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Background: Pulmonary fat embolism (PFE) is one of the important causes of acute lung

injury (ALI), but its pathogenesis is unclear. In recent years, it has been found that the

NLRP3 inflammasome is closely related to inflammatory response. However, there are no

reports about the involvement of NLRP3 in PFE- associated ALI. Glibenclamide is a kind of

hypoglycaemic drug with anti-inflammatory effect. It has been reported to have the anti-

inflammatory effect related to inhibiting NLRP3.

Objective: To determine whether NLRP3 inflammasome was involved in ALI induced by

PFE or whether glibenclamide had therapeutic effects on such lung injury, we designed this

experiment.

Materials and methods: The rat model of intravenous injection of oleic acid (OA) was used

to simulate PFE. Rats were divided into three groups: control, OA and glibenclamide treatment

group. Blood free fatty acid (FFA) concentration was determined by ACS-ACOD.

Histopathological examinations were taken to assess the severity of lung injury. The expression

of NLRP3 pathway and its downstream products were analyzed by IHC,WB, qPCR and ELISA.

Results: Four hours after intravenous OA injection, the typical pathological manifestations of

ALI accompanied by elevated levels of plasma FFAs were found. The activity of NLRP3

inflammasomes increased in OA group, too. Pretreatment with glibenclamide partly inhibited

the increase in NLRP3, caspase-1 and IL-1β expression induced by OA, simultaneously atte-

nuated the lung injury. But it has little effect on the expression of Toll-like receptor 4 (TLR4)

expression in this experiment.

Conclusion: NLRP3 inflammasome, one of the main components of innate immune response,

involved inALI induced byOA. Glibenclamide can alleviate this kind ofALI by inhibiting rather

the NLRP3/caspase-1/IL-1β signaling pathway than the levels of FFAs or TLR4 pathway.

Keywords: glibenclamide, oleic acid, acute lung injury, oxidative stress, NLRP3

inflammasome

Introduction
Pulmonary fat embolism (PFE), which often occurs after major trauma-associated

long-bone fractures, can cause lethal acute lung injury (ALI) in severe cases. It also

occurs in nontraumatic conditions, such as infection, burns and neoplasm.1,2 So far, the

pathogenesis is not completely clear. There is also a lack of specific therapeutic drugs.

As a classical model, the oleic acid (OA) model was developed to reproduce

ALI due to fat embolism.3 OA can directly injure the lung cells and triggers

activation of different innate immune receptors, which not only induces neutrophil
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accumulation but increases inflammatory mediator produc-

tion, including TNF-α, IL-6 and IL-1β.4

The nucleotide-binding oligomerization domain-like

receptors (NLRs) are germline-encoded pattern recogni-

tion receptors (PRRs) that take part in innate immune

responses. The main function of NLRs is to modulate the

expression of proinflammatory cytokines, such as IL-1β
and IL-18.5 NLRP3, the most studied NLRs, can be acti-

vated by pathogen-associated molecular patterns (PAMPs)

during infection and by endogenous damage-associated

molecular patterns (DAMPs) during cellular or tissue

injury.6 Furthermore, it has been proposed that several

cellular signals are responsible for NLRP3 activation,

including potassium (K+) efflux, ROS, pore formation in

cell membranes, lysosome and mitochondria damage.7–9

Glibenclamide, a type of sulfonylurea agent, is the NLRP3

inflammasome blocker, which mainly inhibits NLRP3 acti-

vation through the K+ channel P2X7.10 It has been

reported that glibenclamide can partly alleviate paraquat-

induced ALI by inhibiting NLRP3,11 but its role in PFE-

induced ALI has not been reported so far.

We propose a hypothesis that OA can induce inflam-

mation by activating NLRP3 inflammasome, that was

tested by using glibenclamide in OA-induced ALI rat

model in this study.

Materials and methods
Animals
Adult male Sprague-Dawley rats weighing 200–250

g were purchased from the Shanghai SLAC Laboratory

Animal Co., Ltd. (Shanghai, People'sRepublic of China).

Rats were housed with free access to food and water, and

with a temperature and humidity-controlled environment

(20–25°C, 40–70% humidity). All experimental proce-

dures were approved by and conducted in accordance

with the ethics committee of the animal laboratory of

Ruijin hospital, Shanghai Jiao Tong University School

Medicine (Shanghai, People'sRepublic of China).

