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Abstract. Human neutrophil peptides (HNPs) 1-3 possess a 
high degree of similarity and are deregulated in many types 
of human tumors. Previous studies have demonstrated that 
tumor cell lines and microdissected fresh tumor cells express 
HNP1-3. In vitro, HNP1-3 have been reported to be cytotoxic to 
various types of tumor cells. Previously, we observed that the 
intracellular expression of HNP1 increased plasma membrane 
permeability in A549 cells and inhibited in  vivo tumor 
angiogenesis. Based on these findings, we inferred that the 
intratumoral expression of HNP1 may benefit chemotherapy in 
solid tumors. In the present study, we established a mouse 4T1 
breast cancer model imitating locally advanced breast cancer 
(LABC) and we injected the mice intratumorally with plasmid 
HNP1 (pHNP1). Doxorubicin (Dox) was administered twice 
i.v. at 5 mg/kg body weight on day 1 and 8. The possible 
mechanisms were investigated by evaluating cell proliferation 
and apoptosis, intracellular Dox accumulation, mitochondrial 
transmembrane potential (ΔΨm) and ultrastructural alteration 
of intratumoral microvessels. Compared with the single agent 
treatment, the combination of Dox and pHNP1 resulted in a 
significant delay in in vivo tumor growth and a decrease in 
lung metastasis. This chemosensitization effect was also 
observed in an A549 lung cancer model treated with cisplatin 
(DDP) and pHNP1. MTT assay and Annexin  V staining 
demonstrated that 4T1 cells pre-transfected with pHNP1 

were significantly more sensitive to Dox, causing increased 
proliferation inhibition and apoptosis. Further investigations 
showed that the intracellular expression of HNP1 enhanced 
Dox accumulation and significantly impaired mitochondrial 
ΔΨm. Moreover, in tumor tissues, HNP1 mediated intratumoral 
microvessel normalization and caused significant in situ tumor 
cell apoptosis. Our study suggests that intratumoral expression 
of HNP1 can significantly improve the therapeutic efficacy 
of Dox in breast cancer, abrogate the influence of multidrug 
resistance and enhance medication safety. Our findings may 
be important for the clinical therapeutic strategies of cancer 
chemotherapy.

Introduction

Locally advanced breast cancer (LABC) is the advanced stage 
of non-metastatic breast tumors and constitutes ~10-20% of 
newly diagnosed breast cancers (1). Although the majority of 
breast cancer patients with early stage disease can be cured by 
surgery, LABC remains a clinical challenge. Despite appro-
priate therapy, the majority of patients with LABC develop 
distant metastasis and experience cancer relapse. The treatment 
of LABC requires a combination of chemotherapy, surgery 
and radiotherapy. Chemotherapy can effectively prevent the 
occurrence of tumor cell dissemination and metastasis (2). In 
particular, the administration of neoadjuvant chemotherapy 
is necessary for LABC patients; it can render inoperable 
tumors resectable and increases the rate of breast-conserving 
therapy (3).

Doxorubicin (Dox), one of the most effective anticancer 
chemotherapeutics, is commonly used in breast cancer chemo-
therapy. However, its clinical use is restricted by intrinsic or 
acquired multidrug resistance (MDR) and dose-dependent 
toxicity. As the major barrier to successful chemotherapy, MDR 
is often associated with the overexpression of ATP-binding 
cassette (ABC) transporters in cancer cells. ABC transporters 
transduce the energy of ATP binding and hydrolysis into 
mechanical energy to translocate substrates across plasma 
membranes (4). By transporter-mediated drug efflux, cancer 
cells escape from chemotherapy caused injury.
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Human α-defensins (HNP1-4) are small cationic antimicro-
bial peptides (CAPs) that are expressed mainly in neutrophils 
but also in specific subsets of T cells, monocytes and NK 
cells (5-7). Among them HNP1-3 possess a high degree of 
similarity in amino acid sequence and bioactivity. Deregulated 
expression and secretion of HNP1-3 have been detected in 
many types of human tumors (8-13), including lung and breast 
cancer (12,13). Further investigations have found that tumor 
cell lines (8) and microdissected fresh tumor cells (10) express 
HNP1-3. At present, the influence of intratumorally expressed 
HNP1-3 on cancer therapy is unknown.

