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Rapid response of hepatocyte growth factor in
pulmonary ischemia in a rat model.∗

Kazunobu Nagai, Motoi Aoe, and Nobuyoshi Shimizu

Abstract

Hepatocyte growth factor (HGF) is a multifunctional factor implicated in tissue regeneration,
wound healing, and angiogenesis. HGF was initially thought to be liver-specific, but it has be-
come clear that HGF acts on alveolar type II cells and bronchial epithelial cells. This study was
conducted to determine the role of HGF in pulmonary ischemia in a rat model. The first increase
of the plasma HGF level was noted 30 min after pulmonary ischemia, and reached a peak at 12 h.
Real-time reverse transcription polymerase chain reaction (Real-time RT-PCR) revealed that the
HGF messenger RNA (mRNA) expression in the injured left lung was markedly increased at 1, 6,
and 12 h after pulmonary ischemia (P < 0.05). The interleukin-1beta (IL-1beta) mRNA expres-
sion, one of the inflammatory cytokines which induces HGF expression, was markedly increased
at 1 h in the injured left lung (P = 0.0007). Therefore, we considered that HGF might be mainly
induced by paracrine mechanisms in pulmonary ischemia. In conclusion, we have shown that the
expression of HGF was induced in pulmonary ischemia, and may be a useful biological marker
for the early diagnosis.

KEYWORDS: hepatocyte growth factor (HGF), interleukin-1? (IL-1?), pulmonary ischemia,
enzyme-linked im-munosorbent assay(ELISA), real-time reverse transcription polymerase chain
reaction (real-time RT-PCR)
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Hepatocyte growth factor (HGF) is a multifunctional factor implicated in tissue regeneration,
wound healing, and angiogenesis. HGF was initially thought to be liver-specific, but it has become

 
clear that HGF acts on alveolar type II cells and bronchial epithelial cells. This study was conducted

 
to determine the role of HGF in pulmonary ischemia in a rat model. The first increase of the plasma

 
HGF level was noted 30 min after pulmonary ischemia, and reached a peak at 12 h. Real-time

 
reverse transcription polymerase chain reaction (Real-time RT-PCR) revealed that the HGF

 
messenger RNA (mRNA)expression in the injured left lung was markedly increased at 1, 6, and

 
12 h after pulmonary ischemia( ＜0.05). The interleukin-1β(IL-1β)mRNA expression, one of the

 
inflammatory cytokines which induces HGF expression, was markedly increased at 1 h in the injured

 
left lung ( ＝0.0007). Therefore, we considered that HGF might be mainly induced by paracrine

 
mechanisms in pulmonary ischemia. In conclusion, we have shown that the expression of HGF was

 
induced in pulmonary ischemia, and may be a useful biological marker for the early diagnosis.
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P ulmonary embolism is a common and often fatal
 

postoperative complication. Late diagnosis and
 

delayed management of this condition is associated with
 

pulmonary infarction, but an early diagnosis is very
 

difficult to make. The common clinical manifestation in
 

pulmonary embolisms are frequently inconsistent and
 

often vague. Routine laboratory examinations are also
 

nonspecific. A chest film, arterial saturation, and electro-
cardiogram may be helpful in excluding other cardiorespir-
atory diseases, but are frequently unreliable in establish-
ing an objective diagnosis of pulmonary embolism.

Although pulmonary arteriography is the gold standard
 

for the diagnosis of pulmonary embolism, it requires
 

expensive equipment and trained radiologists, and the
 

patient could be show sensitivity to the contrast agents
 

used. Therefore, it is necessary to use a more convenient
 

and reliable method of diagnosing pulmonary embolism.
Hepatocyte growth factor (HGF)has been purified

 
from the serum of partially hepatectomized rats［1］, rats

 
platelets［2］, and human plasma［3, 4］. Mature heter-
odimer HGF derives from a single chain precursor of 728

 
amino acids by proteolytic processing, and has 4 kringle

 
domains in the α-chain and the serine protease-like

 
domain in theβchain［3］. Notwithstanding the original

 
concept of HGF as potent mitogen for hepatocytes［1-
4］, HGF was widely distributed, and the HGF messen-
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ger RNA(mRNA)is found in a relatively high concentra-
tion in the rat lung as well as in the rat liver［5, 6］. In

 
vitro, HGF stimulates the DNA synthesis of the alveolar

 
type II cells［5, 7］. In vivo, the HGF mRNA expres-
sion is rapidly induced, and the DNA synthesis of

