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Abstract: Hypoxia-inducible factor-1 (HIF-1) is a master regulator of the transcriptional 

response to hypoxia. HIF-1α is one of the most compelling anticancer targets. Andrographolide 

(Andro) was newly identified to inhibit HIF-1 in T47D cells (a half maximal effective concen-

tration [EC
50

] of 1.03×10-7 mol/L), by a dual-luciferase reporter assay. It suppressed HIF-1α 

protein and gene accumulation, which was dependent on the inhibition of upstream phosphati-

dylinositol 3-kinase (PI3K)/AKT pathway. It also abrogated the expression of HIF-1 target 

vascular endothelial growth factor (VEGF) gene and protein. Further, Andro inhibited T47D 

and MDA-MB-231 cell proliferation and colony formation. In addition, it exhibited significant 

in vivo efficacy and antitumor potential against the MDA-MB-231 xenograft in nude mice. 

In conclusion, these results highlighted the potential effects of Andro, which inhibits HIF-1, 

and hence may be developed as an antitumor agent for breast cancer therapy in future.

Keywords: Andrographolide (Andro), HIF-1α, inhibit, breast cancer, hypoxia, PI3k/AKT/

mTOR pathway

Introduction
Breast cancer is the most commonly occurring malignancy in women, contributing to 

approximately 500,000 deaths per year worldwide.1 Hypoxia occurs in breast cancer 

and in other solid tumors due to the tumor outgrowing the existing vasculature.2 Cancer 

cells adapt to hypoxic conditions by increasing the levels of hypoxia-inducible factors 

(HIFs), which induce the expression of multiple genes involved in angiogenesis, cell 

proliferation, invasion, and metastasis.3–5

HIF-1α expression is important for tumor growth and angiogenesis. One estab-

lished pathway implicated in HIF protein synthesis is the phosphatidylinositol 3-kinase 

(PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway.6 

Growth factor ligands (eg, epidermal growth factor, EGF) engage the extracellular 

domain of their target receptor (eg, epidermal growth factor receptor, EGFR) and initi-

ate a cascade of phosphorylation events via PI3K and AKT. Inhibition of the mTOR 

pathway suppresses HIF-1α expression and decreases activation of its target genes.7

As a transcription factor, HIF-1 is the master regulator of cellular hypoxic response.8 

HIF-1 functions as a heterodimeric protein composed of an O
2
-regulated HIF-1α subunit 

and a constitutively expressed HIF-1β subunit.9 Under normal conditions, the HIF-1α 

subunit is hydroxylated on proline residue, which targets HIF-1α for subsequent pro-

teasomal degradation. Under hypoxia, HIF-1α is quickly stabilized and translocates to 
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the nucleus, where it forms a heterodimer with HIF-1β and 

subsequently binds to the hypoxia responsive element (HRE), 

resulting in transactivation of more than 200 genes required 

for the cell to adapt to hypoxic conditions, including those 

that code for erythropoietin, vascular endothelial growth fac-

tor (VEGF), and various glycolytic enzymes.10 Importantly, 

the vast majority of these gene products are overexpressed 

in human tumor cells, suggesting that the HIF-dependent 

transcription changes are important in tumor pathophysiol-

ogy. Thus, HIF-1α is viewed as an excellent target for the 

development of novel cancer therapeutics. Compounds that 

regulate hypoxic events, especially HIFs, are therefore pro-

posed to represent useful targets for anticancer therapy.11

Andrographis paniculata is a traditional herbal medicine 

used in Southeast Asian countries. Diterpene lactone is the 

major component of Andrographolide (Andro) and consti-

tutes 70% of the plant extract.12 Andro has been reported 

to have multiple pharmacological properties and has been 

widely used in clinic for the treatment of fever, cold, inflam-

mation, diarrhea, and other infectious diseases.13,14 Recent 

studies suggest that Andro possesses antitumor activity, 

and various mechanisms are involved. Andro can inhibit 

cell cycle progression, reduce cell invasion, or induce cell 

apoptosis by targeting different target genes in different 

cancer cells.15,16 This study aims to unravel the involvement 

of HIF-1 and its upstream PI3K/AKT signaling in Andro’s 

antitumor effect in human breast cancer.

