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Abstract

An ideal animal model to explore pathogenesis and prevention of acute lung injury (ALI) is essential. The present study aims to compare the
difference in pathology, blood gas values and biomarkers of two acute lung injury rat models at different time intervals. In the experiment, rats
were randomly divided into three groups: lipopolysaccharide (LPS) group, oleic acid (OA) group and control group. Changes of pathology,
blood gas values and blood-air barrier biomarkers were analyzed at 15 minutes, 6 hours, 12 hours and 24 hours after injection. The results
showed that the two models exhibited different features. Compared with the LPS rats, OA rats exhibited significantly severe pathological
changes, lower arterial oxygen partial pressure (PaO2) value and higher level of injury biomarkers. However, LPS rats boasted greater
lactic acid (LAC) level and more severe acidosis than OA rats. This study suggests that LPS-induced model has greater value in researches
on microcirculation dysfunction and sepsis resulting from ALI, while OA-induced model has greater repeatability in area of gas exchanging

after ALI. These events may provide a new theoretical evidence for the model establishment of ALI.
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=& Introduction

Acute lung injury (ALI), as a major clinical compli-
cation, is followed by high rate of morbidity and mortality
[1]. Although intensive efforts have been made, there are
still no effective therapies [2]. One of the most important
reasons is that models are not perfect and they can hardly
imitate the pathologic change. A large number of substances
are employed to establish ALI model including lipopoly-
saccharide (LPS), oleic acid (OA; cis-9-octadecenoic acid),
bleomycin, hydrochloric acid, chloroquine, seawater, etc.
Among these substances, LPS and OA are two of the
most popular substances to establish animal model [3].

Traditionally, LPS-induced model was developed to
mimic ALI caused by sepsis [4], while OA-induced model
was used to simulate ALI after a long bone trauma [5].
However, some questions were raised after reviewing
related literatures. Firstly, the difference of their capability
to impair the blood-air barrier, which is the physiological
basis of gas exchange, has not been fully compared.
Furthermore, the value of arterial oxygen partial pressure
(Pa0,), which is the primary clinical index of ALI [6],
was absent in a large part of studies. Besides, a majority
of researches focused on situation of animals only at
a single time point, while ALI may have very unique
physiological performance at different phases of diseases.

Therefore, we conducted this study to compare the
two models according to appearance, wet/dry (W/D) ratio,
morphology, blood gas parameters and cell biomarkers
at four time points. We hope to draw a clearer picture of
their characteristics and have a better understanding of
their inner mechanism.

& Materials and Methods
Animals and experimental design

The study protocol was approved by the Institutional
Animal Care and Use Committee of Sichuan Province,
China. Animals (9-week-old; 230/270 g body weight;
females; specific pathogen-free Sprague—Dawley rats;
purchased from Dossy Experimental Animals Co., Ltd.,
Chengdu, China) were maintained under standard housing
conditions. All experiments on animals were carried out in
an ethical manner. Four time points were set: 15 minutes,
6 hours, 12 hours and 24 hours post-injection. Each time
point contained three groups including control group,
LPS group and OA group (every time point, n=6 for each
group). After an adaptive phase of 1-2 days, rats were
injected with 0.1 mL/kg oleic acid (Sigma-Aldrich 01008,
emulsified in blood prior) or 10 mg/kg LPS respectively
(Escherichia coli 055:B5, Sigma-Aldrich L2880). Then,
each animal received drug dissolved in sterile physio-
logical saline to 0.5 mL through the tail vein. The control
group received only 0.5 mL saline injection. Rats were
sacrificed at 15 minutes, 6 hours, 12 hours and 24 hours
after administration.

Blood and lung tissues harvest

Rats were anaesthetized with intraperitoneal 3.6%
chloral hydrate (10 mL/kg). Later, their abdomens were
quickly open, and the blood samples were obtained from
the aortic artery, by a syringe pretreated with 100 U/mL
heparin. Then, they were sent immediately for blood
gas analysis. Subsequently, animals were sacrificed by
abdominal aorta exsanguination. During the process, the
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incision extended to chest to expose the lung, and the left
lung was removed after ligation of left hilus. Followed
by lavage from right ventricle to left atrium with cold
phosphate-buffered saline (PBS), under a constant pressure
of 55 cmH,0, the upper lobe of right lung tissue was snap
frozen in liquid nitrogen and stored at -80°C for real-
time quantitative polymerase chain reaction (PCR) assays.
Bronchoalveolar lavage was then performed with cold 4%
paraformaldehyde, under a constant pressure of 25 cmH,0.
And then the lower lobe of right lung was removed and
fixed for Hematoxylin—Eosin (HE) staining. No mechanical
ventilation was used during the experiment. The surgery
duration was kept within 10 minutes.