 
alveolar type II cells and bronchial epithelial cells are

 
increased in the lung after acute lung injury caused by the

 
intratracheal administration of hydrochloride solution［7］.
Furthermore, the intravenous and intratracheal adminis-
tration of recombinant HGF stimulates DNA synthesis of

 
alveolar type II cells in the rat lung after acute lung injury
［8, 9］. In humans, the HGF levels are elevated in the

 
serum and bronchoalveolar lavage fluid of patients with

 
lung disease［6, 10-12］. These findings suggest that

 
HGF acts as a pulmotrophic factor for pulmonary injury.
Despite the recent increase in information on HGF,

no study has yet been conducted to examine the relation-
ship between pulmonary ischemia and HGF expression.
To evaluate the HGF response following pulmonary

 
ischemia, we measured the plasma HGF level, the tissue

 
HGF mRNA expression, and the tissue interleukin-1β
mRNA(IL-1βmRNA)expression, using the rat model

 
of pulmonary ischemia.

Materials and Methods
 

Adult male Wistar rats weighing 280
 

to 320 g were purchased from JAPAN SLC, Inc.,
(Shizuoka, Japan)and maintained at a constant tempera-
ture(22°C), humidity(40 ), and light cycle(6:00 A.M.
to 6:00 P.M.)with standard laboratory food and tap

 
water. All of the experimental procedures were reviewed

 
and approved by the Guidelines for Animal Experimenta-
tion of the Okayama University Medical School.

To induce pulmonary ischemia,
we anesthetized the animals with pentobarbital(50 mg/kg

 
IP), and intubated the rats by translaryngeal illumination

 
with a 14-gauge angiocatheter. Ventilation was accom-
plished with a volume-controlled ventilator(Rodent Venti-
lator model 683;Harvard Apparatus Co., South Natick,
MA, USA) at a rate of 60 strokes/min and a tidal

 
volume of 10 ml/kg. The left thorax was opened at the

 
third intercostal space, and the left pulmonary artery was

 
exposed and ligated at the middle with 3-0 silk braid. The

 
thoracotomy incision was closed in 3 layers with 3-0 silk

 
braid, when the animals were alert and breathing sponta-
neously. The endotracheal tube was then removed, and

 

the rats were returned to their cages. The sham-operated
 

rats underwent the same surgical procedures, except that
 

the suture that was passed under the left pulmonary artery
 

was not tied. At each specified time after surgery, the
 

rats were killed by excision of the heart under anesthesia.
The tissues were embed-

ded in paraffin, and 4μm-thick sections were de-
paraffinized and stained with hematoxylin and eosin.

Four milliliter blood
 

samples were rapidly collected from the inferior vena cava
 

of 5 rats in each group at 9 timed intervals(after 0, 0.5,
1, 3, 6, 12, 24, 48, and 72 h). The blood samples were

 
transferred to tubes containing NaEDTA (1 mg/ml),
and immediately centrifuged at 18000 rpm for 15 min.
The resultant plasma sample was stored at－80°C until

 
HGF assay. The plasma concentration of HGF was

 
measured with 50μl of plasma, using enzyme-linked

 
immunosorbent assay (ELISA) kits (Institute of Im-
munology, Tokyo, Japan) according to the protocol

 
supplied by the manufacturer. The minimum detectable

 
level of HGF found with these ELISA kits was 0.2 ng/
ml. All the samples were assayed at least twice.

Bilateral lung and liver were obtained and
 

immediately frozen in each group at 7 timed intervals
(after 0, 1, 6, 12, 24, 48, and 72 h). The total RNA

 
was extracted using a commercial kit(RNAzol-B isolation

 
kit;Phone-TEST Inc., Friendswood, TX, USA). AN

 
RT reaction was performed 4 times for each RNA sample

 
in MicroAmp reaction tubes using TaqMan reverse tran-
scription reagents (Applied Biosystems, Foster City,
CA, USA). Each reaction tube contained 20 ng of total