Materials and methods
cell culture
Human breast cancer cell lines T47D (cultured in RPMI-

1640) and MDA-MB-231 (cultured in Leibovitz’s L-15 

medium) were obtained from ATCC. The medium contains 

10% fetal bovine serum (Hyclone Laboratories Inc, UT, 

USA), 100 U/mL penicillin, and 100 mg/mL streptomycin 

(Gibco, Thermo Fisher Scientific, Waltham, MA, USA). The 

cell lines were maintained at 37°C in a humidified incubator 

containing 21% O
2
 and 5% CO

2
. For the hypoxia experi-

ment, cells were treated with Andro first and then incubated 

under 1% O
2
, 94% N

2
, and 5% CO

2
. Andro (purity 98%) 

was purchased from Sigma-Aldrich Chemical Co. (St Louis, 

MO, USA).

Dual-luciferase reporter assay
T47D or MDA-MB-231 cells seeded in 96-well plates were 

cotransfected with 0.01 mg pRL-CMV (Promega Corpora-

tion, Fitchburg, WI, USA) and 0.2 mg pGL2-TK-HRE by 

lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, 

Waltham, MA, USA) as described elsewhere.17 pGL2-TK-

HRE plasmid carried a firefly luciferase gene driven by three 

tandem repeats of HRE sequences. About 24 hours later, the 

cells were treated with compounds for 0.5 hours, then moved 

to a hypoxia chamber and incubated for another 16 hours for 

dual luciferase activity assays (Promega Corporation).

Western blotting assay
Cells were lysed by RIPA buffer containing 50 mM Tris-HCl 

(pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.5% deoxy-

cholate, 0.1% SDS (sodium dodecyl sulfate), and protease 

inhibitor cocktails (Amresco, Solon, OH, USA). Equal 

amounts of proteins were separated by SDS-PAGE (poly-

acrylamide gel electrophoresis) gels and transferred to PVDF 

(polyvinylidene difluoride) membranes (Millipore, Billerica, 

MA, USA). Membranes were blocked with 5% milk, 

followed by incubation with primary antibodies and then 

horseradish peroxidase (HRP)-conjugated secondary anti-

bodies for protein visualization. All the primary antibodies 

were purchased from CST (Beverly, MA, USA).

real-time reverse transcription–Pcr
Total RNAs were isolated by the Trizol (Invitrogen) method, 

and then the mRNAs were reverse-transcribed into cDNAs 

by an iScript cDNA synthesis kit (Bio-Rad Laboratories Inc., 

Hercules, CA, USA). Real-time reverse transcription–PCR 

(RT-qPCR) was performed using a SYBR supermix kit 

(Bio-Rad Laboratories Inc.) following the manufacturer’s 

protocol with ABI PRISM 7900 HT sequence detector. The 

PCR efficiency was examined by a serial dilution of the 

cDNA, and PCR specificity was checked by melting curve 

data. Each cDNA sample was triplicated, and the correspond-

ing no-RT mRNA sample was included as a negative control. 

The primers of GAPDH were included in every plate to avoid 

sample variations. The mRNA level of each sample for each 

gene was normalized to that of GAPDH mRNA. Primers 

were as follows:

5′-CACCCTCTTCGTCGCTTCGG-3′ (HIF-1α for-

ward) and 5′-GCGGGAAACCCCTCGTGAGA-3′ (HIF-1α 

reverse), 5′-TACCTCCACCATGCCAAGTG-3′ (VEGF for-

ward) and 5′-ATGATTCTGCCCTCCTCCTTC-3′ (VEGF 

reverse).

elisa and MTT assay
T47D cells seeded in 96-well plates were treated with Andro, 

and 16 hours later, the medium was collected for testing. 

VEGF amounts were determined following the manufac-

turer’s instructions (R&D Systems, Inc., Minneapolis, 
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MN, USA) by enzyme-linked immunosorbent assay 

(ELISA). For MTT cell viability assay, the cells were seeded 

at a density of 1,500 cells per well. After treatment with the 

compound for 5 days, the cell viability was tested following 

the manufacturer’s protocol (Biotium, Hayward, CA, USA). 