Experimental design
A total of 18 rats were divided into three groups (n=6/

group): control group (NC), OA group and glibenclamide

+OA (GL+OA) group. All reagents were available for

current use. Glibenclamide (J&K, People'sRepublic of

China) was made into a solution of 10 g/L concentration

according to the methods previously cited.11 Rats in the

OA group were injected with pure OA (Aladdin,

People'sRepublic of China) slowly through the tail vein

at a dose of 0.1 mL/kg to produce ALI model, and saline

(7.5 mL/kg) was administered intraperitoneally 1 hr

before OA injection.12 In the GL+OA group, animals

received glibenclamide at a dose of 75 mg/kg intraper-

itoneally 1 hr before OA (0.1 mL/kg) injection. In NC

group, saline was used at a dose of 7.5 mL/kg intraper-

itoneally and then 0.1 mL/kg intravenously 1 hr later.

Four hours later, the rats were anesthetized by pentobar-

bital sodium (40 mg/kg) and the plasma was collected for

evaluation of non-esterified fatty acid (NEFA) concentra-

tion. The middle lobe of the right lung was excised for

lung injury evaluation and histopathology. The left lung

was excised and processed into homogenate for further

testing.13

Plasma NEFA quantification
Plasma concentration of NEFA was determined by the

ACS-ACOD method: NEFA in the sample was reacted

by acyl-CoA synthase (ACS) to form acyl-CoA, which is

oxidized by acyl-CoA oxidase (ACOD) to form hydrogen

peroxide. Under the action of peroxidase , the resulting

hydrogen peroxide reacts with 3-methyl-N-ethyl-N (beta-

hydroxyethyl methyl)-aniline and 4-aminoantipyrine to

form cyan violet pigment. The NEFA concentration in

the sample was calculated by measuring the absorbance

value of this purple pigment, according to the manufac-

turer’s protocol (BioTNT, People's Republic of China).

The detection wavelength was 550 nm. The unit of con-

centration was mEq/L.

Histopathological examination
The middle lobe of the right lung tissue samples was fixed

in 10% Faure Marin solution at 4°C, then processed for

paraffin embedding. The paraffin-embedded tissue blocks

were sliced at a thickness for 4 μm for histopathological

examination. Routine H&E staining was performed for lung

injury evaluation by the pathologists who were blinded for

group identity. The histology scoring system was used to

evaluate lung injury.11,14 Four pathological parameters were

scored: 1) alveolar congestion, 2) hemorrhage, 3) leukocyte

infiltration and 4) thickness of alveolar wall/hyaline mem-

brane formation. Each category was graded using a 4-point

scale: 0= minimal damage, 1= mild damage, 2= moderate

damage and 3= maximal damage. The total histology score

was expressed as the sum of the score for all parameters.

Three slides of each rat were prepared for evaluation.
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Immunohistochemistry (IHC) was performed to determine

the protein expression of caspase-1, NLRP3 and TLR4. The

paraffin sections were pretreated at 62°C for 30 mins, then

dewaxed in xylene, hydrated and washed. Hydrogen peroxide

solution was used to inhibit the endogenous peroxidase. The

sections were incubated with specific primary antibodies over-

night at 4°C: anti-caspase-1 antibody (Abcam, Cambridge,

UK) (1:200), anti-NLRP3/NALP3 antibody (Novus

Biologicals, USA) (1:100) and anti-TLR4 antibody (Novus

Biologicals, USA) (1:200). Then, membranes were washed

thoroughly with phosphate-buffered saline solution. The sec-

ondary antibodies (K500711 kit, Dako, Denmark) were added

and incubated at 37°C for 30 mins. Diaminobenzidine was

added and the sections were counterstained with hematoxylin

to visualize the reaction products. All the sections were semi-

quantitatively analyzed by Image-Pro Plus version 6.0 soft-

ware. The integrated IOD/area (density mean) was measured

by evaluating the staining in images at x200 magnification.

Three slides of each rat were prepared for evaluation.