Studies have reported that HNP1-3 are cytotoxic to a 
variety of tumor cells (14-16). Previously, we observed that 
intracellularly expressed HNP1 increased plasma membrane 
permeability in human A549 lung carcinoma cells  (17). 
We also noted that the intratumoral expression of HNP1 
mediated specific angiogenesis inhibition in vivo (17,18). In 
addition, HNP1 can cause VEGF-dependent endothelial cell 
proliferation inhibition by forming a ternary complex with 
fibronectin and α5β1 integrin (19). In addition, there are reports 
that inhibition of VEGF‑mediated angiogenesis can improve 
chemotherapy efficacy via inducing tumor microvessel 
normalization (20,21). Based on these findings, we speculated 
that the intratumoral expression of HNP1 may play a beneficial 
role in cancer chemotherapy.

In the present study, we aimed to investigate the potential 
influence of intratumorally expressed HNP1 on breast cancer 
chemotherapy. We established a 4T1 tumor mouse model to 
imitate LABC, and we used treatment with combined therapy 
of HNP1 and Dox. The effect of the combination treatment 
was determined, and the possible mechanisms were probed. 
Our study suggests that intratumoral expression of HNP1 can 
significantly improve the therapeutic efficacy of Dox in breast 
cancer, abrogate the influence of multidrug resistance and 
enhance medication safety. HNP1 may function as a prom-
ising alternative to enhance the clinical chemotherapeutic 
response.

Materials and methods

Animals and tumor cell lines. Female BALB/c and female 
nude mice, 6-8 weeks of age, were purchased from the West 
China Experimental Animal Center (Chengdu, China). Mouse 
mammary carcinoma cell line 4T1 and human lung adeno-
carcinoma cell line A549 were purchased from ATCC and 
cultured in Dulbecco's modified Eagle's medium (DMEM), 
supplemented with 10% heat-inactivated fetal bovine serum 
(both from Invitrogen Life Technologies) and penicillin‑strep-
tomycin. The cell cultures were maintained in a humidified 
chamber at 37˚C in 5% CO2 atmosphere. The handling of mice 
and experimental procedures were conducted in accordance 
with protocols of the Ethics Committee of Sichuan University.

MTT cell viability assay. Cell viability was assessed by the 
MTT assay. Doxorubicin hydrochloride (Meiji Co.) was 
freshly prepared before each experiment. A recombinant 
plasmid pSecTag-HNP1 (pHNP1) that expresses a secretable 
form of mature HNP1 was previously constructed (17) and 
used in the present study. The concentration of MTT (Sigma) 
solution was 5 mg/ml dissolved in phosphate-buffered saline 

(PBS). An untreated group, a Dox group, a pHNP1 group, and 
a pHNP1 plus Dox group were designed for this experiment. 
The 4T1 cells were seeded on 96-well plates at a density of 
5x103 cells/well in 200 µl DMEM medium and were allowed 
to adhere by incubation overnight. Then 0.2 µg pHNP1 was 
transfected in the combined group and the pHNP1 group, using 
Lipofectamine 2000 reagent (Invitrogen Life Technologies). 
Transfection was conducted according to the manufacturer's 
instructions. Twelve hours later, different concentrations of 
Dox were added to the culture medium. After a 36-h incuba-
tion with Dox, MTT assay was conducted. The absorbance 
value of solution in each well was measured using a spectro-
photometer (Thermo Scientific) at 570 nm. Experiments were 
repeated 3 times. The absorbance value of the untreated cells 
was considered to be 100%. The percentage of cell viability 
was determined by comparison with the untreated control.

Analysis of apoptosis. For the detection of apoptosis, 4T1 cells 
were seeded into 6-well plates at a density of 2x105, which 
were divided into a pHNP1 group, a Dox group, a pHNP1 
plus Dox group and an untreated group. When cultured to 
50% confluence, cells in the pHNP1 group and the combined 
group were transfected with 2 µg pHNP1. Transfection was 
conducted as mentioned above. Twelve hours after transfec-
tion was carried out, Dox was added at a final concentration 
of 1 µg/ml. Twenty-four hours later, both attached and floating 
cells were harvested and washed twice with PBS. After that, 
cells were resuspended and stained with the Annexin V-FITC 
kit (KeyGen). Apoptosis of cells was analyzed by a flow 
cytometer (BD Biosciences).