IC
50

 values (50% inhibitory concentration) were calculated 

using the software GraphPad Prism 5.0 (GraphPad Software, 

Inc., La Jolla, CA, USA).

in vivo study
The human breast cancer cells (MDA-MB-231) were grown 

and harvested. Cells were resuspended in saline at 10 million 

cells/0.2 mL and placed on ice. Nude (BALB/c females, 

6–8 weeks old) mice were injected (SC) with 0.2 mL of 

this suspension on the right flank and observed daily for 

tumor appearance. When the tumors attained a volume of 

100–200 mm3, they were randomized into five groups. For 

control, 0.5% CMC-Na was administered every day PO for 

24 days. Andro (25, 50, and 100 mg/kg), which was dissolved 

in 0.5% CMC-Na, was administered every day PO also for 

24 days. As a positive control, Taxol (30 mg/kg) was injected 

intraperitoneal (IP) twice weekly. The nude mice were moni-

tored every day, and the tumor volume was estimated by 

measuring the tumor size twice a week using the following 

formula: tumor volume =0.5×L×W2, where L and W represent 

the largest diameter and the smallest diameter, respectively. 

After the final treatment, the animals were sacrificed and the 

tumors were removed and weighted.

statistical analysis
Statistical analysis was made using the GraphPad PRISM® 

(version 5.0, GraphPad Software, Inc.) software. Student’s 

unpaired t-test was employed for the comparison. Statisti-

cal significance was evaluated by calculating P-values. 

Differences where P0.05 were considered statistically sig-

nificant. (*P0.05, **P0.01, ***P0.001). Densitometric 

analysis was carried out using the ImageJ software.

Results
andro inhibited hiF-1
A cell-based reporter assay was used to monitor HIF-1 

activity or protein expression level. Specificity index was 

calculated, obtained by dividing the half maximal effec-

tive concentration (EC
50

) of pRL-CMV by the EC
50

 of 

pGL2-TK-HRE, which provides an indication of relative 

specificity toward inhibition of HIF-1. Among more than 

100 natural products, Andro (Figure 1A) was screened 

out to specifically inhibit HIF-1. Andro had a specific-

ity index 100 in both cell lines, indicating that it had 

a strong effect on firefly luciferase (EC
50

 of pGL2-TK-

HRE in T47D cells =1.03×10-7 mol/L, in MDA-MB-231 

cells =7.74×10-8 mol/L), but had minimal activity on 

the constitutive expression of ranilla luciferase (EC
50

 of 

pRL-CM in both cell lines 10-5 mol/L) (Figure 1B and C). 

As HIF-1α protein is overexpressed in most breast cancer 

cell lines, it was mainly used for further studies.

andro blocked hypoxia-induced hiF-1α 
accumulation
The ability of Andro to inhibit HIF-1 expression was tested 

by evaluating the HIF-1 expression levels in the breast cancer 

cells T47D and MDA-MB-231 under hypoxia. As shown in 

Figure 2A–D, hypoxia induced HIF-1α expression in both 

T47D and MDA-MB-231 cells, and incubation with Andro 

(8 hours) led to a dose-dependent decrease of HIF-1α, 

but not HIF-2α or HIF-1β. The HIF-1α protein level was 

reduced to 0.3-fold (T47D) and 0.2-fold (MDA-MB-231) 

in the 1% O
2
 group (P0.01) after 1 µM Andro treatment.  