Malondialdehyde (MDA) levels and MPO

activity assays
MDA levels of the rat left lung homogenate were deter-

mined by the thiobarbituric acid method. The detection

wavelength was 535 nm. Myeloperoxidase (MPO) activity

was detected by spectrophotometric method and the detec-

tion wavelength was 450 nm. Both procedures were per-

formed according to the manufacturer’s protocol (BioTNT,

People'sRepublic of China).11 The units of concentration

were nmol/mgprot for MDA and U/g (net weight)

for MPO.

NLRP3 and caspase-1 mRNA expression

analyses
Trizol method was used to extract RNA from the left lung

tissue homogenate (modification of Chomczynski P and

Sacchi N. 1987). The concentration of RNA and the value of

A260/280weremeasured byNanoDropDN-1000 (USA). The

reverse transcription system was conducted as follows: 2 µg

RNA was added to 1 µL Oligo dT, then DEPC-ddH2O was

added to 13 μL, subjected to 65°C for 10 mins, then quickly

cooled for 2 mins on ice. In the aforementioned system, 4 µL

5X M-MLV Buffer, 2 Ll PCR Nucleotide Mix, 0.5 Ll RNase

Inhibitor and 0.5 µL M-MLV were added and incubated at

55°C for 30 mins, then 85°C for 10 mins. Finally, the cDNA

template was obtained using the Transcriptor First Strand

cDNA Synthesis Kit (Roche, Switzerland). A two-step qPCR

reaction was carried out as follows (reaction system of 20 μL):
cDNA template 1.0 μL, SYBR Premix Ex Taq (2X) 10.0 μL,
PCR forward primer (2 μM) 1 μL, PCR reverse primer (2 μM)

1 μL and DEPC-ddH2O 7 μL. Fluorescence quantitative PCR
(ABI 7500, USA) was used to amplify cDNA for 40 cycles

(95°C for 10 mins, 95 °C for 15 s, 60°C for 1 mins). The data

were analyzed with the relative quantitative analysis (2−ΔΔCt)

method, and GAPDHwas used as the reference housekeeping

gene. The following primers were used: NLRP3 forward pri-

mer, 5’-CCTCAACAGACGCTACACCC-3’ and reverse pri-

mer 5’-TCCTGCCAATGGTCAAGAG-3’ (size, 89 bp);

caspase-1 forward primer, 5’-CGGGCAAGCCAGATGTT-

TA-3’ and reverse primer, 5’-CGCCACCTTCTTTGTTCAG-

TT-3’ (size, 135 bp); GAPDH forward primer, 5’-AA

GGTCGGTGTGAACGGATTTG-3’ and reverse primer, 5’-

TGTAGTTGAGGTCAATGAAGGGGTC-3’ (size, 115 bp).

Western blot (WB)
Expressions of NLRP3, caspase-1 and TLR-4 levels were

studied by WB analysis. Protein was extracted from total

tissues and washed in PBS, suspended in lysis buffer

containing 50 mM Tris-HCl (pH 7.5), 1% NP-40, 2 mM

EDTA, 10 mM NaCl, 10 µg/mL aprotinin, 10 µg/mL

leupeptin, 1 mM DTT, 0.1% SDS and 1 mM PMSF, and

placed on ice for 30 mins. After centrifugation for 15

mins at 4°C, the supernatant was collected. Protein con-

centrations were determined using a BCA assay (Pierce,

Rockford, IL, USA). For WB analysis, equal amounts of

proteins (50 µg) were separated by SDS-polyacrylamide

gel electrophoresis and transferred to aThe membrane was

blocked using blocking buffer (5% non-fat dry milk and

1% Tween-20 in PBS) for 1 hr at room temperature, then

incubated with appropriate primary antibodies: anti-NLRP

3 (Novus Biologicals, USA) (1:500), anti-caspase-1 (CST,

USA) (1:1,000) and anti-TLR4 (Novus Biologicals, USA)

(1:1,000) in blocking buffer overnight at 4°C. The blot

was then incubated with appropriate alkaline phosphatase

(AP)-conjugated secondary antibody: anti-rabbit IgG,

HRP-linked antibody (CST, USA) (1:2,000) and detected

in 5 mL AP buffer containing 16.5 µL BCIP and 33 µL

NBT at room temperature for 10–20 mins, then photo-

graphed. GAPDH (KC, People'sRepublic of China)

(1:5,000) was used as a loading control.