Detection of intracellular Dox accumulation. Intracellular 
Dox accumulation was detected according to Bruno and 
Slate  (22). In this experiment, 4T1 cells were seeded into 
6-well plates at a density of 2x105  cells/well, which were 
divided into a Dox group, a pHNP1 plus Dox group and an 
untreated group. When cultured to 50% confluence, cells in 
the combined group were transfected with 2 µg pHNP1 as 
mentioned above. Twelve hours after transfection was carried 
out, Dox was added at a final concentration of 1 µg/ml. After 
2 h of incubation in a humidified chamber, 4T1 cells from 
each well were harvested and washed twice with PBS. After 
that, cells were resuspended in 200 µl PBS, and fluorescent 
intensity was detected by a flow cytometer.

Determination of mitochondrial transmembrane potential. 
For the detection of mitochondrial transmembrane poten-
tial (ΔΨm), Rhodamine  123 (Rh123; Sigma) staining was 
conducted. Briefly, 4T1 cells were seeded into 6-well plates 
at a density of 2x105, and were divided into a pHNP1 group, a 
Dox group, a pHNP1 plus Dox group and an untreated group. 
When cultured to 50% confluence, cells in the pHNP1 group 
and the combination group were transfected with 2 µg pHNP1 
as mentioned above. Twelve hours after transfection was 
conducted, Dox was added at a final concentration of 1 µg/
ml. Twenty-four hours later, cells were harvested and washed 
twice with PBS. After that, cells were resuspended in 1 µg/ml 
Rh123 solution and incubated for 10 min at 37˚C. The stained 
cells were then washed twice and resuspended in 200 µl PBS. 
Fluorescent intensity was detected by a flow cytometer.
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Tumor models and treatment. To detect the in vivo combination 
effect, 4T1 breast carcinoma and A549 lung adenocarcinoma 
models were established. For the 4T1 model, 3x105 4T1 cells 
were injected subcutaneously into the right dorsal flank of 
BALB/c mice. When the tumor diameter reached 7-8 mm, mice 
were randomly divided into a pHNP1 group, a Dox group, a 
pSec (empty vector) group, a combination group and a glucose 
(GS) group. Each group included 10 mice and each mouse was 
injected intratumorally and around the tumor with pHNP1 
(100 µg), pSec (100 µg) or GS (100 µl). The DNA was encapsu-
lated in cationic liposome with a ratio of 1:3 and administered 
once every 3 days in a volume of 100 µl for a total of 5 times. 
Dox was administered intravenously (i.v.) on day 1 and 8 at 
5 mg/kg body weight. The control group received an injection 
of 100 µl 5% glucose solution. For the A549 model, 5x106 A549 
cells were implanted subcutaneously into the right dorsal flank 
of nude mice. When the tumor diameter reached 5 mm, mice 
were randomly divided into 4 groups with 5 mice/group. DNA 
was administered as mentioned above. DDP was injected i.v. 
on day 1 and 8 at 5 mg/kg body weight. Tumor growth was 
evaluated by measurement of tumor diameters every 3 days 
and tumor volume was calculated as length x width2 x 0.52. 
For ethical reasons, experiments were terminated when tumor 
volume reached 2,000 mm3. Metastasis of the 4T1 tumors was 
evaluated by counting the lung metastatic nodules.

Tumor microvessel detection. To observe intratumoral 
microvessel change and avoid possible influence of the plasmid 
vector, 4T1 cells were injected subcutaneously into the right 
dorsal flank of BALB/c mice. When the tumor diameter reached 
7-8 mm, a commercially mature HNP1 peptide (Abcam) was 
injected intratumorally once a day for a total of 3 times at a 

dose of 2 µg. Tumor tissues were harvested on day 4, and the 
ultrastructure of the tumor microvessels was observed by trans-
mission electron microscopy. For specimen preparation, tumor 
tissues were fixed with 2.5% glutaraldehyde in 0.1 mol/l PBS 
(pH 7.4) and then dehydrated in a graded series of acetone and 
embedded in Epon 812. Tumor microvessels were orientated 
and identified in semi-thin sections (1 µm) that were stained 
with toluidine blue. Ultra-thin sections (70 nm) were post-
stained with uranyl acetate and lead citrate and examined under 
an H-7650 electron microscope (Hitachi) at 80 kV. Images were 
captured by electron microscopy and analyzed.

