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nude mouse developed an apparent cranial 
tumor nodule, and two did not show any abnor-
mal symptoms or signs throughout the obser-
vation period. The median survival time (57 
days) was noticeably longer in the intervention 
group than in the control group (34 days) 
(Figure 5).

Pathological diagnosis of nude mice after being 
executed: To understand the results further, 
the nude mice were subjected to pathological 
diagnosis after being executed. The results of 
H&E staining showed that no brain metastasis 
of nude mice were found in both groups at the 
second week, but there was one bone marrow 

group (n = 0.67) was sharply less than that in 
the control group (n = 5). SDF-1 concentration 
in AMD3100 intervention group (0.49 ng/mg) 
was considerably lower than that of the control 
group (1.08 ng/mg). These experimental data 
suggested a positive correlation between the 
number of brain metastases and SDF-1 con-
centration in brain tissue.

AMD3100 protects BBB integrity

The brain tissue obtained at the 4th week was 
traced with lanthanum nitrate by transmission 
electron microscope. The BBB in the control 
group was severely disrupted and the lantha-

Figure 6. AMD3100 can suppress lung cancer metastasis to brain in vivo. 
A. In vivo imaging biological processes in live nude mice. Three mice were 
picked out randomly from both AMD3100 treated group and control group 
of the established lung cancer metastasis model after 2, 4, and 5 weeks, 
respectively. Images were acquired by using a live-animal imaging system. B. 
The SDF-1 concentration in craniocerebral tissues was positively correlated 
with the number of brain metastatic foci.

metastasis case in each group 
and no other organ metastas- 
is. At the 4th week, three cases 
of brain metastasis and bone 
marrow metastasis were fou- 
nd in the control group. Alth- 
ough three mice of the inter-
vention group were found the 
brain metastasis, the size and 
number of metastatic foci we- 
re significantly smaller than 
those in the control group, 
while 2 cases had bone mar-
row metastasis. At the fifth 
week, the metastatic foci of 
three nude mice in the control 
group were enlarged and all of 
them had femoral bone mar-
row metastasis. All three nude 
mice in the intervention group 
also had brain metastasis, the 
size and number of metastatic 
foci was smaller than the con-
trol group, three mice had bo- 
ne marrow metastasis (Table 
1 and Figure 6A).

Mechanism of AMD3100 in-
hibiting lung cancer metasta-
sis to the brain

The SDF-1 concentration in 
craniocerebral tissues was 
positively correlated with the 
number of brain metastatic 
foci: The concentration of 
SDF-1 in the brain tissue at 
the 4th week was shown in 
Figure 6B. The results showed 
that the number of brain me- 
tastases in the intervention 
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num nitrate particles were diffused in the brain 
tissue, while in the AMD3100 intervention 
group, a relative intact BBB structure was 
observed (Figure 7A), the lanthanum nitrate 
particles were distributed only in the vascular 
lumen. The structures of endothelial cells, tight 
junction, and basement membrane were intact 
as shown in Figure 7B. A small amount of lan-
thanum nitrate particles remained in between 
the endothelial cells and the basement mem-
brane, they did not penetrate completely into 
the extravascular lumen or brain tissue (Figure 
7C). These evidences indicated that BBB in the 
intervention group was only slightly damaged. 
Evans blue permeability test also showed that 
brain EB concentration (1.53 µg/g) of the inter-
vention group was significantly lower than that 
in the control group (8.23 µg/g) (Figure 7D). 
These results suggested that the mice treated 
with AMD3100 have notable lower BBB perme-
ability than those of control group.

AMD3100 repressed the expression of VEGF, 
MMP2, and MMP9 proteins in craniocerebral 
tissues

Craniocerebral tissues obtained from the nude 
mice, and tumor nodules derived from human 
lung adenocarcinoma cells. To avoid cross-
reactivity, human-specific primers and antibod-
ies were selected for qRT-PCR and Western-
blot assays. The results showed that AMD3100 
did not change the mRNA expression level of 
the downstream genes VEGF and MMPs, but 
suppressed the expression of the corres- 
ponding proteins. At the second week, the 
expression of MMP2 and MMP9 proteins was 
decreased in the AMD3100 group compared 
with the control group. With the increasing of 
metastatic tumors, there was no significant dif-
ference in the protein levels of these proteins 
between the two groups at the 5th week (Figure 
8). 

Figure 7. The nude mice BBB can be protected after treatment of 5 µg/kg AMD3100. Nude mice were executed and 
their brain tissues were removed for electron microscopic examination. A. In the group, the lanthanum nitrate par-
ticles were distributed in brain tissue, which was equivalent to the late stage of metastasis, which indicated the seri-
ous damage of BBB (TEM × 8000). B. In the AMD3100 intervention group, lanthanum nitrate particles deposited in 
the vascular cavity, suggesting that the normal BBB structure (TEM × 25000). C. In the AMD3100 group, lanthanum 
particles were deposited only between the endothelial cell layer and the basement membrane, which corresponds 
to early metastasis, suggesting a slight disruption of BBB structure (TEM × 25000). D. EB content in brain tissue 
was significantly lower in the intervention group than in the control group (n = 3, *p < 0.05).
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Discussion

Lung cancer represents the leading cause of 
cancer-related mortality throughout the world 
[22]. Most deaths from lung cancer are due to 

high incidence of brain metastases and poor 
prognosis [3]. However, the pathogenesis of 
brain-specific metastasis in lung cancer has 
poorly understood, and only few clinical studies 
of inhibiting brain metastases from lung cancer 

