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Purpose: To investigate whether inhalation of ethyl pyruvate (EP) encapsulated with 

poly(ethylene glycol)-block-lactide/glycolide copolymer nanoparticles (EP-NPs) can prevent 

the development of shunt-flow-induced hyperkinetic pulmonary arterial hypertension (PAH) 

in a rat model.

Materials and methods: Rats were separated into five groups: blank (ie, no treatment after 

shunt flow), normal control (ie, no shunt flow or treatment), EP-NP instillation, EP-only instil-

lation, and vehicle. The animals received intratracheal instillation of EP-NPs or other treatments 

immediately after a shunt flow, and treatment continued weekly until the end of the experiment. 

Hemodynamic data were recorded, pulmonary arterial remodeling was assessed, and levels of 

inflammatory mediators and ET1 expression in the lung and serum were analyzed. In addition, 

retention of EP in the lungs of rats in the EP-NP and EP-only groups was measured using high-

performance liquid chromatography.

Results: After 12 weeks, hemodynamic abnormalities and pulmonary arterial remodeling were 

improved in the EP-NP instillation group, compared with the blank, EP-only, and vehicle groups 

(P,0.05). In addition, the EP-NP group showed significantly decreased levels of HMGB1, 

IL-6, TNFα, reactive oxygen species, and ET1 in the lung during PAH development (P,0.05). 

Furthermore, EP-NP instillation was associated with reduced serum levels of inflammatory 

factors and ET1. High-performance liquid-chromatography measurement indicated that EP 

retention was greater in the lungs of the EP-NP group than in the EP-only group.

Conclusion: EP-NP instillation attenuated inflammation and prevented pulmonary arterial 

remodeling during the development of PAH induced by shunt flow. In the future, EP-NP delivery 

into the lung might provide a novel approach for preventing PAH.

Keywords: pulmonary artery hypertension, ethyl pyruvate, high-mobility group box 1

Introduction
Pulmonary arterial hypertension (PAH) is generally characterized by increased 

resistance in the pulmonary circulation and occlusive remodeling of the pulmonary 

arterioles. In addition, elevated afterload of the right ventricle (RV) can result in heart 

failure and premature death.1 Left-to-right shunt congenital heart disease exposes the 

pulmonary vasculature to overflow and high pressure, which leads to endothelial injury 

and dysfunction, and finally induces hyperkinetic PAH.

Dysfunctional endothelial cells release the nuclear protein HMGB1 and acti-

vate proinflammatory cytokines, such as IL-1, IL-6, and TNFα, which themselves 
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enhance the secretion of HMGB1 and further aggravate 

the inflammatory response to injury. HMGB1 can induce 

chemotaxis of the smooth-muscle cells, which contributes 

to the formation of intimal hypertrophy.2 Studies have also 

shown that HMGB1 promotes the development of PAH.3,4

It is known that inflammation plays a pivotal role in dis-

ease progression in various types of PAH.5–8 Inflammatory 

factors participate in vasoconstriction, promote hyperplasia 

of pulmonary vascular endothelial cells and smooth-muscle 

cells, and subsequently result in remodeling of the pulmo-

nary vasculature.9 In addition to an increase in inflammatory 

mediators, endothelial cell injury caused by increased blood 

flow also leads to mitochondrial dysfunction, which is the 

major source of reactive oxygen species (ROS) production 

in PAH. ROS derived from mitochondria induce pulmo-

nary vascular remodeling by increasing intracellular Ca2+, 

depolarization/hyperpolarization of the mitochondrial mem-

brane potential (ΔΨ
m
), and smooth-muscle cell contraction 

and proliferation.10,11 Therefore, HMGB1 and ROS play a 

central role in tissue remodeling and angiogenesis, and both 

are crucial in the pathogenesis of PAH.12

Targeting a battery of multiple important inflammatory 

cytokines might be a favorable therapeutic approach for PAH. 