TUNEL assay. For in vivo apoptosis detection, tumor tissues 
were removed from the tumor-bearing mice 48 h after the last 
treatment and fixed with freshly prepared 4% paraformal-
dehyde in PBS (pH 7.4). After fixation, tumor tissues were 
dehydrated and embedded into paraffin. Paraffin sections 
(4 µm) were constructed by a paraffin slicing machine (Leica, 
RM2235). Staining was performed using the protocol supplied 
with the Promega terminal deoxynucleotidyl-transferase-
mediated dUTP nick end labeling (TUNEL) assay kit.

Statistical analysis. SPSS 11.5 was used for statistical analysis. 
The statistical significance of results in all experiments was 
determined by Student's t-test and ANOVA. The findings were 
regarded as significant at P<0.05.

Results

HNP1 potentiates Dox-mediated 4T1 cell proliferation inhi-
bition and apoptosis in vitro. To determine the influence of 
HNP1 on Dox-mediated cell growth inhibition and apoptosis, 

Figure 1. HNP1 significantly augments the chemosensitivity of 4T1 cells in vitro. (A) HNP1 significantly enhanced Dox-mediated inhibition of proliferation. 
4T1 cells were plated in 96-well plates in triplicate and transfected with pHNP1. Twelve hours after transfection was carried out, Dox was added at various 
concentrations (0-6 µg/ml). Thirty-six hours later, MTT assay was carried out. Data are representative of 3 independently conducted experiments and are 
shown as a percentage of the optical density value obtained from the untreated group (*P﹤0.05). (B and C) HNP1 significantly enhances Dox-mediated 
apoptosis. 4T1 cells were plated into 6-well plates in triplicate and transfected with pHNP1. Twelve hours later, a low dose of Dox (1 µg/ml) was added, and 
incubation was carried out for 24 h. Annexin V-PI staining was conducted to detect cell apoptosis. Data are representative of 3 experiments performed and are 
shown as means ± SD (**P﹤0.01). HNP1, human neutrophil peptide-1; Dox, doxorubicin.
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MTT assay and Annexin V-FITC staining were conducted. 
To avoid the possible influence of chemotherapeutics on 
HNP1 expression, Dox was added 12 h after transfection was 
carried out. For detection of proliferation, in the pHNP1 group 
and the pHNP1 plus Dox group, 4T1 cells were transfected 
with pHNP1. Then Dox was added to the cells in the Dox 
group and the pHNP1 plus Dox group at gradient concentra-
tions (0-6 µg/ml). After 36 h of incubation with Dox, MTT 
assay was carried out. The 4T1 cells treated with Dox alone 
showed dose-dependent growth inhibition, and the concen-
tration showing 50% growth inhibition in culture (IC50) was 
~3.5 µg/ml. Following the combined treatment, this concentra-
tion decreased to 1 µg/ml (Fig. 1A).

The quantitative assessment of apoptosis was conducted 
by PI and Annexin V-FITC double staining and was evalu-
ated by flow cytometry (Fig. 1B). 4T1 cells were transfected 
with pHNP1 and Dox was added at a concentration of 1 µg/
ml. Twenty-four hours later, both attached and floating cells 
were harvested and stained. Analysis showed that 4T1 cells 
treated with the combination of pHNP1 and Dox (51.5%) 
had a significantly increased apoptosis rate (Q2 + Q4) when 
compared with the rate of cells treated with pHNP1 (20.6%) 
or Dox (11.1%) alone (Fig. 1C). The apoptotic rate following 
combination treatment was greater than the sum of the rates 
following each treatment alone, suggesting that the usage of 
pHNP1 and Dox together had a synergistic effect.

HNP1 enhances intracellular Dox accumulation in 4T1 cells. 
Dox has autofluorescent properties that enable the evaluation 
of drug accumulation by flow cytometry. The intracellular 
concentration of chemotherapeutics is closely related to the 
therapeutic effect. To explore the possible mechanism of 
HNP1-mediated cytotoxicity enhancement, 4T1 cells were 

treated with Dox and detected for intracellular fluorescent 
intensity. In this experiment, 12 h after pHNP1 transfection, 
Dox was added at a concentration of 1 µg/ml and incubated for 
2 h. Flow cytometric analysis showed that, compared with the 
Dox group, 4T1 cells in the pHNP1 plus Dox group exhibited 
an increase in both the percentage of cells with fluorescence 
and intracellular fluorescent intensity (Fig. 2). This finding 
indicated that the treatment of pHNP1 caused an enhancement 
of intracellular accumulated Dox in 4T1 cells.

