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The stromal cell-derived factor-1a/C-X-C chemokine receptor 4 (SDF-1/CXCR4) axis is involved in various
aspects of tissue repair, regeneration and development. However, the role of SDF-1/CXCR4 in acute lung
injury (ALI) remains largely unknown. The aim of the present investigation is to examine pathological
changes in a rabbit model with ALI induced by oleic acid (OA) and to explore the protective effect of
SDF-1a on ALI. Intravenous application (i.v.) of oleic acid (0.1 ml/kg/h for 2 h) provoked pulmonary hem-
orrhage, edema, and protein leakage, resulting in severe ALI. When the rabbit received an infusion of
SDF-1a (20 lg/kg/24 h) for 30 min before OA treatment, SDF-1a seemed to significantly improve the
pathologies associated with OA-induced ALI. While dissecting the molecular mechanisms underlying
the beneficial effects of SDF-1a, we found that SDF-1/CXCR4 is expressed in uninjured lung tissues but
is greatly reduced after OA treatment. Interestingly, intravenous delivery of SDF-1a could target an
injured lung and rescue expression of CXCR4, which in turn activates anti-apoptotic proteins, Bcl-1
and Bcl-xl, but does not affect pro-apoptotic proteins, such as Bad and Bax. These data suggested that
SDF-1a could protect rabbit lungs from AIL. The molecular mechanism might be associated with upreg-
ulating anti-apoptosis family expression through CXCR4. Thus, SDF-1/CXCR4 signaling pathway may be a
promising target for treatment of patients with ALI.

� 2014 Published by Elsevier Inc.
1. Introduction

Acute lung injury (ALI) and its more severe stage of acute respi-
ratory distress syndrome (ARDS) are caused by a variety of reasons
both within and outside of the lung characterized by progressive
dyspnea and refractory hypoxemia. They are acute syndromes
caused by the body’s excessive inflammatory response [1,2]. The
mortality rate in patients with ARDS is still more than 50% despite
recent advances in intensive care. However, no clear reasons and
effective treatment of, ALI have been addressed [3].

SDF-1 (also known as CXCL12) is a peptide chemokine initially
identified in bone marrow-derived stromal cells and has now also
been recognized to express in stromal tissues in multiple organs
[4,5]. SDF-1 is composed of over 40 chemokines which have 18
known receptors. The SDF-1 receptor, C-X-C chemokine receptor
4 (CXCR4), is highly specific for SDF-1. The SDF-1/CXCR4 ligand-
receptor pair is very specific without crosstalk with other chemo-
kines or receptors [6]. The SDF-1/CXCR4 axis has been shown to
be involved in broad aspects of tissue repair, regeneration, devel-
opment and cancer [7–9]. It has been speculated that SDF-1 may
promote cell survival through two distinct mechanisms: post-
translational inactivation of the cell death machinery (e.g., increase
anti-apoptotic and decrease pro-apoptotic proteins) and increased
transcription of cell survival genes [10–12]. Thus, we hypothesized
that SDF-1 might be a potential candidate for protection of ALI.

In the present study, by using a rabbit model of OA-induced ALI,
we tested whether SDF-1a protected against ALI in vivo. In this
report, we demonstrated the expression of SDF-1a and CXCR4
was tightly associated with pathological changes during ALI and
present evidence to suggest the potential therapeutic benefits of
SDF-1a in ALI model group might be due to activation of anti-
apoptosis family proteins expression through CXCR4.
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2. Materials and methods

2.1. Animals

Male, New Zealand White rabbits (2.1–2.5 kg) were purchased
from the Animal Center of Zhongshan School of Medicine, Sun
Yat-sen University (Guangzhou, China). All animals were caged at
room temperature and allowed to eat and drink ad libitum. The cur-
rent study was conducted according to the guidelines of the Ani-
mal Care Review Board of the Guangdong general hospital
Committee on Animal Care.

