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Abstract: Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that is activated upon 

exposure to hypoxic stress. It modulates a number of cellular responses including proliferation, 

apoptosis, angiogenesis, and metabolism by activating a panel of target genes in response to 

hypoxia. The HIF-1 level is often upregulated in the hypoxic microenvironment of solid tumors, 

which contributes to cancer treatment failure. Here we report that silver nanoparticles (AgNPs), 

which are widely used as an antimicrobial agent, are an effective inhibitor of HIF-1. AgNPs inhib-

ited the activation of a HIF-dependent reporter construct after the cells were exposed to hypoxic 

conditions or treated with cobalt chloride, a hypoxia mimetic agent. The AgNPs also interfered 

with the accumulation of HIF-1α protein and the induction of the endogenous HIF target genes, 

VEGF-A and GLUT1. Since both HIF-1 and vascular endothelial growth factor-A play an important 

role in angiogenesis, AgNPs also inhibited angiogenesis in vitro. Our data reveal a new mechanism 

of how AgNPs act on cellular function, that is, they disrupt HIF signaling pathway. This finding 

provides a novel insight into how AgNPs can inhibit cancer cell growth and angiogenesis.

Keywords: silver nanoparticles (AgNPs), hypoxia-inducible factor, transcriptional activity, 

vascular endothelial growth factor-A, angiogenesis

Introduction
A hypoxic tumor microenvironment (TME) is widespread in solid tumors. It is a result 

of the disrupted balance between supply and consumption of cellular O
2
, owing to fast 

tumor growth and irregular vasculature.1–4 Hypoxia and high proliferation of cancer 

cells, in turn, produce excessive reactive oxygen species, such as hydrogen peroxide, 

promote angiogenesis, and lead to metastasis of cancer cells.5,6 A hypoxic TME also 

contributes to the tumor’s resistance to conventional cancer therapy and promotes 

clinically aggressive phenotypes in cancers.7,8 Hypoxia-inducible factors (HIFs), are 

oxygen-sensitive transcription factors that respond to the reduction of oxygen level, 

or hypoxia, in the cellular environment.9,10 The best studied member is HIF-1α, 

which forms a transcriptionally active heterodimeric complex with HIF-1β.11,12  

Under normoxic conditions, the expression of HIF-1α is maintained at very low levels 

since it is effectively directed to a degradation cascade. However, when the oxygen 

level is sufficiently reduced, the degradation machinery is disrupted and HIF-1α is 

stabilized. HIF-1α then translocates to the nucleus and binds, as part of a dimeric 

complex with the constitutively expressed HIF-1β protein, to hypoxia-responsive 

elements (HREs) in promoters, modulating the expression of specific downstream 

target genes.
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The largest functional group of genes consistently 

regulated by HIF-1 in a number of cell types is associated 

with angiogenesis (vascular endothelial growth factor-A 

[VEGF-A]), metabolism (glucose transporter type 1 

[GLUT1]), and apoptosis/survival (BCL2, E1B).13–15 HIF-1 

plays a pivotal role in adaptive responses to hypoxia by 

modulating various cellular functions through the induction 

of target genes.16–19 Overexpression of HIF-1 has been found 

in various cancer types and contributes to cancer progression 

and resistance to therapy. Its expression is also correlated 

with diagnostic and prognostic indicators for early relapse 

and metastatic disease, thus making HIF-1 a potential prog-

nostic biomarker in cancer assessments. The importance 

of HIF-1 as a transcription factor and the broad spectrum 

of processes influenced by HIF suggest that it could have 

major clinical implications.20–22 Therefore, HIF-1 represents 

a logical target for chemoprevention as well as for inhibiting 

angiogenesis. To date, various strategies focusing on HIF-1 

as a target for drug development have been reported.23–30 

However, due to safety concerns, reagent stability, and 

inconsistent clinical response, the clinical applications of 

such strategies have been limited.

Silver nanoparticles (AgNPs) have received extensive 

attention for their broad-spectrum antimicrobial activities. 

They are used in different commercial products including 

textiles, humidifiers, wound dressings, and household 

devices. AgNPs are toxic to both cancer and noncancer cells. 

Anticancer effects of AgNPs have been reported in several 

cell lines as well as in animal models.31–37 It was reported that 

AgNPs are more toxic in cancerous cells than in normal cells 

because of the distinct cellular condition of cancer cells,38 

whereas other reports demonstrated similar cytotoxicity 

toward cancer and noncancer cells.39,40 The cytotoxicity of 

AgNPs is reported to be through altering the mitochondrial 

membrane potential and by the induction of reactive oxygen 

species. Yet, the precise molecular mechanisms underlying 

the toxic effects of AgNPs toward cancer cells are largely 

unknown. In this study, we demonstrate that AgNPs inhibit 

MCF7 cancer cell growth by attenuating the activity of 

HIF-1α. We report that AgNPs act to inhibit HIF-1α function 

in cells under hypoxic conditions, thus leading to downregula-

tion of VEGF-A and GLUT1 and inhibition of angiogenesis. 

Our data provide a novel insight into the mechanism of how 

AgNPs inhibit cancer cell growth and angiogenesis.