HNP1 causes dissipation of mitochondrial transmembrane 
potential in 4T1 cells. The internalization of HNP1-3 may 

Figure 3. HNP1 significantly decreases the mitochondrial transmembrane potential (ΔΨm) of 4T1 cells. Loss of mitochondrial integrity in 4T1 cells was 
detected by Rh123 staining and is shown as the percentage of reduced Rh123 fluorescent intensity (P2). The blank group refers to the untreated and unstained 
4T1 cells. The control group refers to 4T1 cells which were not treated with either HNP1 or Dox, but stained with Rh123. As shown, expression of HNP1 signifi-
cantly induced ΔΨm decrease in 4T1 cells. The combined treatment of HNP1 and Dox caused a further decrease. Dox alone exhibited no significant influence 
on ΔΨm. In this experiment, 4T1 cells were seeded into 6-well plates in triplicates and transfected with pHNP1 as described in Materials and methods. Dox 
(1 µg/ml) was added, and incubation was carried out for 24 h. Data are representative of 3 independent experiments performed and are shown as means ± SD 
(*P<0.05, **P<0.01). HNP1, human neutrophil peptide-1; Rh123, Rhodamine 123; Dox, doxorubicin.

Figure 2. HNP1 increases the intracellular Dox accumulation in 4T1 cells. 
4T1 cells treated with a combination of HNP1 and Dox showed obviously 
increased intracellular fluorescent intensity (72.3%) when compared to that 
in cells treated with Dox alone (42.4%). 4T1 cells were plated into 6-well 
plates and transfected with pHNP1. Twelve hours after transfection was con-
ducted, Dox (1 µg/ml) was added, and incubation was carried out for 2 h in 
a humidified chamber. Cells from each group were harvested and analyzed 
for Dox-specific fluorescence by flow cytometry. Untreated 4T1 cells served 
as an empty control. HNP1, human neutrophil peptide-1; Dox, doxorubicin.
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disrupt the membrane integrity of cancer cell mitochondria (23). 
We therefore employed the fluorescent dye Rh123, which local-
izes to intact mitochondria, to determine the effect of HNP1 
on mitochondrial membrane integrity. Fig. 3 shows that 4T1 
cells in the pHNP1 group exhibited a significant decrease in 
Rh123 fluorescent intensity (P2). The combination treatment 
of pHNP1 and Dox caused a further decrease. In contrast, Dox 
had no significant influence on ΔΨm. Our findings indicate 
that pHNP1 treatment results in the loss of mitochondrial 
membrane integrity and dissipation of ΔΨm.

HNP1 augments the chemosensitivity of Dox and DDP in vivo. 
To further explore the in vivo effect of the combination therapy, 
we established 4T1 breast carcinoma and A549 human lung 
adenocarcinoma models. 4T1 breast cancer cells have high 
metastatic potential. We and others found that apparent tumor 
metastasis could be monitored in BALB/c mice when the 
tumor diameter reached 10 mm (24). To imitate the therapy of 
LABC, we inoculated 4T1 cells into the right dorsal flank of 
BALB/c mice and began treatment when the tumor diameter 
reached 7-8 mm. A low dose of Dox (5 mg/kg body weight) 
was administered i.v. on day 1 and 8. In the A549 model, treat-
ment was started when the tumor diameter was 5 mm. pHNP1 
and DDP were administered at the same dose and frequency 

as in the 4T1 model. Treatment with a combination of pHNP1 
significantly augmented the therapeutic effect of chemothera-
peutics in the 4T1 (Fig. 4A) and A549 (Fig. 4B) models. These 
results indicate that HNP1 enhanced the antitumor activity of 
the chemotherapy drugs in vivo. In both of the experiments, no 
obvious side-effect of the combination therapy was observed.