Ethyl pyruvate (EP), which is a simple derivative of pyruvic 

acid, is an ROS scavenger, inflammatory suppressor, and 

HMGB1 inhibitor. Treatment with EP has been shown to 

improve survival or ameliorate organ dysfunction in a wide 

variety of preclinical models, including models of severe 

sepsis, acute lung injury, and acute pancreatitis.13–15 Consider-

ing the pathophysiology of PAH and the roles of HMGB1 

and ROS in the progression of this disease, it is reasonable 

to hypothesize that inhibition of HMGB1 and ROS might 

prevent the development of PAH. Indeed, our previous study 

showed that intraperitoneal injection of EP could attenuate 

monocrotaline-induced PAH and reverse pulmonary vascular 

remodeling in rats by inhibiting the release of TNFα and IL-6 

and reducing the expression of ET1.16

Nebulized inhalation appears to be more efficient than 

systemic drug delivery of targeted therapy in pulmonary 

disease. Compared with systemic administration, local deliv-

ery of a drug would be expected to increase its distribution 

in the lungs, improve the efficiency of the targeted therapy, 

eliminate side effects, and avoid first-pass elimination by 

the liver. Because EP is a volatile substance that is unstable 

at normal temperatures, it must be pretreated in order to 

achieve long-term efficiency. Moreover, EP pretreatment 

with a biocompatible and biodegradable polymer might 

enable prolonged efficiency and decreased administration 

frequency. Therefore, we developed bioabsorbable polymeric 

nanoparticles (NPs) formulated from a poly(ethylene glycol)-

block-lactide/glycolide copolymer (PEG-LG). We hypoth-

esized that pulmonary administration of EP encapsulated in 

PEG-LG NPs (EP-NPs) would provide superior protective 

effects in comparison with free EP during the develop-

ment of hyperkinetic PAH by suppressing proinflammatory 

factors.

Materials and methods
Preparation of EP-NPs and characterizations
The amphiphilic block copolymer PEG-LG (molecular 

weight 30,000, 7% PEG, ratio of lactide to glycolide 75:25; 

Jinan Daigang Biomaterial Co Ltd, Jinan, People’s Republic 

of China [PRC]) was used as the drug carrier. EP-NPs (EP 

from Sigma-Aldrich, St Louis, MO, USA) was prepared 

using an emulsion solvent-evaporation method, as reported 

previously.17,18 Fluorescein isothiocyanate (FITC) solution 

and EP-NPs were dissolved in dichloromethane to form a 

water-in-oil emulsion after high-speed shearing. The com-

pound was added dropwise into a 3% polyvinyl alcohol 

solution with slow stirring, and the dichloromethane was 

volatilized to form a water-in-oil-in-water emulsion. After 

three rounds of centrifugation, washing, and vacuum-drying, 

EP-FITC-NPs were obtained. The formulation showed a 

smooth appearance and well-distributed particles under trans-

mission electron microscopy (Figure 1A). The encapsulation 

efficiency and loading capacity of EP-FITC-NPs, as measured 

by high-performance liquid chromatography (HPLC), were 

85.84%±6.08% and 8.82%±0.81%, respectively. A sample 

of EP-FITC-NP suspension in distilled water was used for 

particle-size analysis. The average diameter of the formula-

tion was 286.04±35.11 nm (Figure 1B), and the polydisper-

sion index was 0.131±0.016. The experimental aerodynamic 

diameter of the formulation was 2.1 µm, which was within 

the range of the optimal size for inhalation (0.5–5 µm). The 

surface charge (ζ-potential) was -15.21±2.57 mV, which 

was analyzed using the Zetasizer 3000 (Malvern Instruments, 

Malvern, UK) (Figure 1C). All measurements were carried 

out in triplicate. The values reported are mean ± standard 

deviation (n=3).

Experimental animal models and group 
definition
The study protocols were approved by the Ethical and Legal 

Committee of the National Institutes of the Care and Use 

of Laboratory Animals. All animals received humane care 

and the experiments were performed in accordance with 

the guidelines of the Animal Care and Use Committee of 

Shandong University. Hyperkinetic PAH was established 
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in male Sprague Dawley rats (120–150 g body weight; from 

the Animals Experimental Center of Shandong University) 

by shunt flow, according to a previously described method 

in which PAH was induced after 12 weeks.19

The animals were divided into five groups: blank (no 

treatment after shunt flow), normal control (no shunt flow and 

no treatment), EP-NPs (1 mg EP per 12 mg FITC-PEG-LG in 

0.2 mL phosphate-buffered saline [PBS] for instillation), EP 

only (1 mg EP in 0.2 mL PBS for instillation), and vehicle 

(12 mg FITC-PEG-LG in 0.2 mL PBS for instillation). The 

animals received intratracheal instillation immediately after 

a shunt flow was performed, and the treatment was repeated 

each week thereafter until the end of the experiment. In brief, 

a 0.2 mL suspension of EP-NPs, EP alone, or vehicle alone 

was gently instilled into the trachea. Immediately before 

instillation, circumferential compression of the thorax was 

performed to achieve forced exhalation. The compression 

was released after endotracheal instillation followed by 5 mL 

air. This caused a forceful inspiration that facilitated access 

of the drug to the distal air spaces. The inhalational dose of 

EP-NPs was selected after we examined the effects of intra-

tracheal instillation of various concentrations and volumes of 

EP-NP suspension (0.5, 1, 2, and 4 mg per animal in 0.1, 0.2, 

0.4, and 0.8 mL PBS) on the basis of the largest improvement 

in the model, with the fewest complications and side effects. 

We confirmed that a 0.2 mL suspension containing 1 mg EP 

was the optimal dose for our experiments.