 
RNA in a volume of 20μl containing 10×TaqMan RT

 
Buffer, 25 mM MgCl, 500μM of each dNTP, 2.5μM

 
of Random Hexamer primers, 0.4 U/μl of RNase In-
hibitor, and 1.25 U/μl of MultiScribe Reverse Tran-
scriptase (Applied Biosystems). The RT reaction was

 
performed at 25°C for 10 min, 48°C for 30 min, and 90
°C for 5 min. The DNA was stored at－20°C until use.
Primers for HGF and IL-1βwere designed using the

 
computer program Primer Express(Applied Biosystems).
The primers were chosen from sequences of different

 
exons. The primers used were GAPDH (sense, 5’-
AACGACCCCTTCATTGACCTC-3’;and antisense,
5’-ATTCTCAGCCTTGACTGTGCC-3’), HGF(sense,
5’-TGCAACGGTGAAAGCTACAGAG-3’; and

 
antisense, 5’-ATTTGTGCCGGTGTGGTGT-3’), and
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IL-1β(sense, 5’-CACAGCAGCATCTCGACAAGA-
3’;and antisense, 5’-AAGACATAGGTAGCTGCCAC

 
AGC-3’).
PCR was performed in a MicroAmp Optical 96-Well

 
Reaction Plate(Applied Biosystems)with a Gene Amp

 
5700 Sequence Detection System(Applied Biosystems),
according to the manufacturer’s instructions. By using

 
the SYBER Green PCR Master Mix (Applied Biosys-
tems), fluorescence signals were generated during each

 
PCR cycle via the 5’-to 3’-endonuclease activity of

 
AmpliTaq Gold DNA polymerase to provide Real-time

 
RT-PCR information. The standards, no template con-
trols, and unknown samples were added in a total volume

 
of 50μl. The PCR retaining conditions were 2 min at 50
°C, 10 min at 95°C, 40 cycles of 15 sec at 95°C, and 60

 
sec at 60°C for each amplification. All PCR experiments

 
were performed with a hot start. Standard curves for the

 
HGF and IL-1βmRNA expression were generated using

 
a serially diluted solution of the injured left lung at 6 h and

 
1 h after pulmonary ischemia, which showed the highest

 
value by the preliminary study. The parameter threshold

 
cycle(Ct)was designed as the fractional cycle number at

 
which the fluorescence signals were generated during each

 
PCR cycle. The HGF and IL-1βmRNA expressions

 
were calculated from the standard curve, and quantitative

 
normalization in each sample was performed using the

 
expression of the glyceraldehyde-3-phosphate dehy-
drogenase(GAPDH)gene as an internal control.

All data are presented as
 

the mean±standard deviation(SD), and significance was
 

established by one-way analysis of variance (ANOVA)
with multiple comparisons and Fisher’s protected least

 
significant difference test. A P value of less than 0.05

 
was considered statistically significant.

Results
 

All rat characteristics, operation times, and anesthesia
 

times were comparable, and there were no significant
 

differences between the study groups.

The histological changes are summarized
 

in Fig. 1. In the normal lung, the intima of the thin
 

alveolar septa consisted of simple squamous epithelia(Fig.
1A). In the ischemic left lung at 6 h, mild hyperemia of

 
the alveolar septa and effusion in the alveolar sac were

 
observed (Fig. 1B). In the ischemic left lung at 24 h,
moderate hyperemia and hypertrophy of the alveolar septa

 

were observed(Fig. 1 C). In the ischemic left lung at 48
 

h, severe infiltration of leukocytes and neutrophils in the
 

alveolar septa were observed. Effusion in the alveolar sac
 

and hyperemia of the alveolar septa were also observed
 

along with severe hypertrophy. However, no hemor-
rhagic necrosis of the alveolar walls was seen. Pulmonary

 
infarction was not recognized(Fig. 1D).

In all
 

rats, the plasma HGF level was 0.48±0.9 ng/mL before
 

surgery. The plasma HGF level in the rats who were
 

sham-operated was below 0.5 ng/mL at 0, 3, 6, 12, 24,
48, and 72 h after the simple thoracotomy, but it was

 
slightly increased compared with before the operation at

 
0.5 and 1 h after the simple thoracotomy. However, the

 
plasma HGF level in the rats with pulmonary ischemia

 
was markedly increased at 1, 3, 12, 24, and 48 h after

 
the pulmonary ischemia (3.1±1.5 ng/mL, 1.9±0.36

 
ng/mL, 3.9±1.7 ng/mL, 2.2±0.06 ng/mL, and 3.1±

0.93 ng/mL respectively;P＜0.05 versus sham-
operated rats);the maximum level was 12.6-fold higher

 
than in the sham-operated rats (P＜0.0001)(Fig. 2).