2.2. Animal model

The rabbits were randomly grouped into 6 groups (4 animals
per group): one control (PBS treatment) group, one OA treated
group, three OA+SDF-1a treated groups (with different doses of
SDF-1a) and one OA+SDF-1a+AMD3100 (a CXCR4 inhibitor) group.
Rabbits were initially anesthetized with ketamine hydrochloride
(25 mg/kg, i.v.; Rogar/STB, Montreal, PQ, Canada), and then main-
tained by continuous infusion of ketamine at a rate of 0.5 mg/kg/
h during OA and/or SDF-1a. The OA treatment group received
0.1 ml/kg/h, i.v. of OA (Sigma–Aldrich Corp.) for 2 h [13]. The con-
trol group received 0.1 ml/kg/h, i.v. of PBS for 2 h. The OA+SDF-1a
treatment animals were treated with different doses of SDF-1a
(10 lg/kg/24 h, 20 lg/kg/24 h and 40 lg/kg/24 h) (Antigenix
America Inc.) three times during the procedure. The first treatment
of SDF-1a was 30 min before OA infusion. Second and third admin-
istrations of SDF-1a were delivered 24 and 48 h after OA infusion
[14]. Based on the previous study, AMD3100 (200 lg/kg/24 h)
was delivered at the same time as SDF-1a administrations in the
OA+SDF-1a+AMD3100 treated group [15].

2.3. Histopathological examination

The lungs were embedded in paraffin and the sections were
stained with hematoxylin and eosin (H&E). Two qualified patholo-
gists, blinded with the treatments, scored the lung injury, accord-
ing to combined assessments of alveolar congestion, hemorrhage,
edema of Immunostaining assays.

2.4. Immunohistochemical analysis

After deparaffinization, slides were incubated with target
retrieval solution (DAKO, Carpentaria, CA). Staining was performed
with the ImmunoCruz staining system (Santa Cruz, CA) according
to the manufacturer’s protocol. SDF-1a antibody (Santa Cruz, CA)
and CXCR4 antibody (Santa Cruz, CA) was used at 1:1000. Normal
IgG was used as a negative control. The secondary antibody was
used at 1:500. DAPI was used as a nuclear stain. Slides were viewed
using a Nikon ECLIPSE TE2000-U inverted microscope connected to
a RT Slider Spot digital camera (Diagnostic Instruments, Sterling
Heights, MI). Images were acquired using SPOT software version
3.2 [16].

2.5. Western Blot analysis

Tissues were harvested in Western blot lysis buffer and the
lysates were cleared by centrifugation at 12,000�g for 10 min at
4 �C. The proteins were separated by 10% SDS–PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membranes, then
probed with one of the following primary antibodies against
SDF-1a, CXCR4, Bcl-2, Bcl-xl, Bad and Bax. All these antibodies
were polyclonal antibodies from Santa Cruz Biotechnology (Santa
Cruz, CA). The primary antibodies bound to the target proteins
were then detected by horseradish peroxidase-conjugated anti-
rabbit IgG (Promega, Madison, WI) and visualized with enhanced
chemiluminescent detection (Pierce Biotechnology, Rockford, IL).
Intensities of all target bands were normalized with that of the
protein loading control GAPDH band calculated by the FluorChem
8900 software system (Alpha Innotech, San Leandro, CA) [17].

2.6. Statistical analysis

Data were presented as mean ± SD. SPSS software version 11.0
(SPSS, Inc., Chicago, IL) was used for statistical analyses. Statistical
significance among mean values was evaluated by one-way
ANOVA tests for measurement data, and LSD-t test for comparison
between each other. Differences were considered significant when
P value was P < 0.05.
3. Results

3.1. SDF-1a improves the pathologies of rabbit lungs following ALI

A recent study showed that the lung is the organ most vulner-
able to the effects of OA [18]. In this study we chose a model of OA-
induced ALI in New Zealand White rabbit because the rabbit is an
extensively used model that remains relevant in the study of lung
injury mechanism. In this study the changes induced by OA resem-
bles ALI in many morphological, histological and physiological
aspects, included edema, hemorrhage and atelectasis in ALI group
(Fig. 1A), indicating our ALI model was successfully generated.
Interestingly, the treatments of SDF-1a with different doses signif-
icantly improved pathologies associated with OA-induced ALI
(Fig. 1A). Pathological scores further demonstrated that SDF-1a
significantly reduced interstitial edema, hemorrhage, atelectasis
and total lung injury histology scores (Fig. 1B). Since there was
no obviously difference in protection effect of SDF-1a in ALI
between 20 lg/kg/24 h and 40 lg/kg/24 h. Twenty lg/kg/24 h
was used to for the following study.