Combined treatment inhibits the metastasis of 4T1 breast 
cancer. 4T1 breast cancer cells possess high potential for 
metastasis and can metastasize to several organs, particularly 
the lung. Lung metastasis of 4T1 cells in BALB/c mice occurs 
at a high frequency and can better represent the extent of tumor 
spreading (24). For these considerations, when the 4T1 cell 
tumor volume reached 2,000 mm3, mice were sacrificed, and 
lung metastasis was examined under a dissecting microscope. 
The pHNP1 and Dox showed a similar effect of metastasis 
inhibition. However, mice that received a combined treatment 
of Dox and pHNP1 had significantly less lung metastatic 
nodes. Representative images of lungs are shown in Fig. 5A. 
The results of the analysis are expressed as the average number 
of metastatic nodules (Fig. 5B).

Intratumoral expression of HNP1 promotes tumor microvessel 
normalization. Tumor vasculature is characteristically disor-
ganized with unstructured morphology, resulting in increased 
interstitial pressure and poor perfusion in tumors (25). This 
vasculature within tumors becomes a key obstacle for efficient 
drug delivery (26,27). VEGF signaling plays an important 
role in tumor angiogenesis. Inhibition of VEGF or its kinase 
receptors (VEGFRs) could result in tumor vasculature 
normalization (20,21). It has been reported that HNP1 impairs 

Figure 4. HNP1 significantly augments the chemosensitivity of chemo-
therapeutic drugs in vivo. (A) Intratumoral expression of HNP1 significantly 
augmented the therapeutic efficacy of Dox in the s.c. 4T1 cell tumor model. 
When the tumor volume reached 100 mm3, 4T1 tumor-bearing mice were 
treated with an intratumoral injection of pHNP1 (100 µg) every 3 days for a 
total of 5 times. Dox was administered i.v. on day 1 and 8 at a dose of 5 mg/kg 
body weight. There were 10 mice in each group. (B) Intratumoral expression 
of HNP1 significantly augmented the therapeutic efficacy of DDP in the s.c. 
A549 cell tumor model. When the tumor volume reached 50 mm3, A549 
tumor-bearing mice were treated with an intratumoral injection of pHNP1 
(100 µg) every 3 days for a total of 5 times. DDP was administered i.v. on 
day 1 and 8 at a dose of 5 mg/kg body weight. There were 5 mice in each 
group. Data are shown as means ± SD (*P<0.05). HNP1, human neutrophil 
peptide-1; Dox, doxorubicin.

Figure 5. Anti-metastatic effect of the combined treatment of HNP1 and 
Dox in the 4T1 tumor model. Combination treatment of HNP1 plus Dox 
significantly impaired lung metastases of 4T1 cell tumors. When tumor 
volumes reached 2,000 mm3, all 4T1-bearing mice were sacrificed, and 
lungs were harvested for measurement and counting of metastatic nodules. 
(A) Representative images of the lungs from tumor-bearing mice of each 
group. (B) Mean value of the lung metastatic nodules in each group. Column, 
mean number of nodules (*P<0.01). Dox, doxorubicin.
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VEGF-mediated angiogenesis (19,28). To detect the influence 
of HNP1 on tumor microvessels, a commercial HNP1 peptide 
was injected intratumorally, and ultrastructural changes were 
observed by transmission electron microscopy. The untreated 
tumors exhibited an obvious structural abnormality, accom-
panied by strong activity of vascular endothelium sprouting, 
discontinuous vascular basement membrane (BM) and 
irregular lumen of blood vessels (Fig. 6). In contrast, in the 
HNP1-treated group, tumor vessels were lined by an orderly 
formed single endothelial cell (EC) monolayer, which was 
continuous and tightly packed, with a normal polarity and 
intact BM (Fig. 6). Our observations suggest that the intra-

tumoral expression of HNP1 promotes the normalization of 
tumor microvessels.

Combined treatment mediates increased tumor cell apop-
tosis in vivo. To evaluate the in vivo apoptosis of tumor cells, 
tumor tissues were removed 48 h after the last treatment, and 
in situ TUNEL staining was conducted. The TUNEL assay 
showed that the combination treatment resulted in a signifi-
cantly higher number of apoptotic cells when compared to 
the number following the single treatment (Fig. 7). Similar 
results were also observed in the A549 model (data not 
shown).