The wet/dry weight ratio of lung tissue

The left lung of each animal was weighed immediately
after excision as described above. Lung tissues were dried
in a drying oven at 60°C for 24 hours and weighed again.
The wet/dry ratio of the lung was calculated as W/D ratio =
weight,/weightgy x 100% [7].

Real-time quantitative PCR

The lung tissues were homogenized in 1 mL of
TRIzol Reagent (SuperfecTRI™, Shanghai, China) prior
to complementary DNA (cDNA) synthesis. Reverse
transcription to cDNA was executed according to the
instruction of RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, Massachusetts, USA). Simply,
single-stranded cDNAs were synthesized by incubating
template RNA (2.5 pg) with oligo-(dT) 18 primer (1 pL),
and water, nuclease-free (to 12 pL) at 65°C for 5 minutes
in a volume of 12 uL, followed by mixing RevertAid
M-MuLV Reverse Transcriptase (200 U/uL, 1 ulL) with
5% reaction buffer (4 uL), RiboLock RNase Inhibitor
(20 U/uL, 1 pL), and 10 mM deoxy-nucleotide triphosphate
(ANTP) Mix (2 pL), by incubating for 60 minutes at 4°C,
in a final volume of 20 pL. The reaction was terminated
by heat at 70°C for 5 minutes. PCR was operated using
CFX96™ Thermal Cycler (BIORAD, California, USA).
Five pL of five-fold diluted template cDNA was added
in each system with a final volume of 25 pL. Sequences
information was listed in Table 1.

Table 1 — The detailed information on primers for

RT-PCR

Annealing
Gene Sequence (5’-3’) tempsrature
[C]
B-Actin  F: GAAGATCAAGATCATTGCTCCT 53

R: TACTCCTGCTTGCTGATCCA

TM: CTGTCCACCTTCCAGCAGA

F: CCACCAAGATCCCAGTGAT 53
R: GAAGGCTTGGTTAGCATTGAG

TM: CTGCCCGTCCTGGACAAGAC

F: GACACCTACCATCCTATGAG 55
R:CTGCCATTGCCTGTCGAAACCT

TM: CTACCTACCACACTCACGGAC

F: GACACTTGCTCCTGTGAGT 53
R: ACAGCTCTGGGGGCACAGT

TM: CTGCCTATGCCCACGTGTG

F: CCACGTCATTGGCCGTGACT 57
R: GTGAGCTCGTCACACAGGCG

TM: CCAACTGCAGGCCCTGTGAC

RT-PCR: Reverse transcription—polymerase chain reaction; AGER:
Advanced glycosylation end product-specific receptor; MUC1: Mucin 1;
VWF: von Willebrand factor; LAMAS: Laminin subunit alpha-5; F:
Forward primer; R: Reverse primer; TM: Terminal sequence.

AGER

MUC1

VWF

LAMS5

PCR amplification was carried out as follows: initial
denaturation: 94°C, 5 minutes; denaturation: 94°C, one
minute; annealing: annealing temperature, one minute;
elongation: 72°C, one minute (denaturation, annealing,
extending three walk 35 cycles); total elongation: 72°C,
10 minutes. Relative gene expression was calculated by
using the 2%/ method and p-actin was employed as
endogenous control gene.

HE staining

The lower lobe of right lung was fixed in 4% para-
formaldehyde, embedded in paraffin and HE stained. Three
sections of each animal were selected for HE staining.
Subsequently, all sections (400%, 10 microscopic fields of
each section) were examined and graded by a pathologist
who was blind with the experimental condition. Briefly, the
sections were assessed with the airway epithelial necrosis,
intra-alveolar edema, hyaline membranes, hemorrhage and
recruitment of inflammatory cells to the air spaces. And
then each characteristic was scored by a semi-quantitative
scoring system [8]. Edema, alveolar and interstitial
inflammation, alveolar and interstitial hemorrhage, atel-
ectasis, and hyaline membrane formation were respectively
scored on a scale of 0 to 4: no injury — score of 0; injury
in 25% of the field — score of 1; injury in 50% of the field
— score of 2; injury in 75% of the field — score of 3; and
injury throughout the field — score of 4. Ten microscopic
fields from each slide were analyzed. The sums of tissue
slides were averaged for the evaluation of severity of lung
injury.