Materials and methods
Materials
AgNPs with an average size of ~10 nm were obtained from 

Nanjing XFNANO Materials Tech Co. Ltd. (Nanjing, People’s 

Republic of China). The human breast cancer cell line MCF7, 

the human cervical cancer cell line HeLa, and the human 

lymphoma cell lines Raji and Daudi were obtained from the 

American Type Culture Collection (Manassas, VA, USA). 

Human umbilical vein endothelial cells (HUVEC) were 

obtained from Shanghai AllCells Biotech Co. Ltd. (Shanghai, 

People’s Republic of China). Human primary chondrocytes 

were obtained with written consent from Procell Life Technol-

ogy Co. Ltd. (Wuhan, People’s Republic of China), following 

ethical approval from the Beijing University of Technol-

ogy review board. Dulbecco’s Modified Eagle’s Medium, 

RPMI-1640 medium with penicillin–streptomycin solution, 

l-glutamine, fetal bovine serum (FBS), and trypsin-ethylene-

diaminetetraacetic acid were obtained from Thermo Fisher 

Scientific (Waltham, MA, USA). MCDB-131 medium with 

l-glutamine, penicillin–streptomycin solution, FBS, heparin, 

endothelial cells growth supplement, and EGF were obtained 

from Sigma-Aldrich Co. (USA). Cell culture flasks and other 

plastic materials were purchased from Corning Incorporated 

(Corning, NY, USA). CellTiter 96® AQueous One Solution 

Reagent, ONE-Glo™ Luciferase Assay System, and plasmids 

were purchased from Promega Corporation (Fitchburg, WI, 

USA). The endothelial tube formation assay kit was purchased 

from Cell Biolabs Inc. (San Diego, CA, USA).

Characterization of AgNPs
Transmission electron micrographs were taken by using a 

JEM-2100 transmission electron microscope (JEOL, Tokyo, 

Japan) at 200 kV. The AgNPs were mounted on carbon-

coated copper grids.

An ESCA+ X-ray photoelectron spectrometer with DAR 

400 X-ray source (Scienta Omicron GmbH, Taunusstein, 

Germany) was used to determine the oxidation state of 

the AgNPs. The samples were immobilized onto 1×1 cm 

aluminum sheets, mounted on a sample holder, and quickly 

installed into the load lock to minimize air exposure. Scans 

with a spectral resolution of 0.1 eV were collected at 20 eV 

pass energy for the Ag 3d, O 1s, C 1s, S 2p, and N 1s regions 

of each sample. All peaks were corrected by referencing the 

primary peak of the C 1s signal at 284.8 eV. The X-ray pho-

toelectron spectroscopy data were processed with CasaXPS 

2.3.17 and Origin 8.0 software.

The zeta potential was measured using a Zetasizer Nano 

ZS (Malvern Instruments, Malvern, UK).

Cell culture
MCF7, HeLa cells, and human primary chondrocytes were 

cultured in DMEM with l-glutamine supplemented with 

10% FBS and 1% penicillin–streptomycin. The lymphoma 
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cell lines Raji and Daudi were cultured in RPMI-1640 

medium with l-glutamine supplemented with 10% FBS 

and 1% penicillin–streptomycin. HUVEC were cultured in 

MCDB-131 medium with l-glutamine supplemented with 

10% FBS, 0.05 mg/mL heparin, 0.03 mg/mL endothelial 

cells growth supplement, 0.2 ng/mL EGF, and 1% penicillin–

streptomycin. Cells were maintained at 37°C in a humidified 

atmosphere of 5% CO
2
 and 95% air in an incubator. To 

culture cells under hypoxic condition, the cells were placed 

in a hypoxic chamber and equilibrated with 5% CO
2
,  

94.9% N
2
, and 0.1% O

2
. The chamber was then sealed and 

placed in an incubator at 37°C.

MTS assays for cell viability
In vitro cell viability for different AgNP concentrations 

was determined using the CellTiter 96® AQueous One 

Solution Reagent. Cells were seeded onto 96-well plates 

(5×103 cells/well) and then kept in an incubator overnight. 

After incubation, when the cells adhered to the bottom of 

the plate, the cell culture medium was replaced with fresh 

complete medium containing the indicated concentrations 

of AgNPs (0, 20, 40, 60, 80, 100, 200, and 400 μg/mL in 

medium, respectively). Subsequently, all cells were incubated 

under identical conditions for 48 hours. Then, 20 μL of 

3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- 

(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) was added 

and the cells were incubated for another 2 hours. In metaboli-

cally active cells, the MTS compound is bioreduced to a for-

mazan product by dehydrogenase enzymes. The absorption 

of formazan is directly proportional to the number of living 

cells in the culture. The absorbance of the cell suspensions 

was measured at 490 nm using an Epoch Microplate Reader 

(Winooski, BioTek, USA). IC50 values were determined by 

nonlinear regression analysis using GraphPad Prism software 

version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).