IL-1β and IL-18 ELISA assays
IL-1β and IL-18 concentrations in the left lung tissue homo-

genate were analyzed by using the double antibody sandwich

method in ELISA (BioTNT, People'sRepublic of China),
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according to the manufacturer’s protocol.11 The OD value of

the well was measured at a wavelength of 450 nm on the

ELISA tester. The concentration of the diluted samples

(X value) was obtained according to the standard curve of

OD. The final sample concentration was X value * the multi-

plier of dilution.

Statistical analyses
Statistical analyses were carried out using SPSS 22.0. The

data were expressed as median (range, min–max).

Kruskal–Wallis and median test (k samples) followed by

multiple comparison tests were used to compare the results

obtained in NC, OA and GL+OA groups. P<0.05 was

considered to indicate a statistically significant difference.

Results
Glibenclamide does not affect the level of

FFAs induced by OA
We measured NEFA level in rat plasma to reflect FFAs

level. As expected, the level increased significantly

(P=0.022) after OA intravenous injection. Even after 4

hrs, we could still detect higher FFAs level compared

with the control group (Figure 1A). The glibenclamide

did not attenuate the FFAs level compared with OA

group (P=1.000), and the level of FFAs was higher than

that in NC group (P=0.028) (Figure 1A).

Glibenclamide alleviates ALI induced by

OA
In NC group, the lung tissue structure was normal (Figure 1B).

But the early typical pathological changes of ALI were visible

in OA group (Figure 1C): pulmonary interstitial edema and the

formation of hyaline membrane; infiltration of more neutro-

phils and mononuclear cells in the pulmonary interstitial and

alveolar cavities; vasculitis and vascular extravasation. The

lung injury score in OA group was much higher than in NC

group (P=0.000) (Figure 1E). Pretreatmentwith glibenclamide

significantly alleviated the lung injury (Figure 1D), as same as

the lung injury score (P=0.017) shown in Figure 1E, though

the lung injury was still severe (Figure 1D) and the lung injury

score was higher (P=0.000) (Figure 1E) compared with NC

group. It implied that activation of NLRP3 inflammasome

involved in this type of endogenous inflammatory response

and glibenclamide administration partly reversed the OA-

induced lung injury. Combining the difference of NEFA

level in three groups, we hypothesized that glibenclamide

attenuated OA-induced lung injury by rather inhibiting down-

stream inflammatory reaction than reducing FFAs level.

Glibenclamide inhibits the oxidative

stress response induced by OA
MDA is a product of ROS lipid peroxidation, which indirectly

reflects the degree of tissue peroxidation. MPO reacts to the

degree of neutrophil activity. Neutrophils are the main inflam-

matory cells that produce ROS. The concentration of MDA

and the activity of MPO in the rat lung tissue of OA group

were significantly higher compared with those in NC group

(Figure 2). These indicated oxidative stress activity increased

in OA group. However, in GL+OA group, MDA and MPO

decreased in varying degrees, suggesting that glibenclamide

could partially inhibit oxidative stress response (Figure 2).

Glibenclamide decreases the protein and

mRNA expression levels of NLRP3 and

caspase-1 induced by OA
NLRP3 and caspase-1 are the main components of NLRP3

inflammasome complex. Compared with the control group,

NLRP3 and caspase-1 protein and mRNA levels significantly
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Figure 1 NEFA level and lung injury manifestations in three groups. (A) Plasma level of NEFA in three groups. (B–D) Histopathological changes of lung tissues in three

groups (HE, X200). (B) The control group shows normal lung architecture. (C) The OA group shows the early pathological changes of ALI. (D) The GL+OA group shows

less damage than OA group. Blue arrows denote bleeding; yellow arrows point to inflammatory cells; red arrows indicate hyaline membrane. (E) Lung injury scores in three
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Abbreviations: NC, negative control; OA, oleic acid; GL, glibenclamide; NEFA, non-esterified fatty acid.
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increased inOAgroup, evaluated by IHC (Figure 3A–H), PCR

(Figure 4A and B) and WB (Figure 4C and D). But the

glibenclamide, as a kind of inflammasome blocker, inhibited

these expressions in GL+OA group (Figures 3 and 4). TLR-4

protein expression increased slightly in OA group, but glib-

enclamide could not inhibit its expression (Figure 3I–L, Figure
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Figure 2 MDA levels and MPO activity in three groups. OA increased the MDA level (A) and MPO activity (B), but the glibenclamide inhibited both of them. Data are

presented as the median (range, min–max) (n=6/group). *P=0.028 (A), *P=0.002 (B), OA group versus NC group. #P=0.028 (A), #P=0.045 (B), GL+OA group versus

OA group.