3.2. Lung expression of SDF-1a and CXCR4

Since we found the beneficial effects of SDF-1a on ALI when it
was applied in the extracellular space (blood circulation), one
would speculate that there might be a receptor for SDF-1a on
the cell surface to transduce the extracellular signal into intracellu-
lar cell actions. Thus, we hypothesized that the specific receptor for
SDF-1a, CXCR4, would be an ideal candidate for this signaling cas-
cade. In order to test our hypothesis that SDF-1a/CXCR4 axis plays
an important role in SDF-1a-mediated ALI protection, we first
examined whether there are endogenous SDF-1a and CXCR4 in
normal lung and whether their expressions change associated with
ALI and SDF-1a treatments. We first performed immunohisto-
chemical analysis on lungs sections from uninjured controls and
ALI groups to determine the expression of SDF-1a and its receptor
CXCR4. We found that both SDF-1a (Fig. 2A, left panel) and CXCR4
(Fig. 2B, left panel) were strongly expressed in uninjured adult rab-
bits lung. These observations are in agreement with a previous
report describing CXCR4 expression in lung [19] and implicate
the SDF-1/CXCR4 axis in the functions of lungs. To further under-
stand the underlying function of the SDF-1/CXCR4 axis in lung
injure, SDF-1a and CXCR4 were stained in ALI groups. We found
that both SDF-1a and CXCR4 expression were decreased in ALI
group (Figs. 2A and B, middle panels). After SDF-1a treatment,
we observed SDF-1a increased in injured lung tissue, indicating
the exogenous SDF-1a can be delivered to lung (Fig. 2A, right
panel). More importantly, SDF-1a treatment led to enhancement
of CXCR4 expression in injured lungs (Fig. 2B, right panel), which



Fig. 1. SDF-1a treatment improves pathologies of lung associated with OA-induced ALI. (A) Representative figures for histochemical slides from different groups. Severe lung
edema, hemorrhage were observed in ALI group. There was less damage in SDF-1a treatment group compared with the ALI group. (H&E, magnification�100). (B) Summary of
lung injury scores in indicated groups. Data were presented as mean ± SEM, ⁄P < 0.05 in SDF-1a-treatment group vs. ALI group. The scale bar: 100 lm.

Fig. 2. SDF-1a rescues expression of CXCR4 in injured lungs. (A) SDF-1a staining in different groups. DAPI was used as staining of nucleus. (B) CXCR4 staining in different
groups of lungs. Decrease in SDF-1a and CXCR4 expression were observed in ALI group, treatment of SDF-1a enhanced CXCR4 expression in the lung tissue of ALI rabbits.
Quantitative measurement was expressed as percent of positive staining vs total per lung tissue area. (C and D) Data were presented by mean ± SEM. (n = 3 per each group,
⁄P < 0.05). The scale bar: 100 lm.

W. Guo et al. / Biochemical and Biophysical Research Communications 452 (2014) 191–196 193



194 W. Guo et al. / Biochemical and Biophysical Research Communications 452 (2014) 191–196
indicated that SDF-1a/CXCR4 axis might play a role in SDF-1a-
mediated lung protection.

3.3. CXCR4 antagonist, AMD3100, inhibits the protective effect
of SDF-1a on ALI

To determine the importance of SDF-1a/CXCR4 axis in protec-
tion of ALI, a CXCR4 antagonist, AMD3100, was used. Consistent
with our immunohistochemical data, Western blotting results
showed both SDF-1a and CXCR4 were significantly decreased in
ALI group (Figs. 3A and B) and the levels of SDF-1a and CXCR4 were
obviously increased after SDF-1a treatment (Fig. 3A and B). Inter-
estingly, treatment with a small molecule CXCR4 antagonist,
AMD3100, inhibited the effect of SDF-1a on upregulating CXCR4
(Fig. 3B). More importantly, the beneficial effects of SDF-1a on
ALI was greatly lessened during co-administration with
AMD3100. Thus, our results demonstrated that the protective
effects of SDF-1a on ALI was through activation/upregulation of
CXCR4.