Figure 7. Combination treatment of HNP1 and Dox results in significantly increased tumor cell apoptosis in vivo. Tumor tissues were removed 48 h after the 
last treatment and TUNEL staining was carried out. The percentage of apoptosis was determined by counting the number of apoptotic cells (cells with green 
fluorescence) and dividing by the total number of cells in the field (5 high power fields/slide). Columns, mean; bars, ± SD. (*P<0.05, **P<0.01). HNP1, human 
neutrophil peptide-1; Dox, doxorubicin.

Figure 6. Intratumoral expression of HNP1 promotes tumor microvessel normalization. Ultrastructural changes in tumor microvessels were observed by 
transmission electron microscopy. In the untreated group, tumor microvessels showed obvious structural abnormalities. EC sprouting (broad arrows), discon-
tinuous vascular BM (thick arrows) and irregular lumen of blood vessel were observed. In contrast, in the HNP1-treated group, tumor microvessels exhibited 
significant structure normalization. EC, endothelial cell; BM, basement membrane; TC, tumor cell; RBC, red blood cell. Scale bar, 5 µm. HNP1, human 
neutrophil peptide-1.
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Discussion

CAPs are a class of natural-source cationic peptides and 
important components of the innate immune system (29,30). 
In vitro, CAPs exhibit selective cytotoxicity against a broad 
spectrum of human cancer cells  (14,31-37) and this cyto-
toxic effect was equivalent when tested against sensitive and 
MDR cell lines (32,35-37). It was also reported that certain 
CAPs enhance the tumor killing activity of chemothera-
peutic agents (34,35,37). In the treatment of leukemia cells, 
cecropin A showed a synergistic effect when combined with 
S-Fu and ara-c (34). In another study of MDR tumor cells, 
mammalian-derived extended-helical cationic peptides and 
insect-derived α-helical peptides significantly augmented the 
in vitro activity of Dox (35). Despite these findings, little is 
known about the in vivo influence of CAPs on chemotherapy 
and the possible mechanisms involved.

As members of the CAP family, HNP1-3 are highly similar 
in regards to bioactivities and are overexpressed in a variety 
of human tumors (8-13). In the present study, we showed for 
the first time that intratumorally expressed HNP1 augments 
the chemosensitivity of Dox in mouse 4T1 breast cancer. This 
chemosensitization effect was also noted in a human A549 lung 
cancer model treated with pHNP1 and DDP. Further investiga-
tions showed that the possible mechanisms involved significantly 
increased cancer cell apoptosis, augmented intracellular 
drug accumulation, decreased mitochondrial transmembrane 
potential (ΔΨm), impaired tumor metastasis and intratumoral 
vasculature normalization. We suggest that our findings may be 
important for clinical chemotherapeutic strategies.

LABC is the advanced stage of non-metastatic breast 
cancer. Even following proper treatment, most LABC patients 
still develop distant metastasis and experience cancer relapse. 
The clinical treatment of LABC requires a combination of 
therapeutic strategies, in particular, the administration of 
chemotherapeutics. Chemotherapy can prevent the occur-
rence of tumor cell dissemination and metastasis  (2). In 
particular, the application of neoadjuvant chemotherapy can 
effectively reduce tumor burden and greatly enhance the 
rate of breast‑conserving therapy of LABC patients (3). As 
one of the most effective chemotherapeutic drugs, Dox is 
commonly used against breast cancer; however, its clinical use 
is impeded by dose-dependent toxicity and MDR. 4T1 breast 
cancer cells have a high metastatic potential. In BALB/c mice, 
apparent tumor metastasis is monitored when tumor diameter 
is ~10 mm (24). In the present study, we established a 4T1 
tumor model to imitate LABC, and treatment began when the 
tumor diameter reached 7-8 mm. The clinically relevant dose 
of Dox was 10 mg/kg (30 mg/m2). In this experiment, mice 
were administered i.v. a lower dose of 5 mg/kg weight twice 
on day 1 and 8. We found that HNP1 significantly augmented 
the therapeutic effect of Dox and impaired tumor metastasis, 
accompanied by no obvious side-effects. This combination 
therapeutic strategy exhibited a more beneficial effect than 
each single treatment alone and decreased chemotherapeutic 
consumption. We suggest that HNP1 may provide a promising 
alternative to overcome the systemic side-effect of chemo-
therapeutics and improve medication safety.