Abbreviations: MDA, malondialdehyde; MPO, myeloperoxidase; NC, negative control; OA, oleic acid; GL, glibenclamide.

NC

A B C D

E F G H

I J K L

NC

N
LR

P
3 

IO
D

/A
re

a

0.0

0.5

1.0

1.5

OA

OA

GL+OA

*

GL+OA

NC

C
as

pa
se

-1
 IO

D
/A

re
a

0.0

0.2

0.4

0.8

0.6

OA

*

GL+OA

NC

TL
R

-4
 IO

D
/A

re
a

0.0

0.2

0.4

0.8

0.6

OA GL+OA

NC OA GL+OA

NC OA GL+OA

Figure 3 NLRP3 and caspase-1 expression in three groups by IHC. (A, E and I) control group; (B, F and J) OA group; (C, G and K) GL+OA group. (A–D) NLRP3

and (E–H) caspase-1 staining intensities were strongest in OA group, attenuated in GL+OA group and weakest in control group. *P=0.000 (D), *P=0.000 (H), OA

group versus NC group. #P=0.013 (D), #P=0.000 (H), GL+OA group versus OA group. (I–L) TLR4 staining intensity was not changed obviously in three groups

(P=0.277).
Abbreviations: NC, negative control; OA, oleic acid; GL, glibenclamide, IHC, immunohistochemical analyses.
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4C and D). We speculated that rather NLRP3 inflammasome

which could be inhibited by the glibenclamide than TLR4

receptors, involved in OA-induced ALI.

Glibenclamide decreases IL-1β expression

induced by OA
We tested the IL-1β and IL-18 expression of the lung

tissue in three groups. As a downstream product of

NLRP3 inflammasome activation pathway, IL-1β
increased significantly in the OA group. Glibenclamide

inhibited the expression of this proinflammatory cyto-

kine (Figure 5A). However, no significant change was

observed in IL-18 in OA group compared with NC

group (Figure 5B). These suggested that at the early

stage of OA-induced ALI, NLRP3 inflammasome

pathway increased IL-1β expression more significantly

than IL-18, and glibenclamide could inhibit the increase

of IL-1β rather than IL-18 through NLRP3 pathway,

thus alleviating OA-induced ALI.

Discussion
We successfully created rat ALI model by OA intravenous

injection, characterized by alveolar and interstitial edema,

alveolar collapse, inflammatory cell infiltration, intravas-

cular congestion and alveolar hemorrhage accompanied by

the increase of FFAs level. In another animal model of fat

embolism, FFAs increased after 4 hrs, reached a peak at 24

hrs, and consisted with the decrease of arterial oxygen

partial pressure and clinical manifestations,15 that was

same as our results. Furthermore, it is reported that
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increasing plasma FFAs are closely related to the severity

of disease in sepsis, leptospirosis, pancreatitis and other

critically ill diseases.16–18

OA, the main component of FFAs, combines with albu-

min without toxicity under physiological conditions.19

However, it can cause ALI when a large amount of unbound

OA gathers in lung tissue under pathological conditions.20 In

PFE, FFAs originate from local hydrolysis of a triglyceride

emboli by intrapulmonary lipase, together with the excessive

mobilization of FFAs from the peripheral adipose tissue by

stress hormones.21

FFAs activate the oxidative stress reaction in OA-

induced ALI,22–24 which we also observed in this study

by measuring MDA and MPO. Through mitochondrial

electron leakage, cell plasma membrane NADPH oxidase

and endoplasmic reticulum stress (ER stress), FFAs gen-

erate a large amount of ROS25–27 that can directly oxidize

and damage DNA, proteins and lipids which act as func-

tional molecular signals to activate a variety of signaling

pathways in cells,4,28,29 such as PRR.