3.4. SDF-1a/CXCR4 activates anti-apoptosis pathways for protection
of lung injury

It has been shown that activation of CXCR4 can protect multiple
tissue injuries by activating anti-apoptotic proteins or inhibiting
pro-apoptotic pathways [7], and thus our next question was
whether SDF-1a-mediated activation of CXCR4 plays a role in
modulating apoptotic pathways in protecting against ALI. As
shown in Fig. 4A, the expression levels of anti-apoptosis markers
Fig. 3. Expression of SDF-1a and CXCR4 in different groups of lung tissues. (A) SDF-1a wa
with SDF-1a treatment in lung tissue. (B) CXCR4 was significantly reduced in ALI group
abolished the upregulation of CXCR4 by SDF-1a. GAPDH was used as an internal control.
of SDF-1a on ALI was abolished by AMD3100 treatment. (F) Pathological scores of E. data
bar: 100 lm.
Bcl-2 and Bcl-xl (Fig. 4A) were reduced after ALI and recovered
after SDF-1a treatment. Again, AMD3100 was able to inhibit
SDF-1a-mediated activation of these anti-apoptotic proteins. How-
ever, although we observed activation of pro-apoptosis markers,
Bad and Bax, after ALI, neither SDF-1a alone nor combination of
SDF-1a and AMD3100 could modulate their expression (Fig. 4B).

Therefore, our studies suggested that the protective effects of
SDF-1a/CXCR4 axis on ALI was through activation of anti-apoptotic
pathway.
4. Discussion

The key finding in this study is that SDF-1a significantly amelio-
rated OA-induced ALI in rabbits, as evidenced by prevention of pul-
monary edema, and a decrease in the leakage of proteins into
alveolar airspaces. The molecular mechanism underlying the ben-
eficial effects of SDF-1a might be involved in upregulating anti-
apoptosis protein expression through increase of CXCR4. These
results suggested that SDF-1a and CXCR4 might be a promising
agent target for treatment of patients with ALI or ARDS.

The disruption of the alveolar-capillary barrier function in ALI
and ARDS leads to diffuse pulmonary infiltration and increase pul-
monary capillary permeability and lung hemorrhage [20]. A recent
study showed that the lung is the organ most vulnerable to the
effects of OA. Both endothelial and alveolar epithelial cells were
markedly sensitive to OA injury [21]. In this study we are using
the OA guided acute lung injury animal model. OA causes morpho-
logical and cellular changes similar to the findings seen in patients
with ARDS, and has thus been extensively used to evaluate the
s significantly decreased in ALI group. The levels of SDF-1a were obviously increased
and recovered by SDF-1a treatment. The CXCR4 inhibitor, AMD3100, significantly

(C and D) Quantitative data were summarized from A and B, (E) the beneficial effects
were presented as mean ± SEM. (n = 3 per each group, ⁄⁄P < 0.01, ⁄P < 0.05). The scale



Fig. 4. Treatment of SDF-1a specifically activates anti-apoptotic proteins. (A) Tissue immunoblots for anti-apoptotic proteins (Bcl-2 and Bcl-xL). (B) Tissue immunoblots for
pro-apoptotic proteins (Bax, Bad). GAPDH was used as internal control. (C and D) Summary of anti-apoptotic and pro-apoptotic family expression in three groups. The data
were present as mean ± SEM (n = 3 ⁄P < 0.05).
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efficacy of various treatment strategies in patients with ARDS.
Therefore, we believed the OA induced ALI was an ideal animal
model for study of ALI.

The SDF-1/CXCR4 axis has been shown to play important roles
in development, tissue repair and regeneration [22]. Previous stud-
ies have suggested that SDF-1a pre-treatment or over-expression
promotes the survival of rat and proliferation of human bone mar-
row stem cells after exposure to a variety of internal and external
poptosis-inducing factors such as cytokine IL-4 and H2O2 [23,24].
In light of the reports of the critical role of the SDF-1/CXCR4 signal-
ing axis in maintaining survival and proliferation of cell popula-
tions in the BM, we hypothesized that SDF-1a may ameliorate
OA-induced ALI in rabbits. Determining how to restore the alveo-
lar-capillary barrier function is the key to therapeutics for acute
lung injury. We found that SDF-1a treatment significantly pro-
tected rabbits from OA-induced ALI, resulting in less interstitial
edema, hemorrhage, atelectasis. We demonstrated in our results
that SDF-1a expression in uninjured lung tissues decreased under
the basal levels after treatment with OA. Hence, our studies sug-
gested that SDF-1a may be a promising target for therapy of ALI.

