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Introduction

Esophageal cancer is one of the most common cancers in the 
world, and consists of esophageal adenocarcinoma and esophageal 
squamous cell carcinoma (ESCC), which is more often in China 
and other developing countries. Radiotherapy is an essential 
therapy for the patients with inoperable and locally advanced 
esophageal ESCC. However, a large portion of ESCC tumors 
develop resistance to radiotherapy, indicating the importance to 
enhance the radiation sensitivity of ESCC.1

Tumor hypoxia is known as an important factor leading to 
radiation resistance and poor clinical outcomes.2,3 The oxygen 
occurred during radiotherapy generates free oxygen radicals that 
induce DNA damage and kill tumor cells. Hypoxia inducible 
factor 1 (HIF-1), induced by tumor hypoxia, has recently been 
implicated in radiation resistance in many preclinical and clinical 
studies.4 HIF-1 is a heterodimer consisting of an oxygen-sensitive 
subunit HIF-1α and a constitutively expressed subunit HIF-1β. 
HIF-1 regulates the expression of over 100 genes involved in cell 
survival, tumor metabolism, proliferation, invasion, angiogenesis 
and stimulates cytokines such as vascular endothelial growth 

factor (VEGF).5 Overexpression of HIF-1α has been reported to 
be associated with a poor prognosis after radiotherapy in patients 
with esophageal cancer.6 The suppression of HIF-1α expression 
may reverse the radioresistant phenotype of hypoxia cancer 
cells.7,8

Berberine is a common Chinese medicine used to treat 
gastrointestinal discomfort.9 Recent studies have shown that 
berberine has anti-tumor activity in various cancers such as 
hepatoma, glioblastoma, prostate cancer, oral cancer, colorectal 
cancer, lung cancer, leukemia, and osteosarcoma.10 In particular, 
berberine could sensitize cancer cells to ionizing radiation (IR) 
in vitro by inhibiting cell cycle progression and DNA repair, and 
inducing apoptosis and autophagy.11-13

Interestingly, berberine could inhibit HIF-1α in gastric 
adenocarcinoma cells, melanoma cells, and neurons.14-16 However, 
whether berberine suppresses HIF-1α in ESCC cells has not been 
elucidated. In this study, we reported that berberine could inhibit 
HIF-1α expression in hypoxic ESCC cell lines and thus sensitize 
the cells to IR significantly. Furthermore, we demonstrated that 
berberine could sensitize nude mice bearing ESCC cells to IR by 
inhibiting HIF-1α and VEGF expression.
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Radiation therapy is an important treatment approach for esophageal squamous cell carcinoma (ESCC). However, 
how to promote radiation sensitivity in ESCC remains a challenge. This study aimed to evaluate the effects of berberine, 
a common used Chinese medicine, on the radiosensitivity of ESCC. ECSS cell line ECA109 and TE13 were subjected to 
hypoxia and/or ionizing radiation (IR), in the presence or absence of berberine treatment. Cell growth and survival, and 
apoptosis were evaluated. In addition, ECA109 cells were xenografted into nude mice and subjected to IR and/or berber-
ine treatment. The expression of HIF-1α and VEGF was detected by western blot and immunohistochemical analysis. Our 
results showed that berberine increased radiosensitivity of ESCC cells and xenografts, and this was associated with the 
inhibition of HIF-1α and VEGF expression. These data suggest that berberine may be a potential radiotherapy sensitiza-
tion drugs due to its significant anti-hypoxia activity.
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Results

Berberine promotes radiosensitivity of hypoxic ESCC cell 
lines

Berberine treatment inhibited the growth of 
ESCC cells in a time and dose dependent manner 

(Fig. 1A). At 24 h, the IC50 for ESCC cells ECA109 and TE13 
was 59.53 μM and 28.54 μM, respectively. Thus we treated 
hypoxic ESCC cells for 24 h with low concentration of berberine 
(5 μM and 15 μM) to investigate the effects of berberine on 
radiotherapy sensitization of hypoxic ESCC cells. The cells 
in hypoxia condition (0.8–1.0% pO

