early stage apoptosis of neutrophils in Sprague‑Dawley rats 
with acute lung injury. Animal models of TRALI and acute 
pancreatitis‑associated lung injury (APALI) were prepared 
using Sprague-Dawley rats and histopathological examination 
of lung tissues was used to validate acute lung injury models. 
Peripheral blood neutrophils were isolated and early stage 
apoptosis of neutrophils was detected by flow cytometry. 
The animal models of TRALI and APALI were constructed 
successfully. Early stage apoptosis of neutrophils increased in 
the TRALI group and decreased in the APALI group (P<0.05), 
while the apoptosis rates in rapamycin intervention TRALI 
and APALI groups were not significantly different compared 
to the rate in the control group (P>0.05). In conclusion, early 
stage apoptosis of neutrophils in TRALI was different from 
that in APALI, and rapamycin had a limited protective effect 
on TRALI and APALI in Sprague‑Dawley rats.

Introduction

Transfusion‑related acute lung injury (TRALI) is a 
serious complication characterized by the acute onset of 
non‑cardiogenic pulmonary edema following transfusion of 
blood products. Although its incidence decreased with modi-
fied transfusion practices, TRALI was the leading cause of 
transfusion‑related fatalities in the United States from 2007 

through to 2011 (1). Acute pancreatitis‑associated lung injury 
(APALI) is the most common and a severe complication in 
patients with multisystem organ failure. Previous studies 
indicated that neutrophils serve a critical role in inflammatory 
reactions in acute lung injury (2,3).

Rapamycin is a new macrolide immunosuppressant. 
Rapamycin exerts an immunosuppressive effect by blocking 
signal transduction of various cytokine receptors, thereby 
preventing T lymphocytes and other cells from going from the 
G1 phase to the S phase of the cell cycle. A recent report has 
also indicated that rapamycin can inhibit the inflammatory 
reaction induced by nuclear factor (NF)‑κB activation and 
neutrophils (2,3). Rapamycin also reportedly exacerbates the 
severity of acute lung injury induced by endotoxin and causes 
cell apoptosis (4).

It is unknown whether rapamycin has an effect on TRALI 
caused by blood transfusion. Therefore, the authors constructed 
Sprague‑Dawley rat models of TRALI and APALI, and 
observed the effect of rapamycin on the pathological process 
of neutrophil apoptosis in the early stage of acute lung injury 
induced by blood transfusion, in order to obtain experimental 
evidence for future clinical treatment feasibility.

Materials and methods

Ethics statement. The current study was approved by the 
Shanghai Jiao Tong University Affiliated Sixth People's 
Hospital of Medicine Ethics Committee (Shanghai, China).

Animals. A total of 60 male Sprague‑Dawley rats aged 6‑7 weeks 
(weight, 250 g) were purchased from Shanghai SIPPR/BK 
Experimental Animals, Inc. (Shanghai, China). The rats were 
reared to be specific pathogen free, and standard feed, drinking 
water, bedding, and all other items were aseptically processed. 
The rats were maintained with a 12 h:12 h light cycle.

Instruments and reagents. The main instruments included 
a low‑temperature high‑speed centrifuge (Allegra X‑22R; 
Beckman Coulter, Inc., Brea, CA, USA), and flow cytometer 
(Navios; Beckman Coulter, Inc.). The main regents were 
as follows: Lipopolysaccharide (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany), L‑arginine (Amresco, Inc., 
Framingham, MA, USA), kits for isolation of rat peripheral 
blood neutrophils (cat. no. LZS1091), red blood cell lysis buffer 
(cat. no. NH4CL2009), cell dilution (cat. no. 2010C1119), cell 
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washing liquid (cat. no. 2010X1118) and Annexin V‑fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) cell apoptosis 
detection kit (cat. no. 40302ES20; Shanghai Yi Sheng 
Biotechnology Co., Ltd., Shanghai, China).

Plasma preparation. AB type human whole blood was 
randomly selected, and 2 ml blood samples were set aside. 
Following 21  days of storage, plasma was obtained by 
centrifugation at 1,200 x g and then preserved at ‑80˚C. Before 
infusion, plasma was incubated at 56˚C for 30 min.