Apoptosis assay
The number of apoptotic cells was measured using an 

Annexin V-FITC apoptosis detection kit (BD PharMingen, 

San Diego, CA, USA). MCF7 cells (1.0×106 cells/dish) were 

cultured in a 6 cm dish, 1 day prior to the assay. On the next 

day, the cells were treated with various concentrations of 

AgNPs (0, 100, 400 μg/mL in complete medium, respec-

tively). After 8 hours of treatment, the cells were trypsinized 

and collected by centrifugation at 1,500 rpm. The cell culture 

medium containing floating cells was also collected by cen-

trifugation at 1,500 rpm. The cell pellets were then washed 

twice with 1× phosphate-buffered saline, resuspended in 

100 μL of 1× binding buffer (10 mM HEPES/NaOH pH 7.4, 

140 mM NaCl, 2.5 mM CaCl
2
, 0.1% BSA), and stained with 

5 μL of Annexin V-FITC and 5 μL of propidium iodide. 

The cells were incubated in the dark for 15 minutes at room 

temperature and were then diluted in 400 μL of 1× binding 

buffer. Apoptosis was analyzed by collecting 10,000 cells 

using an Amnis FlowSight imaging flow cytometer and 

IDEAS software (Merk Millipore, Darmstadt, Germany).

Transient transfection and luciferase 
assays
MCF7 cells (grown in a 10 cm tissue culture dish) were 

transfected with 5 μg of HRE-dependent luciferase reporter 

construct pGL4.42 or a control construct pGL3-promoter 

(Promega Corporation, Madison, USA) using the Trans-

Fast™ Reagent (Promega Corporation) according to the 

manufacturer’s instructions (pGL4.42 and pGL3 vector 

maps are provided in Figure S1). After 24 hours, the trans-

fected cells were disassociated and plated in 96-well plates 

(5×103 cells/well). The cells were incubated for 3 hours to 

be allowed to adhere before being treated with the indicated 

concentrations of AgNPs (0, 20, 40, 60, 80, and 100 μg/mL 

in medium). HIF activity was induced by incubating the cells 

in hypoxic (0.1% O
2
) conditions or by treating the cells with 

cobalt chloride (CoCl
2
, 250 μM) for 16 hours. The luciferase 

activity was measured after 2 minutes by adding 100 μL of 

ONE-Glo™ luciferase assay system (Promega Corpora-

tion) according to the manufacturer’s instructions using a 

Multimode Microplate Reader (Berthold Technologies, Bad 

Wildbad, Germany).

Western blot analysis
MCF7 cells were treated with the indicated concentrations of 

AgNPs (0, 10, 50, 100, 200 μg/mL) in hypoxic conditions for 

24 hours, and then collected by centrifugation, washed twice 

with phosphate-buffered saline, and resuspended in 200 μL of 

precooled lysis buffer. After incubation on ice for 30 minutes, 

the cells were centrifuged at 4°C at 10,000 rpm for 10 minutes 

and the supernatant was stored at 4°C. The protein concen-

tration was determined by the BCA method (Thermo Fisher 

Scientific, Shanghai, People’s Republic of China), and 50 μg 

of protein was loaded onto a precasted 10% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis gel. After electro-

phoresis, the proteins were transferred onto nitrocellulose mem-

branes. The membranes were blocked in 5% nonfat dry milk for  

1 hour, followed by incubation with primary antibodies of 

a mouse monoclonal anti-HIF-1α antibody (1:500 dilu-

tion; Abcam Trading Company Ltd, Shanghai, People’s  

Republic of China), a mouse monoclonal anti-HIF-2α antibody 

(1:500 dilution, Abcam), a rabbit anti-VEGF-A antibody 
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(Abcam), a mouse anti-GLUT1 antibody (1:1,000 dilution, 

Abcam), and a rabbit anti-β-actin antibody (1:1,000 dilution; 

Hangzhou Zhixian Biotech, People’s Republic of China), 

respectively, overnight at 4°C with gentle shaking. After being 

washed in TBST, the membranes were probed with peroxidase-

linked immunoglobulin G (1:5,000 dilution) conjugates for  

2 hours at room temperature with shaking, and washed again in 

TBST. Then, they were detected by the enhanced chemilumi-

nescence reagent kit (Amersham Life Science, Arlington Hts, 

IL, USA) using a gel image analysis system (Vilber Lourmat, 

Collégien, France).

RNA isolation and quantitative 
polymerase chain reaction analysis
MCF7 cells were lysed and the total RNA was extracted using 

the RNeasy Mini Kit (Qiagen NV, Venlo, the Netherlands) 

according to the manufacturer’s instructions. The isolated 

RNA was quantified using an Epoch Microplate Reader 

(BioTek). The total RNA was converted into complementary 

DNA using the GoScript™ reverse transcriptional system 

(Promega Corporation) with oligo (dT)
15

 primer following 

the manufacturer’s instructions. The complementary DNA 

was synthesized in a 20 μL reaction mixture containing 1 μg 

of total RNA, oligo (dT)
15

 primer, and GoScript™ reverse 

transcriptional system, and then diluted to 100 μL using 

nuclease-free water. Quantitative real-time polymerase chain 

reaction was performed in a 20 μL reaction volume contain-

ing 5 μL complementary DNA, 10 μL Universal Taqman 

PCR master mix (Thermo Fisher Scientific), and 1 μL of the 

Taqman Gene Expression Assay of interest (Thermo Fisher 

Scientific). The expression assays used in this study were: 

HIF-1α (Hs00153153_m1), VEGF-A (Hs00173626_m1), 

GLUT1 (Hs00892681_m1), and β-actin (Hs99999903_m1). 