2
) exhibited a significant 

Figure 1. Berberine sensitizes hypoxic ESCC cancer cells to IR. (A) Berberine inhibited growth of ESCC cells in a time- and dose-dependent manner. 
(B) Clonogenic assay showing that ESCC cancer cells became radioresistant in hypoxia conditions and that was reversed by berberine. (C and D) Flow 
cytometric analysis showing that berberine induced apoptosis of hypoxic ECA109 cells. (a) normoxia IR; (b) hypoxia IR; (c) hypoxia IR Ber 5 μM; (d) hypoxia 
IR Ber 15 μΜ. The bars presented means ± s.d. of three separate experiments. norm, normoxia; hypo, hypoxia; ber, berberine; DDP, cisplatin. ***P < 0.001; 
**P < 0.01; *P < 0.05.
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increase in their ability of forming colonies after IR, indicating 
their resistance to IR (Fig.  1B). However, berberine sensitized 
hypoxic cancer cells to IR significantly. The dose-survival curves 
were shown in Figure 1B. The SF data were fitted into the single 
hit multi target model formula: SF = 1 − (1 − e−D/D0)n. The 
results showed that SF2 was 0.47 and 0.82 for ECA109 cells, 
and 0.45 and 0.84 for TE-13 cells in the normoxia and hypoxia 
conditions, respectively. After treatment with berberine at 5 μM 
and 15 μM, SF2 of hypoxic cells increased to 0.63 and 0.80 in 
ECA109 cells, and 0.63 and 0.77 in TE13 cells, respectively 
(Tables 1 and 2). SF2 of normoxia cells treated by cisplatin was 
0.41 for ECA109 cells, and 0.39 for TE-13 cells. These data 
demonstrated that treating hypoxic ESCC cells with berberine 
resulted in a significant radiosensitization effect.

Next we detected the effects of berberine on apoptosis of 
hypoxic ESCC cells treated by IR. The results showed that the 
apoptosis rate was significantly lower in hypoxia group than 
in normoxia group (P < 0.01). After treatment with berberine 
at 5 μM or 15 μM, the apoptosis rate was significant higher 
compared to control (P = 0.022 or P < 0.01, respectively) (Fig. 1C 
and D).

Berberine inhibits hypoxia induced expression of HIF-1α 
and VEGF in ESCC cells

To evaluate HIF-1α and VEGF expression induced by 
hypoxia, ECA109 and TE-13 cells were treated with hypoxia 
by incubation in 0.8–1.0% pO

2
, and we found that hypoxia 

stimulated HIF-1α and VEGF expression in the two cell lines. 
HIF-1α level was the highest at 24 h or 4 h after hypoxia in 
ECA109 cells and TE13 cells, respectively; while VEGF level 
was the highest at 48 h or 24 h in the two cell lines, respectively 
(Fig. 2). To determine the effects of berberine on HIF-1α and 
VEGF expression induced by hypoxia, ECA109 and TE13 cells 
were treated with 5 μM or 15 μM berberine, and we found that 
hypoxia stimulated increase of HIF-1α and VEGF expression 
was inhibited by berberine significantly.

Furthermore, we examined the nuclear location of HIF-1α 
in ECA109 cells by confocal microcopy. We observed that the 
translocation of HIF-1α into the nucleus in hypoxia condition 
was inhibited by berberine (Fig. 3A).

To confirm that berberine inhibits HIF-1α and VEGF protein 
expression in ESCC in vivo, we performed immunohistochemistry 
and found that berberine obviously suppressed both VEGF and 
HIF-1α expression compared to the control group (Fig. 3B).

Berberine promotes radiation sensitivity in nude mice
To determine the potential radiosensitization effect of 

berberine on ESCC tumor in vivo, ECA109 tumor-bearing mice 

were treated with a single fraction of 8 Gy irradiation. Mice 
received intraperitoneal injection of berberine (5 mg/kg) for two 
days before the radiation. Compared to control group, either 
irradiation or berberine was effective in delaying tumor growth 
(P < 0.01 for irradiation, P = 0.0062 for berberine on the 25th 
day) (Fig. 4).