Biodistribution of FITC-NP examination
Rats received instillation of FITC, FITC-NP, and NPs 

alone. Localization of FITC in the lung was observed 

24 hours later. The animals were killed, and the lungs 

were washed with PBS using a catheter inserted into the 

trachea, resected, and then inflated with 10% phosphate-

buffered formalin (pH 7.4). Tissues were embedded in 

tissue-freezing medium (OCT compound; Sakura Finetek, 

Tokyo, Japan), and cross sections of 3 µm thickness were 

prepared. The sections were first incubated with Sky Blue to 

eliminate nonspecific fluorescence, and FITC-NP distribu-

tion was then observed under a fluorescence microscope. 

Fluorescence intensity was also observed at 1, 3, and 7 

days after a single intratracheal instillation of FITC-NPs 

into rats that had undergone shunt flow, in order to assess 

FITC retention.

Measurement of hemodynamic 
parameters
Hemodynamic parameters were measured 12 weeks after 

the first treatment. The rats were anesthetized with an 

intraperitoneal injection of 0.25% pentobarbital sodium 

Figure 1 Characterization of EP-NPs.
Notes: (A) Appearance of EP-NPs under transmission electron microscopy; (B) diameter data of EP-NP formulation; (C) ζ-potential of EP-NPs. All measurements were 
carried out in triplicate.
Abbreviation: EP-NPs, ethyl pyruvate nanoparticles.
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(40 mg/kg), intubated, and supported with a ventilator. 

Pulmonary arterial pressure (PAP) and systemic pressure 

were measured as described previously.15 In brief, two 

catheters were inserted into the main pulmonary artery 

and the right common carotid artery under fluoroscopic 

guidance to measure PAP (including diastolic PAP, sys-

tolic PAP, and mean PAP) and mean systemic arterial 

pressure, respectively. The two catheters were linked to a 

transducer, and the pressure was simultaneously recorded 

on a multichannel physiologic recorder (PowerLab 8/30; 

AD Instruments Pty Ltd, Sydney, Australia). Each measure-

ment was read three times, and the mean value was used 

in the final results.

Preparation of heart and lung tissues
After hemodynamic measurement, the rats were killed 

with an overdose of pentobarbital sodium. The lungs were 

washed in PBS, the lower lobe was removed to measure EP 

retention, and a part of the lower lobe was placed into liquid 

nitrogen for other experiments. The remainder of the lungs 

was immersed into 10% phosphate-buffered formalin and 

embedded in paraffin according to standard procedures, and 

5 µm sections were prepared for further morphologic analysis 

and immunostaining. The heart was weighed after the liquid 

was blotted for comparison of the weight ratio of heart to 

body. The heart was then separated into the RV and the left 

ventricle plus ventricular septum (LV+VS), and the ratio of 

the weight of the RV to that of the LV+VS was calculated 

to evaluate RV hypertrophy.

Enzyme-linked immunosorbent assay
At the end of catheterization, blood was collected, trans-

ferred into tubes, and stored on ice. Serum was separated by 

centrifugation at 4°C and then stored at -80°C for further 

analysis. The levels of IL-6, TNFα, ET1, and HMGB1 

were determined by enzyme-linked immunosorbent assay 

(ELISA) according to the manufacturer’s protocols (IL-6, 

TNFα, and ET1 kits were from BD [Franklin Lakes, NJ, 

USA], and the HMGB1 kit was from Shino-Test Corpora-

tion [Tokyo, Japan]).

Morphologic and immunohistochemistry 
analysis
Slices were stained with hematoxylin–eosin, and the small 

arteries (external diameter 50–200 µm, selected randomly 

under a low-power field) in the lung were observed under 

an optical microscope (BX51; Olympus, Tokyo, Japan). 

External and internal diameters were measured by a blinded 

observer. The medial wall thickness and medial wall area 

were calculated as described previously, and represented 

remodeling of the vessels.20,21 The medial wall thickness 

index (TI) and area index (AI) were calculated as follows:

	
TI ( )

External diameter Internal diameter

External diamete
% =

−
rr

×100

�
(1)

	
AI 

Total area Internal area

Total area
( )% =

−
×100

�
(2)

For immunohistochemistry, each slice was treated with 

hydrogen peroxide, blocked with 5% bovine serum albumin, 

and successively incubated with primary antibodies (goat 

anti-IL-6, goat anti-TNFα; both from Santa Cruz Biotech-

nology Inc, Dallas, TX, USA) overnight at 48°C. After the 

uncombined primary antibody was washed, the slice was 

incubated with horseradish peroxidase-coupled secondary 

antibody for 30 minutes at 37°C. The primary antibody 

was substituted with PBS for a negative control. Peroxidase 

activity was visualized by a color reaction with diaminobenzi-

dine, with a positive result represented by a brown color. The 

slices were counterstained with hematoxylin and mounted. 

Protein levels were quantified using the Image-Pro Plus 6.0 

system. The pathologist reviewing the sections was blinded 

to the experimental groups.