Statistical methods

Results were presented as means + standard error of
mean (SEM). The differences were assessed by virtue of
one-way analysis of variance (ANOVA). Statistical analysis
was performed with Predictive Analytics Software (PASW)
Statistics 18 (IBM SPSS Inc.) and p<0.05 was considered
as statistical significance.

@ Results
Appearance

Six hours after injection, the lower lobes of right lung
were obtained. As shown in Figure 1, the lung tissues
of control group remained soft with a slightly pink
appearance, while the lung tissues of LPS group showed
congestive and swollen. Meanwhile, the lung tissues of
OA group shrank and became stiff. Also, infarction-like
dark area could be observed on its surface.

Histological evaluation and W/T ratio

The lower lobes of right lung were harvested at
15 minutes, 6 hours, 12 hours and 24 hours post-injection
and they were used to evaluate the extent of the lesions.
The results showed a significant histopathological change
was observed in LPS and OA group when they were
compared with control group at each time point (p<0.05,
Figure 2A). Meanwhile, the scores of OA group were
significantly higher than that of LPS group (p<0.05,
Figure 2A), which was consistent with their appearance.
Also, the left lungs were applied for W/D ratio analysis.
As shown in Figure 2B, both LPS and OA administration
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significantly increased W/D ratio at 6 hours after injection
(p<0.05, Figure 2B), while no significant change was
observed between LPS and OA administration (p>0.05,

Control

A

LPS

Figure 2B). At the mean time, there was no any notable
change among three groups at 15 minutes, 12 hours and
24 hours post-injection (p>0.05, Figure 2B).

OA

Smm

Figure 1 — Appearance change of lower lobes in right lungs: The dorsal views of the control group (A), LPS group (B)
and OA group (C); The corresponding ventral views of the control group (D), LPS group (E) and OA group (F).
Tissues were harvested at 6 hours after injection. Scale bar = 5 mm. LPS: Lipopolysaccharide; OA: Oleic acid.
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Figure 2 — The evaluation of lung injury and edema at different time point following injection: Histopathologic scores (A)
and W/D ratio (B) among control, LPS and OA group (A). Lung injury was evaluated by a semi-quantitative scoring
system. W/D ratio of left lung tissues was employed to assess pulmonary edema. Data were presented as means * standard
error of mean (SEM). Group comparisons were assessed by virtue of one-way analysis of variance (ANOVA): *p<0.05
compared with the control group and *p<0.05 compared with LPS group. W/D: Wet/Dry; LPS: Lipopolysaccharide;

OA: Oleic acid.

HE staining

In order to investigate the dynamic pathological
manifestations, the lower lobes of right lung were applied
for HE staining. The results showed that lung fields of the
control group remained generally clear at all time points
(Figure 3). In LPS groups, mild hemorrhage, leukocytes
infiltration and edema could be observed in alveolar
space at 15 minutes after LPS injection and lasted until
6 hours (Figure 3). At 12 hours after injection, hemorrhage

and edema almost ceased, while leukocytes infiltration and
alveolar wall thickening became the major pathological
characteristics in the lung fields, which remained until
24 hours (Figure 3). Meanwhile, OA injection immediately
induced severer and larger-scale hemorrhage in the lung
accompanied with massive exudation and cavitation from
6 hours to 12 hours post-injection (Figure 3). Also, a large
amount of leukocytes, thickened alveolar walls and hyaline
membranes altogether formed a honeycomb-like structure
in the lung, at 24 hours after injection (Figure 3).
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Figure 3 — Representative images of histopathologic changes: Images organized in columns according to their grouping
and rows corresponding to the time points. Sections from lower lobe of right lung tissues were HE stained. Magnifications
= 400%, scale bar = 100 um. HE: Hematoxylin—Eosin; LPS: Lipopolysaccharide; OA: Oleic acid.