Furthermore, we analyzed the doubling time required for the 
tumor to grow twice in size under different treatments. Doubling 
time for ECA109 tumor in control group and berberine alone 
group was 3.8 ± 0.1 days and 4.0 ± 0.1 days, respectively. For 
irradiation treated group, the combination treatment extended 
the doubling time to 14.1 ± 0.8 days, compared to 6.7 ± 0.3 days 
in irradiation alone group (Table 3). Intraperitoneal injection of 
berberine enhanced response of ECA109 xenografts to irradiation 
with an enhancement factor of 3.5 calculated by dividing the 
normalized tumor growth delay (Table 3).

Discussion

In this study, we demonstrated for the first time that berberine 
could significantly inhibit HIF-1α and VEGF expression induced 
by hypoxia in ESCC cells and promote the radiosensitivity of 
hypoxic cells. The inhibitory effect of berberine on hypoxia 
pathway was further confirmed by immunohistochemistry 
in vivo. In addition, we observed that berberine sensitized 
ECA109 xenograft tumor to irradiation. These results expand 
our understanding of the mechanisms of berberine activity and 
suggest that berberine is a potent radiosensitization agent for 
ESCC treatment.

Hypoxia tumor microenvironment results from the 
imbalance between increasing oxygen consumption by extensive 
growth of tumor cells and poor oxygen delivery by disorganized 
tumor blood vessels.17 It has been known that tumor in hypoxia 
microenvironment is resistant to radiation therapy by reducing 
the generation of oxygen radicals. Radiation was shown to 
stimulate HIF-1α expression, leading to the production of 
many angiogenic cytokines such as VEGF which may protect 
the endothelial cells from radiation damage.18 Moreover, the 
perinecrotic cells, which did not express HIF-1α originally, tend 
to acquire HIF-1α activity after surviving radiation to cause 
tumor recurrence.19 HIF-1α has been known as an important 
determinant factor of the clinical response and a potential 
target of radiation therapy including predicting the prognosis of 
ESCC.6 Moreover, enhancement of tumor radiation sensitivity 
by inhibiting HIF-1α expression has been demonstrated in 
various preclinical studies.20

Table 2. The radiosensitization activity of berberine in hypoxia TE13 cells

D0 Dq SF2 SER

Hypoxia 4.62 2.09 0.84

Normoxia 3.27 0.91 0.45 1.41

Hypo+Ber 5 Mm 3.84 1.84 0.77 1.20

Hypo+Ber 15 Μm 2.99 1.43 0.63 1.54

DDP 2.50 0.72 0.39 1.85

Hypo, hypoxia; Ber, berberine; DDP, cisplatin.

Table 1. The radiosensitization activity of berberine in hypoxia ECA109 cells

D0 Dq SF2 SER

Hypoxia 4.56 2.01 0.82

Normoxia 2.58 0.98 0.47 1.76

Hypo+Ber 5 μM 3.24 1.91 0.80 1.40

Hypo+Ber 15 μM 2.94 1.43 0.63 1.55

DDP 2.33 0.81 0.41 1.95

Hypo, hypoxia; Ber, berberine; DDP, cisplatin.
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Berberine is a major alkaloid derived from Huanglian (Coptis 
chinensis) which is one of the most widely used herbs in traditional 
Chinese medicine. Berberine has strong antimicrobial and anti-
inflammatory activities with mild side effects in clinical trials.9 
Berberine has anti-tumor activities via the inhibition of the 
transcriptional activity of cyclooxygenase-2 and the induction 
of oxygen species and apoptosis, it also inhibits the expression 
of DNA repair protein RAD51, which would promote radiation 
sensitivity.11-13

Berberine has been shown to inhibit HIF-1α expression in 
gastric cancer and melanoma cells.13-15 Therefore, we investigated 
the prospect of berberine as a potent HIF-1α inhibitor for ESCC, 
and found that HIF-1α and VEGF expression in both ESCC 
cells and tumor xenografts was suppressed by berberine. These 
data suggest that berberine could sensitize hypoxic cancer cells to 
radiotherapy by inhibiting HIF-1α and VEGF expression.