Figure 1 Andro specifically inhibited HIF-1 in T47D and MDA-MB-231 cells.
Notes: (A) The structure of andro. (B) hiF-1 inhibitory activity by andro in T47D cells cotransfected with pgl2-TK-hre and prl-cMV plasmids. (C) hiF-1 inhibitory 
activity by andro in MDa-MB-231 cells cotransfected with pgl2-TK-hre and prl-cMV plasmids.
Abbreviations: andro, andrographolide; hiF-1, hypoxia-inducible factor-1.
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Figure 2 Andro specifically inhibited HIF-1α protein and gene accumulation under hypoxia.
Notes: T47D and MDa-MB-231 cells were treated with or without andro under hypoxia for 8 hours. The protein extracts from these cells were subjected to Western 
blotting for hiF-1α, hiF-2α, and hiF-1β expression. β-actin was used as a loading control. representative Western blotting images of T47D cells (A) and MDa-MB-231 cells 
(B) are shown. The quantitative data (mean ± sD) of T47D cells (C) and MDa-MB-231 (D) cells were calculated from at least three separate experiments, taking the ratio 
of hiF-1α, hiF-2α, and hiF-1β bands to the β-actin band in 1% O2 group. *P0.05 and **P0.01 compared with hypoxia group (1% O2). (E) Total rnas were extracted and 
hiF-1α mrna levels were analyzed by qPcr. *P0.05 and **P0.01 compared with hypoxia group (1% O2).
Abbreviations: andro, andrographolide; hiF-1, hypoxia-inducible factor-1; sD, standard deviation; mrna, messenger rna; qPcr, real-time polymerase chain reaction.
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To elucidate whether this decrease in HIF-1α protein 

level was caused by the effect of Andro on mRNA expres-

sion under our experimental conditions, qPCR assay was 

employed. Indeed, the addition of Andro significantly 

reduced HIF-1α mRNA level in a dose-dependent manner 

under hypoxia (Figure 2E). Thus, Andro blocks the hypoxia-

induced accumulation of HIF-1α at the transcriptional stage 

by reducing HIF-1α mRNA level.

andro downregulated hiF-1α-mediated 
VegF expression
Increased HIF-1a expression promotes transcriptional acti-

vation of many genes. VEGF is a prime candidate.18 Thus, 

we determined the levels of VEGF expression, which was 

upregulated by hypoxia-induced HIF-1 transcriptional activa-

tion. Andro treatment significantly inhibited hypoxia-induced 

VEGF mRNA level (Figure 3A). Furthermore, the VEGF 

protein level was also reduced by Andro in a dose-dependent 

manner (Figure 3B).

andro inhibited Pi3K signaling pathway 
under hypoxia
Translation of HIF-1α mRNA has been previously suggested to 

be under the control of the PI3K signaling pathway in various 

cell types (Figure 4C).19,20 To address whether Andro affected 

HIF-1α upstream PI3k/AKT/mTOR pathway, we performed 

experiments in MDA-MB-231 cells, which constitutively 

expressed phosphorylation of mTOR, 4EBP1, and P70S6K 

under hypoxia. As shown in Figure 4A and B, Andro decreased 

the phosphorylation level of AKT, mTOR and p70s6k. 

Meanwhile, 4EBP1 phosphorylation was induced by Andro in 

a dose-dependent manner. These results indicated that Andro 

suppresses HIF-1α activity probably via the inhibition of the 

upstream PI3K/AKT/mTOR pathway.

andro decreased breast cancer cell 
growth in vitro
HIF-1 is an antitumor target.21 To test whether Andro’s 

inhibitory effect on HIF-1 would affect cancer cell viability, 

MTT and colony formation assays were performed in breast 

cancer cell lines. As shown in Figure 5A, Andro suppressed 

cell proliferation in a dose-dependent manner, with an IC
50 

of 

11.3 µM in T47D and 3.2 µM in MDA-MB-231 under 21% 

O
2
, whereas under 1% O

2
, Andro had a more potent inhibitory 

effect on cancer cell growth (an IC
50 

of 1.2 µM in T47D and 

0.86 µM in MDA-MB-231). The results also demonstrated 

that Andro significantly inhibited the cell colony formation 

of T47D and MDA-MB-231cells at a very low concentration 

(Figure 5B).