Blood gas parameters

Four blood gas parameters were measured in this
study. PaO, of LPS group exhibited no significant change
compared to control group throughout the experiment
(»>0.05, Figure 4A). However, PaO, of OA group
dramatically decreased at 15 minutes after injection,
compared with control group (p>0.05, Figure 4A). Then,
the reduction lasted and significant difference was
observed at 6 hours and 12 hours post-injection (p<0.05,
Figure 4A), while recovered slightly at 24 hours (p>0.05,
Figure 4A). Meanwhile, PaO, of OA group exhibited
notably lower than LPS group from 15 minutes to 12
hours after injection (p<0.05, Figure 4A). Then, we
measured the level of arterial carbon dioxide partial
pressure (PaCO,) and the results showed that three groups
exhibited no significant differences at all time points
(»>0.05, Figure 4B), except that PaCO, of OA group
was much higher than that of LPS group, at 12 hours
after injection (p<0.05, Figure 4B). The other acid—base
balance indexes including LAC and buffer excess (BE)
were also detected in the experiment. The result of LAC

showed that a significant increase was observed in LPS
and OA group when they were compared with control
group, respectively, from 6 hours to 24 hours post-
injection (p<0.05, Figure 4C). And the LAC level of OA
group was much lower than LPS group at 12 hours (p<0.05,
Figure 4C). Furthermore, the BE level of LPS group was
significantly increased from 6 hours to 12 hours (p<0.05,
Figure 4D) but recovered at 24 hours (p>0.05, Figure 4D)
compared with control group. Also, the BE level of OA
group showed a notable increase at 15 minutes, 6 hours,
24 hours (p<0.05, Figure 4D), while no significant change
was observed at 12 hours compared to control group
(»>0.05, Figure 4D). Additionally, OA group showed a
lower BE level than LPS group at 12 hours post-injection
(p<0.05, Figure 4D).

Biomarkers of blood—air barrier

Biomarkers of blood—air barrier (BAB) components
were measured by real-time quantitative PCR. Both LPS
and OA injection led to significantly increased mRNA level
of advanced glycosylation end product-specific receptor
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(AGER), the biomarker of type I alveolar epithelial cell
(AECI) [9], at 6 hours after injection compared with
control group (p<0.05, Figure 5A). Mucin 1 (MUC1), the
biomarker of type II alveolar epithelial cell (AECII)
[10], was only significantly upregulated in LPS group at
12 hours (p<0.05, Figure 5B) and was notably increased in
OA group from 12 hours to 24 hours (p<0.05, Figure 5B)
compared with control group. Furthermore, the MUCI
level of OA group was much lower than LPS group at
6 hours (p<0.05, Figure 5B) while began to increase from
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12 hours (p>0.05, Figure 5B) and was much higher than
LPS group at 24 hours (p<0.05, Figure 5B). OA injection
immediately increased the level of von Willebrand factor
(vWF), the biomarker of pulmonary vascular endothelial
cells (PMVECs) [11], at 12 hours after injection (p<0.05,
Figure 5C), while LPS injection increased the vWF level
at 24 hours (p<0.05, Figure 5C). However, no significant
difference was observed in laminin subunit alpha-5
(LAMAS) among the three groups, the biomarker of
basement membranes (p>0.05, Figure 5D).
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Figure 4 — Major blood gas parameters at different time point following injection: The level of PaO, (A), PaCO, (B),
LAC (C) and BE (D). Data were presented as means + standard error of mean (SEM). Group comparisons were assessed
by virtue of one-way analysis of variance (ANOVA): *p<0.05 compared with control group and #p<0. 05 compared with
LPS group. LPS: Lipopolysaccharide; OA: Oleic acid; PaO,: Arterial oxygen partial pressure; PaCO,: Arterial carbon
dioxide partial pressure); LAC: Lactic acid; BE: Buffer excess.
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Figure 5 — The mRNA level of BAB components at different time point following injection: AGER (A), the biomarker
of AECI; MUCI (B), the biomarker of AECII. Data were presented as means + standard error of mean (SEM). Group
comparisons were assessed by virtue of one-way analysis of variance (ANOVA): *p<0.05 compared with control group
and *p<0.05 compared with LPS group. AGER: Advanced glycosylation end product-specific receptor; MUCI: Mucin 1;
LPS: Lipopolysaccharide; OA: Oleic acid; ACTB: f-Actin gene; mRNA: Messenger ribonucleic acid; BAB: Blood—air
barrier; AECI: Type I alveolar epithelial cell; AECII: Type II alveolar epithelial cell.
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=& Discussion

In this research, we applied histological evaluation,
W/D ratio, blood gas parameters and biomarkers of BAB
to explain the difference existed between the OA-induced
model and LPS-induced model of rats. We found OA
injection had a more serious histological injury than
LPS injection including obvious hemorrhage, massive
exudation, leukocytes infiltration. Also, LPS injury had
no influence on the level of PaO, as OA infusion did. And
profiles of BAB component biomarkers in each model
were unique.