Western blot
Protein was drawn from 20 mg lung tissue on ice by treatment 

with lysis buffer and phenylmethanesulfonyl fluoride (both 

from Beyotime, Shanghai, PRC). Protein supernatants were 

centrifuged at 10,000 rpm for 10 minutes (4°C) to remove 

tissue fragments of the sediments. Protein concentrations 

were determined using a Bio-Rad protein-assay instru-

ment, and the protein was boiled with loading buffer. Equal 

amounts of protein from all the lung tissues were dissolved 

in sodium dodecyl sulfate (SDS) polyacrylamide-gel elec-

trophoresis (PAGE) sample buffer, separated in SDS-PAGE, 

and transferred onto polyvinylidene fluoride membranes. The 

membranes were incubated with the respective primary anti-

bodies (rabbit anti-HMGB1 and rabbit anti-ET1; both from 

Abcam PLC, Cambridge, UK) overnight at 4°C after being 

blocked with 5% fat-free milk for 2 hours. The blots were 

incubated with secondary antibodies conjugated to horserad-

ish peroxidase for 1 hour at room temperature with continu-

ous shaking. After washing, the protein blots were detected 

using an enhanced chemiluminescence kit (EMD Millipore, 

Billerica, MA, USA) and exposed to X-ray film. Bands were 

quantified using FluorChem 9900 (ProteinSimple, San Jose, 

CA, USA), and β-actin was used as an internal reference.
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ROS assay
The ROS fluorescence probe dihydroethidium (DHE) 

was able to penetrate into cells and was oxidized into 

2-hydroxyethidium and ethidium, both of which were able 

to be detected with a fluorescence detector using an emis-

sion wavelength of 580 nm and excitation of 480 nm. Fresh 

tissues embedded in OCT compound were cut into sections 

of 5 μm thickness and placed on glass slides. The sections 

were incubated with DHE (5 mM; Vigorous Biotechnology, 

Beijing, PRC) in a light-protected humidified chamber at 

37°C for 30 minutes. Ethidium fluorescence was examined 

using a fluorescence microscope, and the mean fluorescence 

expression was calculated as a percentage of the normal 

control (set to 100%), as described previously.22,23

The other sensitive probe for ROS is 2′,7′-dichlorofluorescein 

diacetate (DCFH-DA), which can be hydrolyzed into DCFH 

after penetrating cells and the DCFH shows fluorescence 

under the fluorescence microscope. Tissue expression of ROS 

was determined using fluorescence emission, as described 

previously.24,25 DCFH-DA (Beyotime) in lung-homogenate 

supernatants was measured using a spectrofluorometer to 

assess the ROS content. ROS production is presented as 

fluorescence units per microgram protein.

Another established assay for ROS is malondialdehyde 

(MDA) measurement. MDA is the production of the lipid 

peroxidation that is increased under the condition of oxida-

tion stress. The MDA content reflects the ROS level in the 

tissue. Briefly, lung tissues were ground and the homogenates 

obtained. After centrifugation (3,500 rpm for 15 minutes), the 

supernatant was used for the measurement. MDA contents 

were determined using the assay kits (Jiancheng Bioengi-

neering Co, Jiangsu, PRC) according to the manufacturer’s 

instructions. Then, MDA activity was quantified as absor-

bance at 532 nm, and the MDA was expressed as nanomoles 

per milligram protein.

EP-retention measurement
Tissue homogenates were obtained to determine whether 

EP was retained and to calculate the residual EP content in 

each organ at the end of the experiment. EP concentrations 

were measured using a column-switching HPLC method, as 

described previously.26 EP levels in the lung at different time 

points after instillation were also measured. To determine 

the EP concentration (ng/mL) in plasma, 500  µL plasma 

mixed with 10% trichloroacetic acid (200 µL) and 1  mL 

distilled water were centrifuged for 10 minutes at 1,500 rpm, 

and 500 µL supernatant was analyzed according to the stan-

dard curve. The tests were carried out in triplicate, and mean 

values are shown in the results.

Statistical analysis
Data are shown as mean ± standard deviation. SPSS version 13.0  

(SPSS Inc, Chicago, IL, USA) was used for all statistical 

analyses. One-way analysis of variance with a post hoc test 

of the least significant difference was used for statistical 

analysis. A value of P,0.05 was considered statistically 

significant.

Results
Localization of FITC-NPs in the lung after 
a single instillation
Strong FITC signals were detected on day 1 in rats that 

received a single intratracheal instillation of FITC-NPs, 

compared with no fluorescence signals in the lungs of 

control no-administration rats and of rats administered 

NPs alone. Only faint FITC signals were observed in the 

FITC-alone instillation group (Figure 2A). One day after 

FITC-NP instillation, there were obvious FITC-positive 

signals in the bronchi, alveoli, alveolar macrophages, 

and small arteries. Three days after administration, FITC 

signals remained predominantly in the small arteries and 

arterioles, as well as in the small bronchi and alveoli in 

the lungs, albeit with fainter fluorescence compared with 

the first day. The fluorescence was faint after 7 days, and 

was mainly retained in the small arteries, arterioles, and 

alveoli (Figure 2B).