In conclusion, we provided both in vitro and in vivo evidence 
that berberine enhances radiosensitivity of ESCC under hypoxia 
condition, and this is associated with the downregulation 
of HIF-1α expression. Berberine appears to be a potential 
radiotherapy sensitization agent due to its significant anti-
hypoxia activity.

Materials and Methods

Cell culture
ESCC cell lines ECA109 and TE13 were maintained in 

RPMI-1640 medium supplemented with 10% fetal bovine serum, 
100 μg/mL penicillin, and 100 units/mL streptomycin,  under 
conditions of 5% CO

2
 in an incubator at 37 °C. For growth 

under hypoxia condition, the cells were incubated in a modular 
chamber flushed with a complex air of 1% O

2
, 94% N

2
, and 5% 

CO
2
 at 37 °C.

Reagents and antibodies
Berberine and cisplatin were provided by Sigma. The 

antibodies were as follows: HIF-1α antibody (NB100-105, 
Novus Biologicals; 1:500); VEGF antibody (A-20, Santa Cruz 
Biotechnology; 1:250); β-actin antibody (C-4, Santa Cruz 
Biotechnology; 1:500), fluorescein (FITC) conjugated donkey 
anti-mouse IgG, biotinylated anti-mouse IgG and biotinylated 
goat anti-rabbit IgG (Jackson ImmunoResearch; 1:100).

Western blot analysis
Cultured cells were lysed in RIPA lysis buffer 

(Beyotime Biotechnology) and kept on ice for 20 min. Amount 
of protein in the lysates was quantified by BCA kit (Beyotime). 
Equal amounts of proteins were separated by SDS–PAGE and 

Figure 2. Berberine inhibits HIF-1α and VEGF protein expression in ESCC cells. (A and B) Hypoxia stimulated HIF-1α and VEGF expression in ESCC cell 
lines. (A) ECA109; (B) TE13. (C and D) The expression of HIF-1α and VEGF was inhibited by berberine in ESCC cells. (C) ECA109; (D) TE13. β-actin was load-
ing control.

Table 3. Effect of berberine on response of ECA109 xenografted tumor to irradiation

Treatment Doubling time (days) Absolute growth delay (days)a Normalized growth delay (days)b Enhancement factor

Control 3.8 ± 0.1

Berberine 4.0 ± 0.1 0.2 (4.0–3.8)

IR 6.7 ± 0.3 2.9 (6.7–3.8)

IR + berberine 14.1 ± 0.8 10.3 (14.1–3.8) 10.1 (10.3–0.2) 3.5 (10.1/2.9)

aAbsolute growth delay, the doubling tumor time of treatment group minus that of control group; bNormalized growth delay, the time of absolute growth 
delay of tumor in IR combined with berberine group minus that of berberine group.
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transferred to PVDF membranes, which were probed with the 
antibodies described above. The signals were visualized using the 
SuperSignal West Femto kit (Pierce).

MTT assay
Cells were plated at the concentration of 5 × 103 cells/well 

in 96-well plates. The medium was removed and replaced with 
fresh medium with or without berberine 24 h later. Cell viability 
was measured by using MTT cell proliferation and cytotoxicity 
assay kit (Beyotime) at 12, 24, and 48 h later. The absorbance 
was measured at a wavelength of 490 nm. All experiments were 
repeated three times.

Clonogenic assay
ESCC cells were seeded onto 

6-well dishes. After overnight 
culture, the cells were treated 
in normoxia and hypoxia 
conditions with berberine 
(5  μM or 15  μM) or control 
for 24  h, the cells treated by 
cisplatin at 10  μM were used 
as positive controls. Cells were 
then irradiated at a dose of 0, 1, 
3, 6, and 9 Gy with 6MV X-rays, 
4.5 Gy/min. The cells were then 
cultured in 5% CO

2
 incubator at 

37 °C for 10 days. The colonies 
were fixed and stained with 
crystal violet for counting the 
number of colonies (>50 cells/
colony).