Figure 8. In vivo experiments showed that AMD3100 intervention can inhibit CXCR4, VEGF, and MMPS proteins 
expression in craninocerebral tissues. A. Expression of CXCR4, VEGF, MMP2, and MMP9 were detected by qRT-
PCR. Relative mRNA levels are normalized to control. Data are represented as mean ± SEM; n = 3. B. Western blot 
analysis was used to examine the expression of CXCR4, VEGF, VEGFR2, MMP2, and MMP9 in brain tissues treated 
with AMD3100 for 24 h. GAPDH was used as a loading control. C, D. Compare of relative mRNA and protein levels of 
CXCR4, VEGF, MMP2, and MMP9 between 2nd, 4th, and 5th weeks. E, F. The representative images and histograms 
of relative active MMP2 and MMP9 protein levels in brain tissues were detected by gelatin zymography method at 
2nd, 4th, and 5th weeks.
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have been reported4. In this study, the lung can-
cer brain metastases model was systematically 
investigated to understand the mechanism of 
brain metastasis, which will benefit to the 
search of the therapeutic target to suppress 
this malignant cancer. 

Increasing evidences showed that chemokines 
and their receptors as therapeutic targets play 
a critical role in determining the metastatic 
destination of tumor cells [8, 20-29]. Phillips et 
al. demonstrated that SDF-1/CXCR4 axis plays 
a crucial role in organ-specific metastasis of 
NSCLC in both mRNA and protein expression 
levels [8]. Choi and his colleagues found that 
the migration and invasion of NSCLC were regu-
lated by CXCR4 rather than CXCR7 [22]. Some 
evidence indicated that CXCR4 expression level 
in NSCLC patients with brain metastases was 
significantly higher than those in primary brain 
tumor patients and lung cancer patients with-
out distant metastasis [4]. Both brain endothe-
lial cells and glioma cells have been proved to 
secrete SDF-1 [10, 11]. Previous studies reve- 
aled that SDF-1 was highly expressed in lung 
cancer cells [21], while CXCR4/SDF-1 factors 
were highly expressed in patients with brain 
metastases from lung cancer [4, 22, 23]. 

AMD3100 is a synthetic CXCR4-specific an- 
tagonist, can effectively block the CXCR4 and 
SDF-1 signal transduction. Studies have shown 
that it can be used to inhibit cancer cells metas-
tases, including pancreatic cancer [24], colorec-
tal cancer [19], and ovarian cancer [25]. There 
is no report about AMD3100 inhibition of brain 
metastasis from lung cancer owing to the pres-
ence of a BBB structure. Therefore, AMD3100 
was selected to exploring the regulation of 
SDF-1/CXCR4 axis to lung cancer brain metas-
tasis. In this study, high expression of SDF-1 
was found in highly metastatic brain tissues, 
and PC-9 lung cancer cells and tumor foci over-
expressed CXCR4. It is speculated that the lung 
cancer cells PC-9 are induced to metastasize to 
the brain, possibly due to the chemotaxis of 
SDF-1 in the brain to CXCR4, resulting in adhe-
sion and brain metastasis of lung cancer cells. 
AMD3100 was used to block the SDF-1/CXCR4 
axis, leading to increased tight junction protein 
level, less damage, and decreased permeabili-
ty of BBB. The process of lung cancer metas- 
tasis to the brain was substantially slowed 
down. It can be inferred that CXCR4 antagonist 
AMD3100 represses the chemotaxis of SDF-1 

of cerebrospinal fluid to CXCR4 of lung cancer 
cells and has protective effect on BBB. Furth- 
er investigation exhibited that the expression 
level and activity of MMP-2 and MMP-9 were 
decreased and the expression of VEGF protein 
was down-regulated in the AMD3100 treated 
group. It is suggested that CXCR4 accumulates 
around the blood-brain barrier after chemo- 
taxis of SDF-1, which may promote the expres-
sion and activity of matrix metalloproteinases. 
When the SDF-1/CXCR4 axis was inhibited, the 
expression of MMPs was down-regulated, and 
the activity of disrupting BBB was decreased. 

In addition, the study also clarified that AMD- 
3100 can suppressed lung cancer brain metas-
tasis within an effective dose range. When the 
dose exceeds the optimal range, the down-reg-
ulation of VEGF and MMPs expression will be 
weakened, leading to its decreased inhibition 
of lung cancer brain metastasis. Fricker pro- 
vided evidences that the blocking effect of 
AMD3100 on CXCR4 is chronic and reversible 
[29]. In vitro myeloma cell experiments showed 
that, under certain conditions AMD3100 can 
also stimulating the growth of myeloma cells, 
although AMD3100 can significantly inhibit 
SDF-1-induced migration of myeloma cells [30]. 
Thus, the role of CXCR4 antagonist as a bi-func-
tional regulator for lung cancer needs to be fur-
ther investigated. 

Taken these results together, we propose that 
SDF-1 and its cognate chemokine receptor 
CXCR4 might act as potent chemoattractants 
and regulate lung cancer metastasis to brain. 
The accumulation of lung cancer cells around 
the BBB is due to the strong chemotaxis of 
SDF-1 in brain tissue to CXCR4 in lung cancer 
cells, which activate CXCR4. The activated 
CXCR4 will boost lung cancer cells to express 
more MMPs, which eventually cause damage to 
BBB. Lung cancer cells thus can migrate to 
brain tissue through the damaged BBB, and 
spread throughout the craniocerebral tissues. 
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