EP-NP inhalation prevented increasing 
pressure in the pulmonary artery in 
shunt-flow rats
Analysis of hemodynamic data is shown in Table 1. Com-

pared with the normal group and the EP-NP group, systolic 

PAP, diastolic PAP, mean PAP, and RV/LV+VS were sig-

nificantly increased in the blank group, the EP-only group, 

and the vehicle group (all P,0.05). However, there were 

no significant differences in hemodynamic data between the 

EP-NP and normal groups. There were no differences in mean 

systemic arterial pressure among the groups either.

EP-NP instillation inhibited the development 
of pulmonary arterial remodeling
To determine the effect of EP-NP intratracheal instillation 

on vascular remodeling, we measured the TI and AI of the 

lung arterioles (Figure 3). The hematoxylin–eosin stain of 

the lung tissues showed that the pulmonary small arteries 

were thickened in the blank, vehicle, and EP-only groups 

(Figure 3A). In the EP-NP group, the wall of the pulmonary 

arteriole was slightly thickened. The results indicated that 

compared with the normal group and the EP-NP group, 
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Figure 2 Biodistribution of FITC-NPs in the lung after a single instillation.
Notes: (A) Representative fluorescent micrographs of rat lung tissue treated with instillations of FITC-NPs, FITC alone, and NPs alone, and the no-administration group, 
1 day after a single instillation. (B) Representative fluorescent micrographs of the localization of FITC on days 1, 3, and 7 after a single instillation of FITC-NPs. White arrows 
indicate bronchia, and red arrows indicate the small arterioles. Scale bars 100 μm.
Abbreviations: FITC-NPs, fluorescein isothiocyanate nanoparticles; FITC, fluorescein isothiocyanate; NPs, nanoparticles.

Table 1 Hemodynamic data of the animals in the different groups

Group sPAP (mmHg) dPAP (mmHg) mPAP (mmHg) mSAP (mmHg) Heart/body (g/kg) RV/LV+VS

Blank 49.8±2.8*,# 23.9±4.7*,# 32.9±2.6*,# 66.6±7.1 3.14±0.12*,# 0.47±0.03*,#

Normal 13.8±2.5 9.1±3.2 11.4±2.8 69.2±4.8 2.51±0.06 0.31±0.02
EP-NPs 17.3±3.8 10.7±1.3 13.8±3.4 67.3±6.3 2.59±0.19 0.34±0.06
EP only 45.4±2.2*,# 21.9±2.9*,# 31.4±2.1*,# 68.9±5.2 2.89±0.11*,# 0.42±0.04*,#

Vehicle 44.7±3.1*,# 22.6±4.5*,# 30.2±3.1*,# 65.8±4.9 2.94±0.08*,# 0.49±0.02*,#

Notes: *P,0.05 compared with the normal group; #P,0.05 compared with the EP-NP group; n=20 each group. Data shown as mean ± standard deviation.
Abbreviations: PAP, pulmonary arterial pressure; sPAP, systolic PAP; dPAP, diastolic PAP; mPAP, mean PAP; mSAP, mean systemic arterial pressure; LV, left ventricle; 
RV, right ventricle; VS, ventricular septum; EP-NPs, ethyl pyruvate nanoparticles; EP, ethyl pyruvate.

Figure 3 Histopathologic examination of the pulmonary arterioles.
Notes: (A) Representative images after hematoxylin–eosin staining. Scale bars 50 μm. (B, C) Analysis of medial wall thickness index (TI) and medial wall area index (AI) of 
the small pulmonary arteries in the different groups. Data are mean ± standard deviation (n indicates the number of arteries). *P,0.05 versus the normal group; #P,0.05 
versus the EP-NP group.
Abbreviations: EP-NPs, ethyl pyruvate nanoparticles; EP, ethyl pyruvate.
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shunt flow induced a significant increase in the TI and AI 

of pulmonary arteries in the blank, EP-only instillation, and 

vehicle groups (all P,0.05). There was no statistical dif-

ference between the EP-NP and normal control groups in 

the hypertrophic indices of the arteriole (Figure 3B and C). 

Therefore, intratracheal instillation with EP-NPs, but not with 

EP alone or FITC-NP (vehicle), attenuated the development 

of PAH and small pulmonary arterial remodeling.