All reactions were performed in triplicate using the ABI 

Prism 7500 Sequence Detection System (Thermo Fisher 

Scientific). The thermal cycles for the reaction were: 95°C 

for 10 minutes, followed by 40 cycles of 95°C for 15 seconds 

alternating with 60°C for 1 minute. The relative expres-

sion abundance of each target gene was qualified using the 

comparative threshold cycle (C
T
) value with β-actin as an 

internal control.

Angiogenesis and confocal microscopy
In vitro angiogenesis was assessed by the endothelial tube 

formation assay kit (Cell Biolabs Inc.) according to the 

manufacturer’s instructions. The ECM gel solution was 

thawed out at 4°C, 1 day before the experiment. Then, 

50 μL of thawed ECM gel solution was added to each well 

of a prechilled 96-well plate and then incubated at 37°C for 

30 minutes to allow the ECM solution to form a gel. HUVEC 

were harvested and resuspended in complete culture medium 

containing various concentrations of AgNPs (0, 50, 100, 200, 

400 μg/mL). Then, 150 μL of cell suspension was added to 

each well (1.5×104 cells/well) and the assay plate was then 

incubated at 37°C for 16 hours. The cells were stained with 

a fluorescence dye provided by the manufacturer. The tube 

formation of HUVEC was observed and analyzed using 

a confocal microscope (TCS SP8; Leica Microsystems, 

Wetzlar, Germany) and imaged at 10× magnification.

Statistical analysis
All data are expressed as the mean ± standard deviation of 

three independent experiments. The statistical significance 

was determined by either Student’s t-test or analysis of vari-

ance. A P-value ,0.05 was considered significant.

Results and discussion
AgNPs inhibit cancer cell growth and 
induce apoptosis
In this study, spherical AgNPs with a diameter of 10 nm 

were used (Figure 1A [i]). The zeta potential of the AgNPs 

was found to be -47.8 mV, which suggests that the nano-

particles were negatively charged. The oxidation status of 

silver was examined by X-ray photoelectron spectroscopy 

analysis. Figure 1A (ii) shows the high-resolution Ag 3d 

X-ray photoelectron spectrum of the AgNPs. The Ag 3d 

peak of the AgNPs shows a remarkable shift (0.3–0.4 eV) 

to lower binding energy, compared to the Ag 3d peak posi-

tion of metallic Ag reported in the literature.41 The observed 

shift of 0.3–0.4 eV correlates with the formation of Ag
2
O,42,43 

suggesting that Ag was in an oxidized form. After the 

AgNPs were dispersed in cell culture medium for 24, 48, 

and 72 hours, respectively, the ultraviolet–visible absorbance 

spectra remained largely unchanged (Figure 1A [iii]), indicat-

ing the AgNPs were stable in the test medium.

Human breast cancer cells MCF7, human cervical car-

cinoma cells HeLa, and human lymphoma cells Raji and 

Daudi were incubated with various concentrations of AgNPs 

for 48 hours. Subsequently, MTS assays were performed 

to determine the cell viability. AgNPs inhibited cancer cell 

growth in a dose-dependent manner (Figure 1B [i]). The 

IC50 value of each cell line was determined using a nonlin-

ear regression analysis. The IC50 values for MCF7, Raji, 

and Daudi cell lines were determined to be 15.5, 33.02, and 

34.35 µg/mL, respectively. The cytotoxicity of AgNPs to 

human primary cells was also measured. The IC50 value for 
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HUVEC was 24.97 µg/mL, and for human chondrocytes, it 

was 37.35 µg/mL (Figure 1B [ii]). These findings show that 

the AgNPs have a distinct cytotoxicity toward different cell 

types (P,0.0001 by analysis of variance). The cytotoxicity 

of AgNPs largely depends on the intracellular physiological 

conditions, such as pH, redox state, and so on, which may 

vary from one type of cell to another, giving rise to a distinct 

cellular response to the AgNPs and, thus, influencing the 

cytotoxicity of the AgNPs.

To further analyze the cytotoxicity of the AgNPs, we 

performed an apoptotic analysis using flow cytometry. 

MCF7 cells were treated with AgNPs for 8 hours and then 

double-stained with Annexin V-FITC and propidium iodide. 

The statistical data are summarized and plotted in Figure 1C 

(raw data are shown in Figure S2). The AgNPs induced apop-

tosis in a concentration-dependent manner. The percentage 

of live MCF7 cells decreased from 92.5% to 66.7% and 

48.5%, while the percentage of apoptotic cells increased from 

2.3% to 7.8% and 17.1% and the percentage of necrotic cells 

increased from 5.2% to 25.5% and 34.8% following treatment 

with 100 and 400 μg/mL AgNPs, respectively. These results 

indicate that apoptosis played a role in the mechanism of cell 

death induced by AgNPs.