Preparation of animal models. A total of 60 Sprague‑Dawley 
rats were randomly divided into 6 groups (10 rats in each 
group): A normal control group, a TRALI experimental group, 
an APALI experimental group, a rapamycin intervention 
control group, a rapamycin intervention TRALI experimental 
group, and a rapamycin intervention APALI experimental 
group. In order to construct acute lung injury models, the 
rats were treated as follows. The TRALI group rats received 
intraperitoneal injection of LPS (2 mg/kg). At 1 h, the rats 
were anesthetized by intraperitoneal injection of pentobarbital 
anesthesia (40  mg/kg); femoral vessels were isolated and 
infused with 50% heparin‑saline mixture. Subsequently, 1 ml 
blood [~10% of the capacity of whole blood was removed 
within 5‑10 min, and the equivalent AB human plasma was 
transfused (plasma infusion rate less than 4 ml/h)] (5). The 
APALI group rats received 3 intraperitoneal injections of 9% 
L‑arginine solution (dilute with physiological saline)(1 g/kg) 
at 1 h intervals (5). The rapamycin intervention experimental 
TRALI and APALI group rats underwent intragastric admin-
istration of rapamycin (10 mg/kg, once a day for 3 days), and 
other experimental methods were as in the above protocols. 
Finally, the rapamycin intervention control group rats in the 
TRALI and APALI control groups were intraperitoneally 
injected with rapamycin in saline (2 mg). Under anesthesia, 
1 ml blood was removed from the rats and 1 ml of normal 
saline was transfused. The ensuing experimental operation for 
the control group was the same as previously described for the 
TRALI and APALI group.

Histopathological examination of lung tissues. The rats were 
killed by right ventricular puncture, and lung tissue specimens 
(1x1 cm) were collected. Hematoxylin and eosin staining was 
used for histopathological examination. There were 60 images 
randomly selected for analysis.

Isolation of neutrophils in peripheral blood. As per the kit 
instructions: 1 ml fresh anticoagulated blood was added 
onto the surface of a 1 ml isolation liquid and centrifuged at 
400‑500 x g for 25 min. The centrifuge tube will have been 
divided into 4 layers; the liquid layers rich in neutrophils and 
red blood cells are drawn off. Following washing, red blood 
cell lysis solution is used to completely destroy the red blood 
cells in the rat peripheral blood. The supernatant is discarded 
by centrifuging at ~400‑500 x g for 5 min and the precipitate 
is washed twice with a cell washing solution to obtain useful 
neutrophils.

Quantitative detection of early stage neutrophil apoptosis. 
The Annexin V and PI double‑labeling method was used 

according to manufacturer's instructions. The separation and 
purification of neutrophils is suspended in 100 µl buffer, 5 µl 
Annexin V‑FLUOS, and 5 µl PI at room temperature, with dark 
incubation for 10 min; 400 µl incubation buffer solution from 
the Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) cell apoptosis detection kit (cat. no. 40302ES20; 
Shanghai Yi Sheng Biotechnology Co., Ltd.)] was added to 
terminate the reaction. A total of 10,000 cells are detected by 
dual‑channel flow cytometry.

Statistical analysis. The data were analyzed using SPSS soft-
ware (version, 17.0; SPSS Inc., Chicago, IL, USA). Continuous 
variables were described using mean ± standard deviation and 
the comparison between groups was performed with a t‑test 
or correlation analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Histopathological examination of lung tissues. Lung tissue 
pathological changes in the TRALI and APALI groups 
included significantly widened alveolar intervals, damage 
and fracture of alveolar walls and capillaries, congestion, 
erythrocyte effusion in organization gaps, a large number of 
inflammatory cells in the alveolar spaces, and inflammatory 
neutrophil infiltration in interstitial spaces (Figs. 1 and 2). 
However, the control group reported no significant 
changes (Fig. 3). Therefore, the rat models were successfully 
developed.

Changes of early neutrophil apoptosis in peripheral blood in 
rats with TRALI. Compared with the normal control group, the 
early peripheral blood neutrophil apoptosis rate in the TRALI 
experimental group increased (P<0.01; Fig. 4).