EP-NP instillation reduced the expression 
of proinflammatory factors and ET1 in 
lung tissues
As shown in Figure 4A, there were a lot of positive signals 

for IL-6 and TNFα in the blank, EP-only, and vehicle groups, 

indicating that shunt flow induced increased expression of 

IL-6 and TNFα. Fewer positive signals for IL-6 and TNFα 

were detected in the EP-NP group, and there was no sig-

nificant difference in the semiquantitative analysis of IL-6 

and TNFα in the EP-NP group compared with the normal 

group (Figure 4B and C). This suggests that intratracheal 

instillation of EP-NPs, but not of EP alone or of the vehicle, 

significantly attenuated increases in IL-6 and TNFα during 

PAH progression in rats.

Western blot demonstrated that hyperkinetic PAH 

induced by shunt flow was associated with increased levels 

of HMGB1 and ET1 in the lung, as confirmed by the bold 

stripes seen in the blank, EP-only, and vehicle groups 

(Figure 5A). There was a significant difference in the relative 

intensity of HMGB1 and ET1 expression between the EP-NP 

group and the three groups just mentioned (P,0.05), but not 

compared with the normal control group (Figure 5B and C). 

This suggests that EP-NP intratracheal instillation, but not 

EP alone or vehicle treatment, was able to reduce the levels 

of HMGB1 and ET1 in PAH lungs.

EP-NP intratracheal instillation 
attenuated ROS levels in the lungs
ROS levels were detected under fluorescence microscopy 

after incubation with DHE (Figure 6A). DHE as an ROS 

probe was represented by ethidium, which was stained with 

red fluorescence. Positive signals with less intense red fluo-

rescence were seen in the normal and EP-NP groups, while 

Figure 4 Expression of IL-6 and TNFα in lung tissue.
Notes: (A) Representative immunohistochemistry micrographs of IL-6 and TNFα in the different groups. Scale bars 50 μm. (B, C) Semiquantitative analysis of the 
immunohistochemistry examination of IL-6 and TNFα (n=100 sections in each group). *P,0.05 versus the normal control group; #P,0.05 versus the EP-NP group.
Abbreviations: EP-NPs, ethyl pyruvate nanoparticles; EP, ethyl pyruvate.
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more intense red fluorescence was seen in the other groups. 

Ethidium fluorescence-intensity analysis showed decreased 

ROS content in the EP-NP group compared with the blank, 

EP-only, and vehicle groups (P,0.05, Figure 6B). ROS 

production in lung homogenates was also measured using 

another ROS probe: the DCFH-DA fluorescent probe. Fluo-

rescence was similar in the EP-NP and normal control groups, 

but increased in the blank, vehicle, and EP-only groups 

(Figure 6C). MDA assay showed that the EP-NP treatment 

obviously prevented the increased MDA induced by shunt 

flow compared with the blank, vehicle, and EP-only groups 

(P,0.05, Figure 6D). These ROS-assay results suggest that 

shunt flow induced elevated ROS levels in the lung, and that 

EP-NPs, but not EP alone or vehicle instillation, decreased 

ROS levels in the rat lung tissues.

EP-NP intratracheal instillation decreased 
the expression of proinflammatory 
factors and ET1 in serum
ELISA analysis demonstrated that compared with the normal 

group, significantly increased levels of TNFα, IL-6, HMGB1, 

and ET1 were seen in the serum of the blank, EP-only, and 

vehicle groups (P,0.05). Serum levels of these proinflamma-

tory factors and ET1 were obviously decreased in the EP-NP 

group compared with the other treatment groups (P,0.05). 

There were no significant differences in these inflammatory 

mediators or ET1 between the EP-NP group and the normal 

group (Figure 7).

EP retention in tissues and plasma
HPLC showed that at the end of the experiment, the lung EP 

content was significantly higher in the EP-NP group than in 

the EP-only group (P,0.05, Figure 8A). The residual EP 

content in the other groups was below the limit of detection 

(data not shown). In the EP-NP group, the EP concentra-

tion was lower in other organs (ie, heart, liver, kidney, and 

spleen) than in the lung tissues. Apart from in the heart, the 

EP content of the other organs was slightly higher in the 

EP-NP group than in the EP-only group, but the difference 

was not significant.

We also measured the EP levels in the lung at different 

time points after a single instillation of EP-NPs. The lung 

EP content remained high for the first 3 hours after EP-NP 

inhalation, followed by a relatively sharp decline in the 

EP-retention curve 3–12 hours after administration. The 

level then remained stable until 96 hours, before gradually 

declining again (Figure 8B). In the EP-only group, the EP 

content in the lung remained at a low level for the first 

2 days, and was thereafter below the limit of detection by 

HPLC measurement. The serum EP concentration showed a 

Figure 5 Protein levels of HMGB1 and ET1 in lung tissue.
Notes: (A) Expression levels of HMGB1 and ET1 in the lungs were determined using Western blot. (B, C) Relative intensity of HMGB1 and ET1 in the different groups 
(n=20 in each group). *P,0.05 versus the normal control group; #P,0.05 versus the EP-NP group.
Abbreviations: EP-NPs, ethyl pyruvate nanoparticles; EP, ethyl pyruvate.
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Figure 7 Levels of inflammatory factors and ET1 in serum measured by enzyme-linked immunosorbent assay.
Notes: (A–D) Levels of IL-6, TNFα, HMGB1, and ET1 in the plasma of the different groups, respectively (n=20 in each group). *P,0.05 versus the normal control group; 
#P,0.05 versus the EP-NP group.
Abbreviations: EP-NPs, ethyl pyruvate nanoparticles; EP, ethyl pyruvate.