AgNPs interfere with the transcriptional 
activity of HIF-1α
AgNPs can enter cells through diffusion or endocytosis and 

cause mitochondrial dysfunction, lead to generation of reactive 

oxygen species, which induce damages to proteins and nucleic 

acids inside the cell, and finally inhibit cell proliferation. The 

interaction of AgNPs with proteins, nucleic acids, and cell 

membrane all contribute to the toxicity of AgNPs. However, 

it is still unclear which key signaling pathways are involved. 

Cell signaling governs basic cellular activities and coordi-

nates cellular actions through a complex harmonization of 

responses to the cellular microenvironment. By understanding 

the effects of AgNPs on cancer cell signaling, new therapeutic 

approaches may be developed. Since hypoxic microenviron-

ment is a major feature of most solid tumors, we investigated 

the effects of AgNPs on the HIF signaling pathway.

The central function of HIF-1 is its transcriptional 

activity. HIF-1 binds to a specific DNA sequence called the 

HRE of target genes, and activates the transcription of target 

genes from DNA to messenger RNA (mRNA). Therefore, 

we first analyzed the effects of AgNPs on the activity of a 

HRE-dependent reporter construct.44 Since the response to 

hypoxia in human MCF7 breast cancer cells has been well 

characterized, we selected MCF7 cells to investigate the 

effects of AgNPs on HIF-1. MCF7 cells were transfected 

with the HRE reporter construct. A second reporter construct 

(pGL3-promoter) which shows no response to hypoxia was 

included as a control experiment. The transfected cells were 

treated with increasing amounts of AgNPs and cultured under 

hypoxic (0.1% O
2
) conditions. Hypoxia caused a strong 

induction of the HRE reporter construct (Figure 2A [i]), 

whereas the activity of the control construct was largely 

unchanged under hypoxic conditions (Figure 2A [ii]). The 

AgNPs significantly decreased the activity of the HRE 

reporter in a dose-dependent manner in cells under hypoxic 

conditions (Figure 2A [i]). At 100 µg/mL concentration, the 

AgNPs inhibited ~80% of HIF-1 transcriptional activity. 

These effects were specific, since the activity of the control 

reporter construct was unaltered (Figure 2A [ii]).

Hypoxia can alternatively be induced aerobically by 

adding hypoxia mimetics like CoCl
2
. CoCl

2
 artificially 

induces hypoxia, a process also known as “pseudohypoxia”, 

by blocking the degradation of HIF-1α, which leads to a 

accumulation of HIF-1α in the cell.45,46 Many reports have 

indicated that both CoCl
2
 and hypoxia regulate a similar 

group of genes on a global gene expression level.47 In order to 

confirm the findings obtained under hypoxic conditions, we 

also investigated the effects of AgNPs on the transcriptional 

activity of HIF under pseudohypoxia conditions induced by 

CoCl
2
. We transfected the cells with the HRE construct and 

treated the cells in the presence of CoCl
2
 with increasing 

concentrations of AgNPs. We found that, in the absence 

of AgNPs, CoCl
2
 caused a marked induction of the HRE 

reporter construct (Figure 2B [i]), with little effect on the 

control reporter construct (Figure 2B [ii]). The induction of 

the HRE construct was inhibited in a dose-dependent manner 

for increasing concentrations of AgNPs (Figure 2B [i]), 

while the activity of the control reporter remained unaffected 

(Figure 2B [ii]).

AgNPs decrease the accumulation of 
HIF-1α and HIF-2α proteins
To investigate the mechanism by which AgNPs inhibited the 

HIF-dependent transcription, we first analyzed the effects of 

AgNPs on protein accumulation of HIF-1α in cells cultured 

under hypoxic conditions. MCF7 cells were exposed to 

hypoxia for 16 hours in the presence or absence of AgNPs. 

The HIF-1α protein level was barely detectable in cells under 

normoxia, while it was strongly increased in cells exposed 

to hypoxia, due to inhibition of proteasomal degradation 

(Figure 3A). The AgNPs decreased the accumulation of the 

HIF-1α protein in a dose-dependent manner, while the level 

of the loading control β-actin remained unchanged. The 

HIF-1α protein level was strongly reduced when the cells 
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Figure 2 AgNPs inhibited HIF-1α transcriptional activity.
Notes: (A) HIF activity was induced by hypoxic conditions. MCF7 cells were transfected with (i) HRE reporter construct pGL4.42 or (ii) control pGL3-promoter reporter 
constructs and treated with the indicated concentrations of AgNPs under hypoxia (closed bars) or normal conditions (open bars). (B) HIF activity was induced by hypoxia 
mimetic CoCl2. (i) HRE reporter construct (ii) control pGL3-promoter reporter construct. Same as (A) unless hopoxia condition was replaced with hypoxic mimetic reagent 
250 μM CoCl2 (closed bars) or without CoCl2 (open bars). Luciferase activity was analyzed after 16 hours. Data shown are means of triplicate determinations (±SD) and are 
representative of three individual experiments. Statistically significant differences between untreated and AgNP-treated cells are indicated (*P,0.05, **P,0.01, ***P,0.005). 
All other differences were not statistically significant.
Abbreviations: AgNPs, silver nanoparticles; CoCl2, cobalt chloride; HIF-1, hypoxia-inducible factor-1; HRE, hypoxia-responsive element; SD, standard deviation.