I m m u n o c y t o c h e m i c a l 
staining

ECA109 cells were grown 
on glass coverslips. The cells 
were fixed with acetone and 
permeabilized with 0.1% Triton 
X-100 in PBS for 5 min at room 
temperature. The cells were 
incubated with HIF-1α antibody 
(diluted 1:500) at 4 °C overnight 
and then incubated with FITC 
conjugated secondary antibody 
(diluted 1:100) for 1 h at room 
temperature. After washing in 
PBS, cells were incubated with 
0.25 mg/mL DAPI for 3 min. 
The images were examined by 
using a laser scanning confocal 
microscope (Zeiss LSM510).

Flow cytometric analysis of 
apoptosis

ECA109 cells were fixed in 
2% paraformaldehyde and then 
stained with Annexin V-FITC 
Apoptosis Kit (Keygene). The 

cells were analyzed by flow cytometry using a FACSan with Cell-
Quest software (BD Bioscience). All experiments were repeated 
for three times.

Tumor xenograft mouse models
Animal experiments were approved by Ethics Committee 

of Nanjing Medical University. Five- to six week-old male 
BALB/C nude mice were provided by Nanjing Medical 
University Animal Center. Mice were then subcutaneously 
inoculated with 0.1 mL of ECA109 cells (1 × 107 cells/mL) at 
one site of the right leg. When tumors grew to 50–100 mm3 after 
inoculation on day 9, the animals were randomly grouped into 

Figure 4. Berberine sensitizes ESCC to IR in vivo. ECA109 xenograft bearing male BALB/c mice were divided 
into four treatment groups (n = 6): control; berberine alone; irradiation alone; the combination of berberine 
and irradiation. 10 days after inoculation of ECA109 cells (1 × 106 cells/mouse), the mice were treated with 8 Gy 
single fraction irradiation. (A) Measurement of tumor size. Data represented average tumor volume; error 
bars, SD. (B) Representative images of ECA109 xenograft bearing mice.

Figure 3. Berberine inhibits HIF-1α and VEGF protein expression in ESCC in vivo. (A) The nuclear location of 
HIF-1α was observed by laser scanning confocal microscopy using HIF-1α antibody. Representative images 
showing nuclear colocalization of HIF-1α (green stain) in cells under hypoxia in the presence or absence of 
berberine (5 μM and 15 μM). (B) Imumunohistochemical staining of HIF-1α and VEGF in tumor tissues of 
ECA109 xenograft bearing nude mice.
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4 different groups (n = 6): (1) vehicle (PBS), (2) berberine, (3) 
radiation, and (4) berberine plus radiation. The mice in control 
group were treated with vehicle control, whereas the mice in 
the second and fourth groups were given daily intraperitoneal 
injection of 5 mg/kg berberine on day 9 and day 10. Tumors 
were irradiated by RS-2000 biological irradiator at a dose of 8 
Gy with X-rays, 2 Gy/min for 2 h on day 10. Tumor growth 
was measured every day till day 25, the tumor volume was 
calculated according to the formula: Tumor volume = (length 
[L] × width [W])2/2.

Immunohistochemical staining
At the end of experiments, the mice were killed and the 

tumor tissues were fixed in 10% formalin, deparaffinized, and 
cut into 4 mm thick sections. After microwave pretreatment 
in a citrate buffer (pH 6.0; for antigen retrieval), the slides 
were immersed in 3% hydrogen peroxide for 20 min to block 
endogenous peroxidase activity. After intensive washing 
with PBS, the slides were incubated with HIF-1α and VEGF 
antibodies and then incubated with HRP-conjugated antibodies. 
The slides were visualized with DAB Horseradish Peroxidase 

Color Development Kit (Beyotime), and counterstained with 
hematoxylin. The images were analyzed by IPP (Image-Pro Plus 
6.0) software.

Statistical analysis
Data were expressed as mean ± standard deviation (SD) of 

at least three independent experiments, and analyzed by SPSS 
statistical software system for Windows version 16.0 (SPSS Inc.). 
Statistical significance was determined by using the Student 
t test or a two-way analysis of variance (ANOVA). P < 0.05 was 
considered significant.
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