There are many reasons that contribute to cancer cell 
survival during chemotherapy: increased drug eff lux, 

enhanced repair/increased tolerance to DNA damage, high 
anti-apoptotic potential and decreased permeability. MDR 
is one of the major causes of chemotherapy failure in the 
clinical treatment of breast cancer, and is closely related 
with overexpression of ABC transporters (38) such as BCRP/
ABCG2  (39). ABC transporters confer a drug-resistant 
phenotype by decreasing intracellular accumulation of 
chemotherapeutic drugs via ATP-dependent efflux mecha-
nisms  (40). Previously, we found that HNP1 increased 
plasma membrane permeability in A549 cells (17). In the 
present research, the intracellular expression of HNP1 
caused enhancement of Dox accumulation in 4T1 cells and 
exhibited a synergistic apoptosis-inducing effect in combi-
nation therapy. We also showed that HNP1 mediated the 
dissipation of ΔΨm in 4T1 cells. It is reported that depriva-
tion of cellular energy supply is an effective way to overcome 
MDR (41). The collapse of mitochondrial ΔΨm causes an 
uncoupling of the respiratory chain, and in this regard, HNP1 
could greatly impair the energy source of ABC transporters 
and consequently breakdown of MDR. Based on these find-
ings, we conclude that HNP1 enhances chemosensitivity by 
increasing the entrance of chemotherapeutics and at the same 
time decreasing drug efflux. Additionally, a previous study 
found that overexpression of anti-apoptotic protein Bcl-2 did 
not affect HNP1-induced cell death in A549 cells (23). In 
addition, drastic membrane disruption function by HNP1 
makes it difficult for cancer cells to develop resistance. 
Therefore, the administration of HNP1 is not easily influ-
enced by apoptosis evasion or causes drug resistance. Our 
findings indicated that HNP1 may function as an effective 
chemosensitizer to overcome chemotherapy failure.

Modulation of intratumoral vasculature has been postulated 
as a method for improving drug delivery to solid tumors (42). 
Tumor vessels are tortuous and dilated, lack pericyte coverage 
and exhibit an abnormal basement membrane (43-45). Vessel 
normalization within tumors could result in increased drug 
perfusion and a higher sensitivity to standard chemotherapy 
and immunotherapy (46,47). VEGF signaling plays an impor-
tant role in tumor angiogenesis. Inhibition of VEGF or its 
kinase receptors (VEGFRs) can cause normalization of tumor 
vasculature (20,21). It is reported that HNP1 could impair 
VEGF-mediated angiogenesis (19,28). In the present study, 
to avoid the influence of the plasmid vector on angiogenesis, 
a mature HNP1 peptide was injected intratumorally in the 
4T1 tumors and normalized microvessels of orderly formed 
EC monolayer were observed after treatment. Our findings 
revealed that the intratumorally expressed HNP1 also potenti-
ated chemotherapy by inducing vasculature normalization in 
4T1 tumor tissues.

In our previous investigations, intratumorally expressed 
HNP1 exhibited multiple antitumor effects in vivo, and in 
particular, mediated host immune responses to tumors (18). 
Considering the impact of tumor burden on the potential effi-
cacy of immunotherapy, in animal experiments, pHNP1 was 
administered when the tumor diameter reached 4 mm. In the 
present research, to imitate LABC in a 4T1 tumor model and 
better investigate the relationship of HNP1 and chemotherapy, 
treatment started when the tumor diameter reached ~7-8 mm. 
As shown in Fig. 5, a single treatment of Dox (5 mg/kg body 
weight) did not effectively inhibit tumor growth. In contrast, 
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the combined therapy significantly delayed 4T1 tumor growth 
early in treatment when compared with the other groups. This 
chemosensitization effect was similar in the A549 model which 
was established in nude mice injected with DDP. However, 
the combination therapeutic effect did not reach significance 
under early intervention as in the 4T1 model. We conclude 
that an HNP-mediated host immune response may not play the 
major role in its chemosensitization function.

In summary, our research provides evidence that the 
expression of HNP1 in tumors may play a beneficial role in 
chemotherapy. Gene therapy based on HNP1 may provide an 
attractive alternative for cancer chemosensitization.
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