Figure 3 AgNPs inhibited HIF-1 protein accumulation.
Notes: (A) AgNPs inhibited HIF-1α and HIF-2α protein accumulation. MCF7 cells were treated with different concentrations of AgNPs under hypoxic conditions. HIF-1α, 
HIF-2α, and β-actin protein levels were determined by immunoblot assays. β-Actin was used as a control for an indication of equal protein loading. (B) Effect of AgNPs on HIF 
gene expression. MCF7 cells were left untreated as a control or incubated in hypoxic conditions for 16 hours in the presence or absence of the indicated concentrations of 
AgNPs (0, 200 μg/mL). Expression of HIF-1α mRNA was analyzed by qRT-PCR. Data are mean of duplicate determinations, normalized to the expression of β-actin. Relative 
expression in untreated cells was set to 1.0. Differences between each treatment were statistically analyzed by ANOVA method.
Abbreviations: AgNPs, silver nanoparticles; ANOVA, analysis of variance; GLUT1, glucose transporter type 1; HIF-1, hypoxia-inducible factor-1; mRNA, messenger RNA; 
qRT-PCR, quantitative real-time polymerase chain reaction; VEGF-A, vascular endothelial growth factor-A.
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were treated with AgNPs at a concentration of 50 µg/mL, 

and a concentration of 200 µg/mL completely inhibited the 

accumulation of HIF-1α.

In addition to HIF-1α, the HIF family of transcription 

factors also contains HIF-2α, which, like HIF-1α, is also 

induced by hypoxia and forms transcriptionally active het-

erodimers with HIF-1β. HIF-2α also appears to play a role 

in angiogenesis and carcinogenesis, and may regulate the 

expression of distinct, but overlapping, set of target genes, 

compared to HIF-1α. Like HIF-1α, HIF-2α is targeted for 

rapid proteasomal degradation in normoxic conditions. To 

investigate the effects of AgNPs on HIF-2α, MCF7 cells were 

exposed to hypoxia for 16 hours in the presence or absence 

of AgNPs. Similar to HIF-1α, the AgNPs strongly decreased 

HIF-2α protein accumulation (see Figure 3A).

Although the stabilization of HIF-1α protein plays a 

major role in the induction of HIF-1 activity in hypoxic 

cells, HIF-1α RNA transcription is also subject to tight 

regulation. We, therefore, analyzed the effects of AgNPs 

on the levels of HIF-1α mRNA with the quantitative real-

time polymerase chain reaction technique. The differences 

between HIF-1α mRNA expression levels upon various 

treatments were not statistically significant (P,0.05). 

Exposure to hypoxia did not alter the mRNA expression 

levels of HIF-1α in the absence of AgNPs treatment and 

AgNPs treatment did not alter the expression levels of 

HIF-1α mRNA (Figure 3B), indicating that the transcrip-

tion of the HIF-1α gene is not affected by the AgNPs. We, 

therefore, conclude that AgNPs only interfered with the 

protein accumulation of HIF-1α.

Previously, it was reported that AgNPs increase the 

expression of HIF-1 when inducing HIF-1 gene expression 

in the nematode Caenorhabditis elegans due to the oxidative 

stress induced by the AgNPs.48,49 In mammalian cell lines, 

however, although AgNPs promote cellular oxidative stress, 

the connection between HIF-1 activation and oxidative stress 

remains unclear. Our findings suggest that AgNPs may regu-

late HIF-1 functions in different organisms differently.

AgNPs repress the expression of HIF-1 
target genes
Activation of HIF-1α is associated with increased expres-

sion levels of HIF-1 target genes. To determine the effect 

of AgNPs on HIF-1 target gene expression at mRNA level, 

MCF7 cells were exposed to hypoxia for 16 hours in the 

presence or absence of AgNPs and the expression of the 

HIF-1 target genes VEGF-A and GLUT1 was analyzed by 

quantitative real-time polymerase chain reaction. The mRNA 

expression levels of VEGF-A and GLUT1 were strongly 

induced by hypoxia in the absence of AgNPs, while AgNPs 

caused a statistically significant inhibition of the induction of 

VEGF-A and GLUT1 gene expression (Figure 4A [i, ii]). At 

a concentration of 50 µg/mL, the AgNPs almost completely 

inhibited the mRNA expression of VEGF-A and GLUT1. This 

finding is consistent with the ability of the AgNPs to inhibit 

HIF-dependent transcription, as shown in the “AgNPs inter-

fere with the transcriptional activity of HIF-1α” section.