α

Figure 8 Levels of EP in the organs and serum of the EP-NP and EP-only groups.
Notes: (A) EP retention in the organs of the EP-NP and EP-only groups at the end of the experiment (n=20 in each group). *P,0.05 versus the EP-NP group. (B) Lung EP 
levels at different time points after a single instillation of EP-NPs or EP (n=5 in each group). (C) Serum EP levels at different time points after a single instillation of EP-NPs 
or EP (n=5 in each group).
Abbreviations: EP-NPs, ethyl pyruvate nanoparticles; EP, ethyl pyruvate.
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similar pattern in both the EP-NP and EP-alone groups, with 

a sharp decreasing trend in the first 6 hours and then low 

levels until 48 hours; no serum EP was able to be detected 

after 108 hours (Figure 8C).

Discussion
In this study, we have demonstrated for the first time that 

EP-NP intratracheal instillation prevents the development of 

shunt-flow-induced PAH in rats by inhibiting proinflamma-

tory factors and ET1. The following evidence supports our 

conclusions: 1) intratracheal instilled EP-NPs combined with 

FITC were observed in the lung tissues, and EP retention 

was detected after administration; 2) decreased pulmonary 

circulation resistance, reversed remodeling of the arteries, 

and hemodynamic improvements were observed after 

EP-NP inhalation; and 3) the proinflammatory factors IL-6, 

TNFα, HMGB1, and ROS, as well as ET1, were decreased 

in the lung after EP-NP instillation during the development 

of PAH.

It is known that abnormal metabolism is involved in 

PAH, particularly in RV hypertrophy and remodeling of 

the pulmonary vasculature. TNFα-mediated inhibition of 

the metabolic enzyme PDH contributes to the pathogenesis 

of PAH.27 Inhibition of PDH induces aerobic glycolysis in 

both the lungs and the RV, and the glycolytic shift results 

in decreased contractility of the heart and hyperproliferative 

endothelial cells.28 Upregulation of PDH kinase inhibits the 

activity of PDH and decreases glucose oxidation, whereas 

inhibition of PDH kinase improves the impaired cardiac 

function in PAH.29 EP is a stable aliphatic ester derived from 

pyruvate. It enters cells freely without the help of a carrier, 

and is transformed into pyruvate after deesterification.30 In 

this study, the antioxidative, anti-inflammatory, and meta-

bolic regulatory functions of EP were found to guarantee its 

protective effects in the development of PAH. Our results are 

consistent with those of others, which reported that EP could 

decrease pulmonary vasoconstriction and downregulate pul-

monary artery proinflammatory cytokine gene expression.16,31 

Our previous study described the effects of EP through intra-

peritoneal injection on monocrotaline-induced PAH.16 In the 

current study, however, EP-only intratracheal instillation did 

not show any therapeutic effects on PAH. This might have 

been due to the different route of administration, and more 

importantly because the intraperitoneal injection dose was 

much higher than that used with intratracheal instillation.

The results from the blank and vehicle groups showed 

that ET1 and ROS expressions increased during the pro-

cess of PAH. As we all know, ET1 is one of the most 

potent vasoconstrictor mediators in promoting endothelial 

proliferation and fibrosis and reducing the pulmonary vas-

cular bed in PAH. In addition, increased oxidative stress 

plays an important role in vascular remodeling in PAH in 

shunted lambs.32 ET1 activation of ET
A
 receptors activates 

the formation of ROS; conversely, ROS can increase ET1-

promoter activity and upregulate cellular levels of ET1. In 

other words, a positive-feedback loop exists between ET1 

and ROS production. It has previously been reported that 

antioxidant treatment of shunted lambs restored unbalanced 

endothelial function, and some antioxidants have been used 

in Phase I clinical trials with PAH patients to abrogate ROS 

generation.33–35 In the current study, EP-NPs, as powerful 

ROS scavengers, not only attenuated ROS generation but 

also decreased ET1 levels during the development of PAH, 

contributing to its protective effect against PAH.