andro inhibited tumor xenograft  
growth in vivo
Following the in vitro antitumor effects of Andro, to evaluate 

the antitumor activity of Andro in vivo, we implanted human 

breast MDA-MB-231 tumors in nude mice and then treated 

the nude mice with 25, 50, and 100 mg/kg of Andro (every 

day) via oral administration. As a positive control, Taxol was 

given to mice twice a week. Andro significantly inhibited the 

growth of these tumor xenografts in a dose-dependent manner 

(Figure 6A–C). Not only tumor volumes (Figure 6A and C) but 

Figure 3 andro decreased hiF-1 target protein VegF and its mrna expression.
Notes: MDa-MB-231cells were treated with andro and then incubated in a hypoxia chamber (1% O2) for 16 hours. The total rnas were extracted, and VegF mrna 
levels were analyzed by qPcr (A). The VegF amount in the conditioned medium was determined by elisa (B). Data are shown as means ± sD from one representative 
experiment performed in triplicate. *P0.05, **P0.01, and ***P0.001compared with hypoxia group (1% O2).
Abbreviations: andro, andrographolide; hiF-1, hypoxia-inducible factor-1; sD, standard deviation; VegF, vascular endothelial growth factor; elisa, enzyme-linked 
immunosorbent assay; mrna, messenger rna; qPcr, real-time polymerase chain reaction.
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Figure 4 inhibition of hiF-1α accumulation by andro is dependent on the Pi3K/aKT/mTOr pathway.
Notes: MDa-MB-231 cells were treated with andro under hypoxia for 8 hours. representative Western blotting images of p-aKT, aKT, p-mTOr, mTOr, p-4eBP1, and 
p-P70s6K are shown (A), and the quantitative data (mean ± sD) were calculated from at least three separate experiments, taking the ratio of p-aKT to aKT, p-mTOr to 
mTOr, and p-4eBP1 and p-P70s6K to the β-actin (B). Diagram of hiF-1α synthesis by Pi3K/aKT/mTOr signal pathway (C). Pi3K/aKT/mTOr signaling pathway is involved 
in the synthesis of hiF-1α. 4eBP1 and P70s6K can be phosphorylated by mTOr. Then p-4eBP1 exerts hiF-1α protein synthesis inhibition, yet p-P70s6K plays a certain role 
in hiF-1α ribosome protein synthesis. *P0.05, **P0.01, and ***P0.001 compared with control.
Abbreviations: andro, andrographolide; hiF-1, hypoxia-inducible factor-1; sD, standard deviation.
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also tumor weights (Figure 6B) were significantly decreased 

by Andro. The average tumor weight on day 24 in the 

control group was 1.72±0.26 g, and the tumor weights in 

the experimental groups (25, 50, and 100 mg/kg of Andro) 

were 1.25±0.16, 1.01±0.12, and 0.68±0.15 g, respectively. 

The calculated final percentage of growth inhibition was 

observed to be 27.2%, 41.3%, and 60.2% (Figure 6B). Mice 

treated with Andro had no significant weight loss (Figure 6D). 

These results indicate that Andro effectively inhibits the tumor 

growth in vivo with very low toxicity.
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Figure 6 andro suppressed the MDa-MB-231 xenograft tumor growth.
Notes: nude mice implanted with MDa-MB-231 xenografts were administrated PO with andro, or injected iP with Taxol, as indicated. Tumor sizes were measured twice 
a week and used to calculate relative tumor volume (A). at the end of the experiments, the tumors were dissected, weighed (B), and photographed (C). The body weights 
were also monitored (D). *P0.05, **P0.01 vs control.
Abbreviations: andro, andrographolide; iP, intraperitoneal.
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andro reduced hiF-1α expression, 
which is dependent on Pi3K/aKT/mTOr 
pathway in vivo
To further confirm Andro’s effect on HIF-1 in vivo, we evaluated 

HIF-1α levels in MDA-MB-231 tumors using Western blotting 

and qPCR assays. In accordance with in vitro results, HIF-1α 

accumulation was significantly reduced in the Andro treatment 

group (Figure 7A and B). We also observed that the high expres-

sion of HIF-1α and VEGF mRNA in MDA-MB-231 tumors 

were blocked in the Andro treatment group (Figure 7C). The 

phosphorylation of AKT protein was also inhibited by Andro 

(Figure 7A and B). These in vivo results confirmed that Andro’s 

antitumor effect is probably via the inhibition of HIF-1α activity 

and its upstream PI3k/AKT/mTOR pathway.