The HGF mRNA expression in the injured left lung was
 

markedly increased at 1, 6, and 12 h after the pulmonary
 

ischemia(1.9±0.38, 2.9±0.41, and 2.0±0.36, respec-
tively;P＜0.05 versus right lung and liver);the maxi-
mum level was 7.5-fold higher than in the liver (P＜

0.0001)(Fig. 3).
β

The IL-1βmRNA expression in the injured left lung was
 

markedly increased at 1 h after pulmonary ischemia than
 

in the liver(P＝0.0007)(Fig. 4).

Discussion
 

Pulmonary embolism is a common and often fatal
 

postoperative complication. By heightening awareness of
 

this diagnosis, the appropriate management of pulmonary
 

infarction could be improved. Thus, we created acute
 

obstruction of the pulmonary artery in a rat model, in
 

order to examine pulmonary ischemia and its importance
 

in clinical medicine.
It is generally thought that infarction is caused by the

 
relative or absolute deficiency of the oxygen supply, due

 
to obstruction of the arteries, and that the cause of

 
pulmonary infarction is acute obstruction of the pulmo-
nary artery. However, it has been reported that the

 
incidence of pulmonary infarction is as low as 10 to 30
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Fig.1  Histological changes of lung tissues after pulmonary embolism. (A)Normal lung, in which the intima of thin alveolar septa consists
 

of simple squamous epithelia. (B)In the injured left lung of rats with pulmonary embolism at 6 h, mild hyperemia of the alveolar septa and
 

effusion in the alveolar sac were observed. (C)In the injured left lung of rats with pulmonary embolism at 24 h, hyperemia and hypertrophy
 

of the alveolar septa was observed. (D)In the injured left lung of rats with pulmonary embolism at 48 h, infiltration of lymphocytes and severe
 

hyperemia of the alveolar septa was observed along with severe hypertrophy. Hemorrhagic necrosis was not seen. (Haematoxylin-eosin stain,
bars indicate 100μm.)

Fig.2  Time course of plasma HGF levels in pulmonary ischemia in
 

both rat groups. The plasma HGF level began to increase at 30 min
 

after pulmonary ischemia, reached a maximum at 12 h, and de
 

creased at 72 h. Values are mean±SD for 5 rats. P＜0.05 vs.
sham-operated rats at the same time after the pulmonary ischemia.
P＜0.01 vs. sham-operated rats at the same time after the

 
pulmonary ischemia(Fisher’s PLSD test).
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in all cases of thromboembolism of the pulmonary artery
［12］. Moreover, interruption of the pulmonary arterial

 
flow by ligation or embolization of the pulmonary artery

 
failed to induce pulmonary infarction in animal experi-
ments［13］. The present study demonstrates that ligation

 
of the pulmonary artery leads to severe infiltration of

 
neutrophils, hyperemia of the alveolar septa, and effusion

 
in the alveolar sac. However, no hemorrhagic necrosis of

 
the pulmonary structure was seen. Therefore, our results

 
suggest that ligation of the pulmonary artery leads to

 
severe ischemic change of the pulmonary structure, but

 
does not induce pulmonary infarction.
Compensatory proliferation and subsequent

 
differentiation of alveolar type II epithelial cells and

 
bronchial epithelial cells are essential for lung regenera-
tion. In case of alveolar injury, alveolar type I epithelial

 
cells are predominantly damaged, and alveolar type II

 
cells proliferate and differentiate into alveolar type I

 
epithelial cells. In case of bronchial injury, the remaining

 
bronchial epithelial cells, Clara cells, and basal cells are

 
thought to proliferate and differentiate into multipotent

 
progenitor cells, and bronchial epithelial cells are regener-
ated by the differentiation of those cells［14-16］. In lung

 
regeneration, several polypeptide growth factors, such as

 
EGF, KGF, IGF-I, aFGF, and HGF were reported to

 

elicit mitogenic activity for alveolar type II epithelial cells
 

and bronchial epithelial cells［8］. HGF was initially
 

thought to be liver-specific, but it has become clear that
 

HGF acts on a variety of epithelial cells and organs［17］,
such as mitogen［1, 3］, motogen［17］, and morphogen.
HGF may also be involved in vascular proliferation and

 
regeneration, as it is a principal mediator of mesenchymal,
epithelial, and endothelial interactions that contribute to

 
wound healing and angiogenesis［18］. It is likely that

 
HGF plays an important role in ischemic lung injury.
To investigate the relationship between HGF and

 
pulmonary ischemia, we measured the plasma HGF

 
concentration. The first increase in the plasma HGF level

 
was noted at 0.5 h, reached a peak at 12 h, and remained

 
at 48 h after pulmonary ischemia in rats, and it was

 
hardly increased compared with those of the sham-
operated rats. Therefore, we expect that HGF may elicit