HMGB1 localizes to the nucleus under normal conditions, 

and is released to the extracellular milieu in response to injury 

and inflammatory stimuli.12 The current study suggests that 

pulmonary vascular damage in PAH induced by shunt flow 

triggers the release of a series of inflammatory mediators, 

including HMGB1, IL-6, TNFα, and ROS. HMGB1 mediates 

inflammation by binding to cellular receptors such as RAGE, 

TLR2, and TLR4.36,37 The major limitation of this study is 

that the HMGB1 level in bronchoalveolar lavage fluid should 

be measured in order to investigate the effect of EP-NPs on 

the release of HMGB1. Previous studies have shown ET1 

release to be upregulated in pulmonary arterial endothelial 

cells by HMGB1 treatment in a dose-dependent manner, and 

this HMGB1-stimulated increase in ET1 could be inhibited 

by antibodies against either HMGB1 or RAGE.4,12 These 

data demonstrated that HMGB1 induces ET1 release from 

pulmonary arterial endothelial cells via a RAGE-mediated 

mechanism. In addition, HMGB1 itself is also involved 

in vascular remodeling by mediating the proliferation and 

migration of smooth-muscle cells and endothelial cells.38,39 

EP-NPs act as a potent inflammatory suppressor and HMGB1 

inhibitor. In the current study, intratracheal instillation of 

EP-NPs significantly improved hemodynamic parameters 

and pulmonary vascular remodeling in PAH rats, possibly 

as a result of decreased inflammatory mediators and ET1 

after EP-NP instillation.

We found EP encapsulated with PEG-LG to be a good 

drug-delivery system for EP inhalation targeted into the lung. 

This is supported by the FITC signals, which were not only 

detected in small bronchial tracts but also around alveolar 

and small pulmonary arteries within 7 days after a single 

instillation. The size of drug particles and the aerodynamic 
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diameters of inhalation particles determine the retention site 

in the respiratory tract. Particles will be eliminated by expira-

tory air if the inhalational particles are smaller than 0.5 µm. 

If the formulation size is larger than 5 µm, however, then 

particles are deposited in the oropharyngeal area or scavenged 

by the respiratory cilia. We believe that the faint fluorescence 

observed in the lung after instillation of FITC alone might 

be the result of its bigger size. Likewise, in the EP-alone 

group, most particles might have deposited in the oropha-

ryngeal area or in the upper respiratory tract and have had 

little impact on the lung. The EP encapsulated with PEG-LG 

had the optimal particle size and aerodynamic diameter for 

inhalation, which guaranteed it would act at the correct site 

in the lung. HPLC showed that EP-NPs were released in a 

slow, easily controlled, and targeted manner. Therefore, this 

formulation enhanced the bioavailability of EP, improved 

its stability, and reduced or avoided the adverse effects that 

can be induced by systemic administration. The advantages 

of NP-mediated drug-delivery systems for the treatment of 

lung diseases, including PAH, have also been confirmed in 

other studies.40,41

According to our prior experiment, the in vitro release 

profile of EP-NPs showed sustained release of 85% EP for 

at least 168 hours, with a small burst release. In the current 

in vivo experiments, fluorescence was faint 7 days after 

FITC-NP administration (Figure 2). Therefore, EP-NPs 

were administered weekly in the current study. HPLC also 

confirmed that this frequency of treatment was reasonable. 

At the end of the experiment, far more EP was retained in 

the lungs in the EP-NP group than in other organs, which is 

characteristic of intratracheal drug delivery. Although serum 

EP retention was similar in the EP-NP and EP-only groups 

before 48 hours, plasma levels of inflammatory mediators and 

ET1 were lower in the EP-NP group. We think that during 

the first 6 hours after inhalation, the EP plasma concentration 

was high enough to suppress inflammation to some degree 

in both groups. Six hours later, however, the drug levels 

were too low to restrain inflammatory mediators. Moreover, 

overflow and high pressure in the lung induced persistent 

release of inflammatory factors into the circulation. Under 

these circumstances, inflammation could not be suppressed 

in the EP-only group. In the EP-NP group, however, the high 

retention of EP in the lung not only inhibited pulmonary 

inflammation but also attenuated the release of inflammatory 

factors into the circulation.

We observed no toxicologic or other adverse reactions 

caused by the EP-NP inhalation-delivery system in rats over 

12 weeks. This indicates that the polymeric materials used 

to fabricate the particles are safe for relatively long-term 

administration. This agrees with a previous study, in which 

a lactide/glycolide copolymer (PLGA) used as a carrier for 

intratracheal instillation for 21 days resulted in no toxicologic 

reactions.41 Nonetheless, the long-term safety and therapeu-

tic effects of an NP-mediated EP system in PAH should be 

explored in further studies. In addition, the accumulation or 

clearance rate of polymeric materials from the lungs over 

time should be taken into account in providing more infor-

mation about the use of such a system.

Conclusion
NP-mediated delivery of EP into the lung had a protective 

effect against the progression of PAH induced by shunt 

flow in rats. EP-NP instillation improved hemodynamics in 

rats and vascular remodeling by suppressing inflammatory 

mediators and ET1 in the development of PAH. EP-NPs 

show promise as a potential antioxidant for preventing the 

disease process in PAH patients.
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