Discussion
Andro, whose major component is diterpene lactone, has been 

shown to possess antitumor properties, and various mecha-

nisms have been reported. For example, Andro suppresses 

cancer cell proliferation,22 induces cell-cycle arrest,23 and 

promotes apoptosis.15 The proapoptotic effect of Andro was 

shown to increase the expression level of Bax in human leu-

kemia HL-60 cells.24 In addition, Andro inhibits the migration 

and invasion of human non–small cell lung cancer A549 cells 

via downregulation of PI3K/AKT signaling.25 And it has 

been newly reported that Andro inhibits these cancer cells 

by downregulation of HIF-1α expression.26 However, the 

detailed mechanism is not yet illustrated. On the basis of our 

luciferase reporter assay, Andro specifically inhibited HIF-1 

in breast cancer cells. Since the HIF-1 pathway can be inhib-

ited at several different stages, including posttranslational 

modification, gene transcription, or protein translation,27 we 

investigated whether Andro had any effect on the synthesis of 

HIF-1α protein or mRNA. First, Andro’s effect on HIF-1α 

protein level in breast cancer cells was checked. Andro 

specifically suppressed HIF-1α protein under hypoxia in a 

dose-dependent manner but not HIF-2α and HIF-1β. Next, 

our results indicated that the inhibition of HIF-1α expression 

by Andro was due to its inhibitory effect on HIF-1α mRNA 
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Figure 7 andro inhibits hiF-1α accumulation and aKT activity in vivo.
Notes: The protein levels of hiF-1α, p-aKT, and aKT from MDa-MB-231 tumor were determined by Western blotting (A), and the results quantified are expressed as 
mean ± sD (B). The mrna levels of hiF-1α and the target gene VegF were determined by qPcr (C). *P0.05, **P0.01 vs control group.
Abbreviations: andro, andrographolide; hiF-1, hypoxia-inducible factor-1; sD, standard deviation; VegF, vascular endothelial growth factor.

levels. As a HIF-1 target gene, inhibition of VEGF mRNA 

and protein was observed in T47D and MDA-MB-231 breast 

cancer cells after HIF-1α inhibition.

The PI3K/AKT pathway plays a key role in the control of 

HIF-1α translation and synthesis in certain types of cancer cells.7 

The possibility of inhibition of HIF-1α synthesis by Andro 

from its upstream PI3K/AKT pathway was therefore consid-

ered. Treatment of hypoxic MDA-MB-231 cells with Andro 

resulted in reduced HIF-1α expression as well as decreased 

phosphorylation of AKT, mTOR, and its downstream effec-

tor P70S6K, but increased phosphorylation of 4EBP1, which 

controls the initiation of protein translation under hypoxia28 in a 

dose-dependent manner. These observations support the hypoth-

esis that Andro-mediated HIF-1α inhibition was dependent on 

PI3K/AKT pathway by inhibition of HIF-1α translation.

As a HIF-1 inhibitor, Andro not only suppressed 

the upstream of PI3K pathway but also decreased the 

downstream VEGF protein level. Since HIF-1, PI3K, and 

VEGF are all well-known antitumor targets, next we tested 

Andro’s antitumor effect in vitro and in vivo. Andro sup-

pressed the breast cancer cells’ proliferation. A number of 

antitumor compounds have been reported to decrease HIF-1α 

activity; however, only a few of the reported inhibitors 

demonstrated antitumor activity in vivo.29 Because of the 

promising in vitro results from MTT and colony formation 

assays, we examined the tumor growth inhibition effect by 

Andro. The human MDA-MB-231 xenograft model showed 

antitumor efficacy of Andro in breast cancers. Notably, the 

antitumor activity of Andro is associated with a decrease in 

HIF-1α mRNA and protein levels, a decreased expression 

of the downstream targets of VEGF and the upstream AKT 

from the in vivo studies.

In summary, all the results suggest that Andro is a novel 

inhibitor of HIF-1 that halts tumor growth by blocking tumor 

adaptation to hypoxia and thus can be used as a therapeutic 

agent for breast cancer.
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