The effects of AgNPs on VEGF-A and GLUT1 expres-

sion at protein level were also evaluated by Western blotting 

analysis and the results are shown in Figure 4B. Hypoxia 

Figure 4 Effects of AgNPs on HIF-1 target gene expression.
Notes: (A) MCF7 cells were left untreated as a control or incubated in hypoxic conditions for 16 hours in the presence or absence of the indicated concentrations of AgNPs 
(μg/mL). Expression of (i) VEGF-A and (ii) GLUT1 was analyzed by qRT-PCR. Data are mean of duplicate determinations, normalized to expression of β-actin. The relative 
expression in untreated cells was set to 1.0. Statistically significant differences between the medium and AgNP-treated cells under hypoxic conditions are indicated (*P,0.05, 
**P,0.01, ***P,0.005). All other differences were not statistically significant. (B) VEGF-A and GLUT1 protein levels in MCF7 cells treated with different concentrations of 
AgNPs under hypoxic conditions were determined by immunoblot assays. β-Actin was used as a control for an indication of equal protein loading.
Abbreviations: AgNPs, silver nanoparticles; GLUT1, glucose transporter type 1; HIF-1, hypoxia-inducible factor-1; qRT-PCR, quantitative real-time polymerase chain 
reaction; VEGF-A, vascular endothelial growth factor-A.
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treatment strongly induced protein expression of VEGF-A 

and GLUT1 in the absence of AgNPs, while in the pres-

ence of AgNPs, VEGF-A and GLUT1 protein levels were 

markedly decreased in a dose-dependent manner. Also, 

100 µg/mL of AgNPs caused a sharp decrease in VEGF-A 

protein level and almost completely abolished GLUT1 

protein expression.

Cancer cells require a steady source of metabolic 

energy in order to continue their uncontrolled growth and 

proliferation. Accelerated glycolysis is, therefore, one of 

the biochemical characteristics of cancer cells. Recent work 

indicates that glucose transport and metabolism are essen-

tial for the posttreatment survival of tumor cells, leading to 

poor prognosis. Facilitative glucose transporters (GLUTs) 

allow the energy-independent transport of glucose across 

the hydrophobic cell membrane, down its concentration 

gradient. Malignant cells have accelerated metabolism 

and increased requirements for adenosine triphosphate 

production. Upregulation of GLUT1 expression frequently 

occurs in tumor cells, which may be a fundamental part 

of the neoplastic process. Inhibition of GLUT1 should, 

therefore, cut the energy supply of the tumor cells and 

starve the cells.

Our data reveal that the AgNP-induced cell death was 

through inhibiting HIF-1α function and subsequently 

downregulating its target gene expression, providing a 

new mechanism of AgNP cytotoxicity. Recently, it was 

reported that hypoxia-induced HIF-1 expression inhibited 

AgNP-triggered apoptosis by mediating autophagic flux 

in human lung cancer cells.38 The report revealed one 

mechanism by which HIF-1 inhibits apoptosis and promotes 

cell survival. Given the fact that HIF-1 can transactivate 

genes involved in cell proliferation and survival (VEGF, 

GLUT1, etc) under hypoxic conditions, it is also possible 

that HIF-1 inhibits AgNP-induced apoptosis by induction 

of its target genes responsible for cell survival. Our find-

ings together with the reported data indicate that HIF-1 

and AgNPs regulate cell fate toward opposite directions. 

AgNPs induce cell apoptosis, whereas HIF-1 promotes cell 

survival. There might be multiple mechanisms involved. 

Understanding the underlined mechanisms would help to 

develop new strategies targeting HIF-1 with AgNPs for 

cancer therapy.

AgNPs inhibit in vitro angiogenesis
Angiogenesis is a physiological process through which new 

blood vessels form from preexisting vessels. It is a normal and 

vital process in growth and development, as well as in wound 

healing and in the formation of granulation tissue. However, 

it is also a fundamental step in the transition of tumors from 

a benign state to a malignant one. This motivates the use of 

angiogenesis inhibitors in cancer treatment. Angiogenesis is 

a very complex process; up to now, more than 40 molecules 

have been identified to be involved in blood vessel recruitment. 

Tube formation of endothelial cells is one of the key steps of 

angiogenesis.50 VEGF plays a central role in the angiogenic 

process. By binding to HRE, HIF-1 directly activates the tran-

scription of VEGF and VEGF receptor (VEGFR-1). Since we 

have found that AgNPs inhibited HIF-1α protein accumula-

tion and HIF-1 targets the gene expression of VEGF-A and 

GLUT1, we expected that the AgNPs would also inhibit angio-

genesis. To put this to the test, we investigated whether AgNPs 

inhibited capillary-like tube formation of HUVEC. To this end, 

HUVEC were cultured on an extracellular matrix scaffold in 

the presence or absence of different concentrations of AgNPs. 

After 16 hours incubation, HUVEC morphogenesis was moni-

tored. In the absence of AgNPs, HUVEC differentiate into 

structures loosely resembling capillary vessels (Figure 5A). 

The angiogenic property was quantified by counting the branch 

numbers (Figure 5B). AgNP treatment at a concentration of 

50 µg/mL inhibited tube formation of HUVEC on Matrigel 

by 62.5% and at a concentration of 400 µg/mL, it completely  

inhibited tube formation (Figure 5A and B). These results 

suggest that AgNPs block in vitro angiogenesis by inhibiting 

tube formation.