There was no difference in the early peripheral blood 
neutrophil apoptosis rate between the rapamycin intervention 
TRALI group and the TRALI control group, while the early 
neutrophil apoptosis rate in the TRALI rapamycin intervention 
group was higher than that in the control group (P<0.01; 
Figs. 5 and 6).

Table I. Comparisons of the early apoptosis rate of peripheral 
blood neutrophils in the rats.

	 Neutrophil apoptosis rate
Group	 (n=10)

Rapamycin intervention TRALI	 18.84±1.94a

TRALI experimental	 18.06±1.66a,c

Rapamycin intervention APALI	 7.95±1.92b-d

APALI experimental	 10.00±3.12b

Rapamycin intervention control	 11.32±4.23
Normal control	 13.35±3.68

TRALI, transfusion related acute lung injury; APALI, acute pancre-
atitis associated lung injury. aP<0.01 vs. normal control; bP<0.05 vs. 
normal control; cP<0.05 vs. APALI group; dP<0.05 vs. rapamycin 
intervention TRALI group.
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The early apoptosis rate in the TRALI rapamycin interven-
tion experimental group was significantly higher than that in 
the control group (P<0.01; Table I).

Changes of early neutrophil apoptosis in peripheral blood in 
rats with APALI. The early apoptosis rates in both the APALI 
experimental group and rapamycin intervention APALI group 
were lower than those in the normal control group (P<0.05; 
Fig. 4). There was no difference in the early apoptosis rates 
between the rapamycin intervention APALI group and the 
APALI experimental group (P>0.05).

The early apoptosis rate in the rapamycin intervention 
APALI group was lower than that in the APALI experi-
mental group (P<0.05). There was no difference in the 
early apoptosis rates of neutrophils between the rapamycin 
intervention APALI group and the control group (P>0.05; 
Table I).

Comparison of the early apoptosis rates of peripheral blood 
neutrophils in the TRALI experimental group and APALI 
experimental group. Compared with that in the APALI group, 
the early apoptosis rate of peripheral blood neutrophils signifi-
cantly increased in the TRALI group (P<0.05). Following 
rapamycin intervention, the early apoptosis rate of peripheral 
blood neutrophils in the TRALI experimental group was 

significantly higher than that in the APALI experimental 
group (P<0.05; Table I).

Another study (6) that was performed by the authors indi-
cated that 10 mg/kg rapamycin can significantly reduce the 
expression of p‑p70s6k, which confirmed mTOR activation 
was inhibited in the experimental dose of rapamycin in the 
current study.

Discussion

A specific inhibitor of the mammalian target of rapamycin 
(mTOR) is a commonly used pharmacological tool for the 
study of mTOR biology (7). As a key controller of cell growth 
and survival, the mTOR can physically interact with STAT1 
and suppress the induction of STAT1‑dependent apoptosis 
genes (3). The mTOR can also modify gene transcription by 
directly regulating transcription factors. There are two func-
tionally distinct mammalian targets of rapamycin complexes 
(mTORCs), mTORC1 and mTORC2, with mTORC1 serving a 
central role in cell growth and cellular responses to metabolic 
stress. mTORC1 participates in the regulation of transcrip-
tional as well as translational events for genes involved in 
biosynthetic and metabolism pathways  (6‑9). In contrast, 
mTORC2 controls the organization of the actin cytoskeleton 
and is rapamycin insensitive (10).

Acute lung injury (ALI) is characterized by lung 
inflammation and diffuses infiltration of neutrophils into the 
alveolar space. The inhibition of neutrophil apoptosis has been 
implicated in the pathogenesis of ALI. It has been proposed that 
activated neutrophils in the lungs have an unusually prolonged 
half‑life of 8 h due to delayed phagocytosis (or apoptosis) by 
macrophages (11). In a septic patient, this delay appears to be 
related to the severity of sepsis since a progressive decrease in 
neutrophil apoptosis has been associated with the increased 
severity of sepsis (12). The inhibition of neutrophil apoptosis 
may contribute to the development of ALI (13). It was reported 
that lung inflammation could be ameliorated by enhancing 
the apoptosis of neutrophils  (14). Depletion of neutrophils 
substantially mitigated the extent of lung injury, indicating a 
pathomechanistic role for neutrophils in chest trauma‑induced 
septic ALI (15). Inflammasomes have been reported to be 
involved in ALI in previous studies (16,17). Histone deacetylase 
9 inhibited autophagy in primary brain microvessel endothelial 

Figure 1. The histopathological examination of lung tissues in acute lung 
injury rats (magnification, x10). Blue arrow, thickening of the bronchi; red 
arrow, thickening of alveolar interval.