The NLRP3 inflammasome, as the cytosolic PRR, can

recognize PAMP or DAMP and then activate downstream

caspase-1. ROS and FFAs-associated oxidative stress produc-

tions, such as mitochondrial DNA are the main activators of

NLRP3 inflammasome.8,30–32 In this study, after OA injection

NLRP3 inflammasome activation increased significantly and

was accompanied by the activation of caspase-1 processing

that could cleave inactive IL-1β precursor into its bioactive

form.33,34 IL-1β is also known as an indicator of NLRP3

inflammasome induction.35 IL-18, one of the other NLRP3

downstream proinflammatory cytokines, is essential for some

ALI models.11,36–39 But no obvious changes of IL-18 levels

were found in this study.

TLR4 is an another PRRs located on the cell membrane,

which is involved in innate immunity and plays an impor-

tant role in different types of lung injury.37,38 However, no

association with TLR4 was found in OA-induced lung

injury model in vivo.4 In our study, we did not find promi-

nent increase of TLR4 expression in OA group, either.

FFAs were once thought to produce inflammation by acti-

vating TLRs. This hypothesis originated from the observa-

tion that saturated fatty acid was necessary for

lipopolysaccharide -induced inflammation.40 It is now

clear that palmitic acid (PA) is not an agonist of TLR4,

nor can it activate TLR signals.41 However, TLR activation

is still crucial for FFAs-induced inflammation, because it

can lead to metabolic reprogramming and promotes PA-

induced inflammation.41 This may also explain why the

level of IL-18 is not elevated obviously in this study,

because the activation of IL-18 but not IL-1β depends on

TLR4 pathway.42 It is speculated that OA could transfer the

extracellular signals into cell through the cell membrane

Na/K-ATPase and free fatty acid receptor 1, then activate

the downstream MAPK-ERK1/2-NF-κB pathway, which

eventually leads to a series of inflammatory reactions.24

The NF-κB signal pathway is essential for NLRP3 activa-

tion in the “priming“ process (the first step).34

D’Espessailles A also confirmed that ERK1/2 was involved

in the activation of NLRP3 in adipose cells.43 We hypothe-

sized that ERK1/2 could mediate in the activation of

NLRP3 in OA-induced lung injury, too.

Glibenclamide preconditioning inhibited the activity of

NLRP3 inflammasome, thereby partly alleviated the mani-

festations of OA-induced ALI consistent with previous

observations in other types of ALI models.11 A great deal

of evidence shows that glibenclamide has anti-inflammatory

effect not only in respiratory, but also in digestive, urinary,

heart and central nervous system diseases and ischemia-

reperfusion injury.44–48 The mechanism of glibenclamide

inhibiting NLRP3 activity is still unclear. It is speculated

that it may block potassium ATP channel, block K+ outflow,

change membrane potential and inhibit Ca2+ influx mediated

by P2X7 receptor, thus inhibiting NLRP3 inflammasome

activity.49 In addition, glibenclamide has been reported to

inhibit oxidative stress by increasing the activities of antiox-

idant enzymes, such as glutathione peroxidase, superoxide

dismutase and catalase yet.50,51 The oxidative stress product

is the strong activator of NLRP3 activation. In this study, it

was also observed that glibenclamide slightly attenuated

ROS response. In short, we found that glibenclamide par-

tially alleviated the ALI caused by OA, which may provide

novel strategies for the treatment of PFE in the future.

Conclusion
we demonstrated that the NLRP3/caspase-1 pathway was

involved in the development of the OA/ROS/IL-1β inflam-

matory reaction in OA-induced ALI model. The NLRP3

inhibitor glibenclamide can alleviate this kind of ALI.

Combined with Goncalves-de-Albuquerque ‘s study,20 we

proposed the mechanism of NLRP3 inflammasome in OA

induced ALI in Figure 6.

Limitation
In this experiment, we initially observed the role of

NLRP3 inflammasome in OA- induced ALI. There were

some limitations in this study. First, we did not carry out
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in vitro studies. Second, a small sample size may lead to

deviation of results. Third, we did not investigate the

effect of glibenclamide after OA administration. In addi-

tion, further studies are needed to prove whether MAPK-

ERK1/2 pathway is involved in initiating NLRP3 inflam-

masome in OA-induced ALI model.
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