It has been shown that SDF-1a can modulate the chemokine
receptor CXCR4 on CML cells, thus increasing the function of
SDF-1/CXCR4 axis [25–27]. Our studies have shown that CXCR4
was expressed in tissue derived uninjured lung but its expression
were greatly decreased in ALI. ALI decreased the levels of both
SDF-1a and its receptor CXCR4. Growing evidence implicates that
SDF1 and its receptor CXCR4, which normally control neural crest
development, have important roles in tissues growth and angio-
genesis. This led us to investigate the effect of SDF-1a on the
expression of CXCR4 in ALI. As illustrated in our results, SDF-1a
upregulated the expression of CXCR4. These changes were accom-
panied by less interstitial edema, hemorrhage, atelectasis in ALI
lung tissues. To further explore signal transduction mechanisms
of the SDF-1/CXCR4 axis in ALI lung tissues, studies were carried
out using AMD3100, which can specifically block CXCR4. The levels
of interstitial edema, hemorrhage, atelectasis, measures of ALI,
were increased when treated with AMD3100. We speculated that
the mechanisms underlying the SDF-1a protection effect on ALI
is mediated, at least partly, by CXCR4.

It was shown that SDF-1/CXCR4 signaling axis can regulate the
levels of anti-apoptotic molecules and decrease the levels of
pro-apoptotic family in many kinds cells and tissues [24,25,28].
Pro- and anti-apoptotic proteins of the Bcl-2 family play a pivotal
role in the regulation of apoptotic cell death in mammalian cells.
Modulation of proteins such as Bax and Bcl-xl can cause permeabi-
lization of the mitochondrial outer membrane, leading to the
release of soluble molecules responsible for activation of the apop-
tosis. These findings led to the investigation of the mechanisms
underlying the SDF-1-dependent protection benefits in ALI ani-
mals. We analyzed both Pro- and anti-apoptotic proteins of the
Bcl-2 family following treatment after SDF-1a. Treatment of SDF-
1a promoted anti-apoptosis family both Bcl-2 and Bcl-xl expres-
sion and had no influence on pro-apoptosis family Bax and Bad.
Anti-apoptosis family activation plays a central role in the execu-
tion and completion of apoptosis. In addition, AMD3100 inhibited
the activation of the anti-apoptosis family. The results indicated
that SDF-1a protection benefit of AIL is also associated with upreg-
ulating anti-apoptosis family expression, most probably through a
CXCR4-dependent manner.

Evidently, our studies cannot address every aspect of the bene-
ficial effects of SDF-1a; there are limitations in our current studies
which requires future investigations. For example, our observa-
tions show SDF-1a/CXCR4 axis might be associated with anti-
apoptosis proteins in ALI. The questions we should address are
what molecular mechanisms are involved in this regulation, and
how SDF-1a/CXCR4 axis crosstalk with anti-apoptotic protein fam-
ily and regulate their activities in the setting of ALI? By answering
these critical questions, we hope to gain additional insights into
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the pathological changes during the progression of ALI as well as
potential therapeutic targets for treatment of ALI.

In conclusion, SDF-1a and CXCR4 were markedly decreased in
lung tissues after OA treatment, and this decrease correlated well
with the severity of lung injury. Treatment with SDF-1a was effica-
cious, clearly indicating that SDF-1a is a crucial factor in OA-
induced lung injury. This can be explained partly by its increase
of anti-apoptosis molecules Bcl-2 and Bcl-xl through CXCR4. In fact
it has been reported that SDF1 not only stimulates CXCR4 signaling
but also regulates its expression by positive feed back mechanism.
Therefore, further investigation is required to understand the
mechanism underlying the positive regulation of CXCR4 by
SDF-1a.
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