Angiogenesis is primarily regulated by VEGF, which 

plays a critical role in tumor progression and metastasis.51 The 

molecular mechanisms that promote angiogenesis, metabo-

lism, and apoptosis in cancer cells are complex; however, the 

HIF family of oxygen-sensitive transcription factors plays 

a critical role. Tumor cells produce and release VEGF in 

response to oxygen and nutrient deprivation. VEGF, in turn, 

stimulates the formation of new vessels and promotes tumor 

growth and dissemination. Besides its role in new blood 

vessel formation, VEGF has also been shown to stimulate 

the proliferation and migration of breast cancer cells. Thus, 

the switch to a proangiogenic state is a critical step in cancer 

development.52,53 Previous studies demonstrated the critical 

role of HIF-1α in the expression of VEGF and other angio-

genic cytokines during hypoxia-induced angiogenesis.54,55 

In fact, the observation that hypoxic tumors produce large 

amounts of VEGF supported the strategy of anti-VEGF for 

the treatment of cancer. The antiangiogenesis property of 

AgNPs has been elucidated in several reports,56,57 but the 

molecular mechanisms underlying the inhibition remain 

unclear. Here we revealed that AgNPs inhibit in vitro 
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Figure 5 AgNPs inhibit tube formation of HUVEC.
Notes: (A) Microscopic observation. HUVEC (1.5×104 cells/well) were inoculated on a Matrigel scaffold and treated with different concentrations of AgNPs. The morphological 
changes of the tubes were observed under a confocal microscope and imaged at 10× magnification. (B) Quantitative comparison of tube formation in the presence or absence 
of AgNPs. Tube formation was quantified by counting the branch numbers of connected cells in randomly selected fields using a confocal microscope. The data shown here 
are an average of three parallel experiments (mean ± SD). (Aa) untreated and (Ab), (Ac), (Ad), and (Ae) were treated with 50 µg/mL, 100 µg/mL, 200 µg/mL, and 400 µg/mL 
AgNPs, respectively.
Abbreviations: AgNPs, silver nanoparticles; HUVEC, human umbilical vein endothelial cells; SD, standard deviation.

angiogenesis by disrupting the HIF signaling pathway and 

downstream VEGF-A function.

Hypoxia or oxygen deficiency is an important feature of 

solid tumors. Hypoxic TME has been shown to contribute 

to the resistance to conventional cancer therapies and tumor 

relapse, and is correlated with advanced stages of malig-

nancy. In addition, the current antiangiogenic drugs targeting 

VEGF or its receptors used in cancer treatment may cause 

hypoxia due to a blockage of the tumor’s blood supply, which 

may stimulate tumor progression and treatment resistance. 

To date, various strategies have been proposed to modify the 

TME and aimed to improve the tumor’s oxygen level in order 

to improve the outcome of radiotherapy, chemotherapy, and 

immunotherapy. For example, hypoxia-activated prodrugs 

have been developed, which are administered in an inactive 

form and can be activated by a reduction reaction in hypoxic 

regions, where they then damage the DNA. In this report, 

we discovered that AgNPs attenuate HIF-1α and HIF-2α 

accumulation and suppress the transcriptional activity of 

HIF, very likely by increasing the endogenous oxygen 

level and modulating the TME (further experiments need 

to be conducted to confirm the hypothesis). As a result, the 

expression of downstream target genes VEGF-A and GLUT1 

is inhibited. The consequence is that tube formation during 

angiogenesis is inhibited and the energy supply to the tumor 

cells is cut (Figure 6). These findings imply a new strategy 

for utilizing AgNPs in cancer therapy.

Conclusion
We have demonstrated that AgNPs inhibit HIF-1 function by 

attenuating its protein accumulation and downstream target 

expression, which provides new insight into the mechanism 

of cytotoxicity and angiogenesis induced by AgNPs. Our data 

together with previously published results show that AgNPs 

might be a promising anticancer drug that counteracts the 

shortcomings of current cancer therapy, such as resistance to 

radiation therapy. Further in vivo studies and clinical level 

trails are necessary to address the formulation of AgNPs as 

an ecofriendly and biocompatible alternative to conventional 

anticancer drugs.
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Figure 6 Schematic illustration of the effect of AgNPs on HIF signaling pathway.
Notes: AgNPs enter the cells and inhibit HIF-1a accumulation, followed by a suppression of HIF-1 target gene expression and inhibition of cancer cell growth and 
angiogenesis.
Abbreviations: AgNPs, silver nanoparticles; GLUT1, glucose transporter type 1; HIF-1, hypoxia-inducible factor-1; ROS, reactive oxygen species; VEGF-A, vascular 
endothelial growth factor-A; VHL, Von Hippel-Lindau; mTOR, mammalian target of rapamycin.
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Figure S1 pGL4.42 and pGL3 vector maps.
Notes: (A) pGL4.42, (B) pGL3.
Abbreviation: HRE, hypoxia-responsive element.
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Figure S2 Raw data of AgNP-induced MCF7 apoptotic analysis using flow cytometry.
Notes: (A) Dot plot of Annexin V-FITC/PI double stained MCF7 cells. (i) Untreated cells, (ii) 100 µg/mL AgNPs treated cells, and (iii) 400 µg/mL AgNPs treated cells. 
(B) Representative images showing live cell (Annexin-FITC negative, PI negative), apoptotic (early apoptotic cells were Annexin-FITC positive and PI negative, late apoptotic 
cells were Annexin-FITC/PI double stained) and necrotic cells (PI stained only). (i) Untreated cells (ii) 100 µg/mL and (iii) 400 µg/mL AgNPs treated cells.
Abbreviations: AgNPs, silver nanoparticles; PI, propidium iodide.
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