 
mitogenic activity for the alveolar structure and angiogenic

 
activity for the vessels in pulmonary ischemia.
The lung, liver, kidney, and spleen produce and

 
supply HGF to injured tissues or organs for the purposes

 
of regeneration following organ insults such as hep-
atectomy［19］, hepatic ischemia［20］, unilateral ne-
phrectomy［21］, and myocardial ischemia［22］. In the

 
lung, HGF is known to be synthesized and secreted by

 
mesenchymal cells, such as macrophages, endothelial

 
cells, and fibroblasts, and controls the proliferation and

 

Fig.3  We used the dilution real-time RT-PCR method to quantitate
 

the HGF mRNA expression in the injured left lung, right lung, and
 

liver. The HGF mRNA expression in the injured left lung was markedly
 

increased at 1, 6, and 12 h after the pulmonary ischemia(P＜0.05
 

vs. right lung, P＜0.01 vs. liver, P＜0.01 vs. right lung at the
 

same time after the pulmonary ischemia);the maximum level was
 

7.5-fold higher than in the liver(P＜0.0001). (Fisher’s PLSD test).

Fig.4  We used the dilution Real-time RT-PCR method to quantitate
 

the IL1-βmRNA in the injured left lung, right lung, and liver. The
 

IL-1βmRNA expression in the injured left lung was markedly in-
creased at 1 h after the pulmonary ischmia than in the liver(P＝

0.0007).
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morphogenesis of a broad spectrum of epithelial cells［5,
11, 23］. We did Real-time RT-PCR with the injured left

 
lung, right lung, and liver to identify the origin of serum

 
HGF.
Real-time RT-PCR revealed that HGF mRNA was

 
up-regulated in the ischemic left lung, which was much

 
earlier than the peak plasma HGF level, and increased

 
rapidly not only in the ischemic left lung, but also in the

 
intact right lung and the liver. However, the level was

 
significantly higher in the injured left lung compared with

 
the other organs. Therefore, we considered that HGF

 
might be mainly induced by paracrine mechanisms in

 
pulmonary ischemia.
Two sequence elements, an interleukin-6 (IL-6)

response element and a potential binding site for nuclear
 

factor IL-6, are located near the transcription initiation
 

site of the human HGF gene, and might be involved in
 

the regulation of HGF gene expression［24］. It has also
 

been reported that inflammatory cytokines such as IL-1β
stimulate HGF production［25］. IL-1 is a multifunctional

 
factor produced by macrophages, monocytes, neutro-
phils, vascular endothelial cells, fibroblasts, ker-
atinocytes, and Kupffer cells. Among various biological

 
activities, IL-1 plays an important role as an inflammatory

 
cytokine to mediate acute phase reactions, such as the

 
induction of acute protein synthesis. IL-1βalso stimu-
lates nitric oxide(NO)synthesis in vascular cells［26］.
NO, an important regulator of vessel tone and vascular

 
homeostasis through its effect on platelets and smooth

 
muscle cell function, inhibits platelet adhesion and aggre-
gation in pulmonary thrombosis in the rat model［27,
28］. In addition, inhaled NO is a selective pulmonary

 
vasodilator and effectively reduces pulmonary hyperten-
sion［29, 30］.
Therefore, we hypothesized that IL-1βis thought to

 
be released into the circulation and to act in turn on

 
pulmonary ischemia, inducing HGF expression. IL-1β
mRNA was rapidly up-regulated in the ischemic left lung,
and precedes HGF mRNA, which began at 6 hour after

 
the pulmonary ischemia. Therefore, these studies sug-
gested that IL-1βmight be released in pulmonary is-
chemia, which acts by regulating HGF gene expression,
and is an important regulator of the vessel.
We have shown that the expression of HGF was

 
induced in the early stages of pulmonary ischemia, and

 
was rapidly up-regulated compared with in other

 
cardiorespiratory diseases［6, 22, 31］. Though further

 
study is needed to ascertain the HGF levels, in order to

 

compare them with other cardiorespiratory diseases, the
 

plasma HGF level may be a useful biological marker of
 

pulmonary ischemia, and thus be a tool for making an
 

early diagnosis. Clarification of the mechanisms, charac-
teristics, and biological significance of HGF elevation is

 
important for clinical use in diagnosing and treating

 
pulmonary ischemia.
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