Figure 2. The histopathological examination in lung tissues in rats of 
transfusion‑related acute lung injury group (magnification, x40). Blue arrow, 
neutrophil infiltration; red arrow, thickening of alveolar interval.

Figure 3. The histopathological examination of lung tissues in normal control 
rats (magnification, x10).
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cells that exacerbates brain ischemia injury (16). However, 
rapamycin can induce protective autophagy in vascular 
endothelial cells exposed to oxygen‑glucose deprivation (17).

Rapamycin is approved by the U.S. Food and Drug 
Administration for immunosuppression. It has been reported 
that rapamycin decreased the severity of lung injury after 

Figure 4. Quantitative detection of neutrophil early apoptosis in normal control and TRALI experimental groups by flow cytometry. (A) Normal control group; 
(B) TRALI experimental group. TRALI, transfusion‑related acute lung injury.

Figure 5. Quantitative detection of neutrophil early apoptosis in APALI experimental group and rapamycin intervention control group. (A) APALI experi-
mental group; (B) rapamycin intervention control group. APALI, acute pancreatitis‑associated lung injury.

Figure 6. Quantitative detection of neutrophil early apoptosis in rapamycin intervention TRALI and rapamycin intervention APALI experimental groups. 
(A) Rapamycin intervention TRALI experimental group; (B) rapamycin intervention APALI experimental group. TRALI, transfusion‑related acute lung 
injury; APALI, acute pancreatitis‑associated lung injury.
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intratracheal LPS or PAM administration, as determined 
by diminished neutrophil accumulation in the lungs and 
reduced interstitial pulmonary edema (18). The downregula-
tion of autophagy may lead to systemic inflammation and 
ALI following sepsis. The direct or indirect modification 
of autophagy using rapamycin, respectively, resulted in 
improved survival. Enhancing or restoring autophagy early 
after sepsis seems to be a potential strategy for the treatment 
of sepsis‑induced ALI (19). However, rapamycin can reduce 
paraquat‑induced ALI through inhibition of NF‑κB activation, 
as well as increased apoptosis of leukocytes and neutro-
phils (20).

The current study demonstrated that the early stage apop-
tosis of neutrophils in Sprague‑Dawley rats with APALI was 
decreased, indicating that peripheral neutrophil apoptosis 
was delayed, which occurs frequently in patients with burns, 
infection and multi‑organ failure (21), and further increases 
the severity of lung injury (22).

However, early stage apoptosis of neutrophils in the 
rapamycin intervention group did not change significantly 
compared to that in the control group, and lung injury did not 
improve following rapamycin intervention, suggesting that 
rapamycin did not change the early stage apoptosis rate of 
neutrophils. In addition, rapamycin did not affect early stage 
apoptosis of neutrophils in the APALI group according to 
our results. Therefore, the authors believe that rapamycin had 
limited protective effects on APALI, but did not relieve APALI.

The early apoptosis rate of neutrophils in the TRALI group 
was increased compared to that in the normal control group in 
the current study, but rapamycin had little effect on neutrophil 
apoptosis in TRALI. Compared with the APALI group, with 
or without rapamycin intervention, delayed neutrophil apop-
tosis did not occur in TRALI. The activation and inactivation 
of mTOR depend on the different stimuli and different types 
of cells and the differential regulations under the influence 
of these factors lead to the different effects of rapamycin on 
mTOR (6). The authors believe that early stage apoptosis of 
neutrophils in TRALI was different from that in APALI, 
and rapamycin had a limited protective effect on TRALI and 
APALI in Sprague Dawley rats. With future research, better 
treatments for acute lung injury with more targeted effects 
may be developed.
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