Several reasons may account for this. Firstly, mechanism
of OA-induced lung injury is initialized by its direct
impairment to the PMVECs via oxidative stress [12], and
then other inflammatory factors involved in this procedure
serve as subsequent events [13], suggesting that OA-
induced model is not dependent on the inflammatory
reaction. In contrast, as glycolipid used in membrane of
Gram-negative bacteria, LPS binding to a specific LPS
binding protein (LBP) forms an LPS:LBP complex that
activates the CD14/Toll-like receptor-4 (TLR4) receptor
of monocytes, macrophages, and other cells, triggering
the production of inflammatory mediators [14]. Besides,
as a macromolecular substance, OA was carried into right
heart and pulmonary circulation by bloodstream after
injection, and then was detained in the alveoli, while the
LPS:LBP complex remained in bloodstream to trigger
the systemic inflammatory response, which may explain
the higher LAC level of the LPS group which is associated
with a severe microcirculatory disturbance. Though other
studies reported that intravenous injection of LPS managed
to decrease PaO, [15, 16], application of conclusion from
rat model to human still calls for considerable caution.

The BAB is the anatomical and physiological basis of
gas exchange in lung. Each component of BAB has its
unique function. For example, AECI and PMVECs form
the semi-permeable barrier between the vascular and
alveolar spaces with matrix. AECII secrets surfactant and
differentiates into AECI to repair the barrier [17]. In our
study, the OA injection caused earlier and greater changes
in the biomarkers of most BAB components, while the
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Figure 5 (continued) — The mRNA level of BAB components at different time point following injection: vWF (C), the
biomarker of PMVECs; LAMAS (D), the biomarker of basement membranes. Data were presented as means + standard
error of mean (SEM). Group comparisons were assessed by virtue of one-way analysis of variance (ANOVA): *p<0.05
compared with control group and *p<0.05 compared with LPS group. vWF: von Willebrand factor; LAMAS: Laminin
subunit alpha-5; LPS: Lipopolysaccharide; OA: Oleic acid; ACTB: f-Actin gene; mRNA: Messenger ribonucleic acid;
BAB: Blood—air barrier; PMVECs: Pulmonary vascular endothelial cells.

12h 24h

mild effects of LPS challenge on the biomarkers emerged
later. This finding indicates that this difference should be
taken into consideration in designing study of ALI in vitro.

Discrepancy between animal models and real clinical
cases weighs more than the difference between models.
Unlike the human ALI patients, ALI model rats in this
investigation had shorter course of disease and more mildly
reduced PaO,, in particular, no decrease of PaO, was
observed in the LPS groups. Zhou et al. reported similar
phenomenon [18] that a single dosage of LPS has no effect
on Pa0; in rats. Besides, the typical exudative phase of
human ALI patients usually lasts for one or two days
[19] followed by a fibro-proliferative phase from day 3
to day 7, while exudation of most rats in this study was
absorbed within 24 hours and fibro-proliferation became
the major morphological change subsequently. This
difference implied that rats boast stronger tolerance and
restorability to endotoxin than human, which may arise
from two aspects. Firstly, rats and humans display 10
amino acid differences in the TLR4 Toll/interleukin-1
receptor (TIR) domain out of 169 amino acids [20], so rats
have lower sensitivity to LPS than human. Additionally,
human and rodent macrophages differ significantly in their
ability to produce nitric oxide (NO). Rodent macrophages
produce larger amounts of NO than normal non-activated
human macrophages do [8]. Yoshikawa et al. reported that
NO played a protective role in the acute lung injury and
mortality induced by the platelet-activating factor [21].

An ideal animal model of ALI should reproduce the
mechanisms and consequences of ALI in humans, including
the physiological and pathological changes. Nevertheless,
no single animal model could satisfy this need due to
the multiple initial events of real ALI cases. Studies of
multiple stimulants [5] or “second-hit” injury models [22]
may boast greater similarity to human ALI patients.

& Conclusions

Two rat models of ALI were different in terms of
pathological features, blood gas manifestation and BAB
impairments. Moreover, LPS-induced model has greater
value based on researches of microcirculation dysfunction
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and sepsis resulting from ALI, while OA-induced model
has greater repeatability in the area of gas exchanging after
ALI This study is the first time to quantitatively analyze
the difference, which may provide a precise choice for the
model of ALI/acute respiratory distress syndrome (ARDS).
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