
The role of hypoxia inducible factor-1α in the increased MMP-2 
and MMP-9 production by human monocytes exposed to nickel 
nanoparticles

RONG WAN1,*, YIQUN MO1,*, SUFAN CHIEN2, YIHUA LI1, YIXIN LI1, DAVID J. TOLLERUD1, 
and QUNWEI ZHANG1

1Department of Environmental and Occupational Health Sciences, School of Public Health and 
Information Sciences

2Department of Surgery, University of Louisville, Louisville, Kentucky, USA

Abstract

Nickel is an important economic commodity, but it can cause skin sensitization and may cause 

lung diseases such as lung fibrosis, pneumonitis, bronchial asthma and lung cancer. With 

development of nanotechnology, nano-sized nickel (Nano-Ni) and nano-sized titanium dioxide 

(Nano-TiO2) particles have been developed and produced for many years with new formulations 

and surface properties to meet novel demands. Our previous studies have shown that Nano-Ni 

instilled into rat lungs caused a greater inflammatory response as compared with standard-sized 

nickel (5 μm) at equivalent mass concentrations. Nano-Ni caused a persistent high level of 

inflammation in lungs even at low doses. Recently, several studies have shown that nanoparticles 

can translocate from the lungs to the circulatory system. To evaluate the potential systemic effects 

of metal nanoparticles, we compared the effects of Nano-Ni and Nano-TiO2 on matrix 

metalloproteinases 2 and 9 (MMP-2 and MMP-9) gene expression and activity. Our results showed 

that exposure of human monocyte U937 to Nano-Ni caused dose- and time- dependent increase in 

MMP-2 and MMP-9 mRNA expression and pro-MMP-2 and pro-MMP-9 activity, but Nano-TiO2 

did not. Nano-Ni also caused dose- and time- related increase in tissue inhibitor of 

metalloproteinases 1 (TIMP-1), but Nano-TiO2 did not. To determine the potential mechanisms 

involved, we measured the expression of hypoxia inducible factor 1α (HIF-1α) in U937 cells 

exposed to Nano-Ni and Nano-TiO2. Our results showed that exposure to Nano-Ni caused HIF-1α 
accumulation in the nucleus. Furthermore, pre-treatment of U937 cells with heat shock protein 90 

(Hsp90) inhibitor, 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG), prior to exposure to 

Nano-Ni significantly abolished Nano-Ni-induced MMP-2 and MMP-9 mRNA upregulation and 
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increased pro-MMP-2 and pro-MMP-9 activity. Our results suggest that HIF-1α accumulation 

may be involved in the increased MMP-2 and MMP-9 production in U937 cells exposed to Nano-

Ni.
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Introduction

With the development of nanotechnology, a large number of transition metal nanoparticles, 

such as nano-sized nickel (Nano-Ni), are being developed and produced as new formulations 

with surface properties to meet novel demands. Nickel and its alloys have many commercial 

and industrial applications. Due to the special characteristics of Nano-Ni, including high 

levels of surface energy, high magnetism, high surface area, low melting point, and low 

burning point, it is widely used in magnetic tape, conduction paste, chemical catalysts, 

microfilters, gas-sensing equipment, light absorbance and sintering promoters (Zhang et al. 

1998a, 1998b; Serita et al. 1999). Therefore, the population that is exposed to occupational 

and non-occupational Nano-Ni continues to increase. Our current knowledge about health 

effects of Nano-Ni is limited, but suggests that Nano-Ni may cause greater inflammatory 

response in lungs than that of standard-sized nickel particles (Std-Ni) (Zhang et al. 2003). 

Nanoparticles may also enter the blood circulation and translocate to extra-pulmonary 

tissues (Ferin et al. 1990; Takenaka et al. 2001; Nemmar et al. 2001, 2002; Oberdörster 

2001; Oberdörster et al. 2002; Oberdörster and Utell 2002). The translocation of particles 

depends on the exposure route, dose, particle diameter, and surface chemical characteristics. 

Our previous results showed that metal nanoparticles (such as nickel and cobalt) could 

induce cytokine and NO release by blood neutrophils obtained from rats (Mo et al. 2008). 

This raises the intriguing possibility that nanoparticles could enter the circulation and 

produce direct or indirect effects on blood cells, such as monocytes or neutrophils. Recent 

studies in humans showed that exposure to nano-sized carbon altered peripheral blood 

leukocyte distribution and expression of adhesion molecules (Frampton et al. 2006).

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that play 

an active role in regulating the extracellular matrix (Murphy et al. 1994; Parks and Shapiro 

2001; Parks 2003; Greenlee et al. 2007). MMPs also play a key role in normal and 

pathological processes, including embryogenesis, wound healing, inflammation, arthritis, 

cardiovascular diseases and cancer (Murphy et al. 1994; Parks and Shapiro 2001; Parks 

2003; Greenlee et al. 2007). In vertebrates, MMPs can be sub-grouped into five groups 

based on their primary protein structure and substrate specificity: collagenases, gelatinases, 

stromelysins, membrane type (MT)-MMPs and non-classified MMPs (Murphy et al. 1994; 

Greenlee et al. 2007). Among the MMPs, the 72 kDa gelatinase A (or MMP-2) and the 92 

kDa gelatinase B (or MMP-9) are believed to be the critical enzymes for degrading type IV 

collagen, a major component of basement membrane (Murphy et al. 1994; Greenlee et al. 

2007). It is believed that the secretion of gelatinases having specificity for type IV collagen 
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would endow endothelial cells with an advantage for degradation of the extracellular matrix 

and subsequent migration across the basement membrane. MMPs are often secreted in latent 

form and are usually activated after a small 10-kDa peptide is cleaved from the N-termini. 

MMPs can thus be recognized in both inactive (pro-MMPs) and active forms (MMPs) based 

on their different molecular weight (Greenlee et al. 2007). It is well known that regulation of 

MMPs may occur at multiple levels, either by gene transcription and synthesis of inactive 

pro-enzymes, post-translational activation of pro-enzymes, or via the interaction of secreted 

MMPs with their inhibitors called tissue inhibitor of metalloproteinases (TIMPs) (Murphy et 

al. 1994; Parsons et al. 1997; Oum’hamed et al. 2004). Our and other previous studies 

suggested that human monocytes, such as U937 cells, exposed to metal ions, such as Co2+, 

Cr3+ and Ni2+ or cobalt nanoparticles (Nano-Co) altered the activity of MMPs and TIMPs 

via protein tyrosine kinase (PTK) which was activated by oxidative stress (Luo et al. 2005; 

Perfetto et al. 2007; Wan et al. 2008). However, few studies have investigated the effects of 

nickel nanoparticles on alteration of MMPs/TIMPs expression or activities and the potential 

mechanisms involved in these effects.

Nickel is known to mimic hypoxia through activation of hypoxia inducible factor 1α 
(HIF-1α) (Salnikow et al. 2002; Maxwell and Salnikow 2004). Hypoxia results in the 

accumulation and stabilization of HIF-1α. Upon dimerization with another subunit of HIF, 

HIF-1β, HIF-1 binds to hypoxia response elements (HRE) in target genes, such as VEGF 

and MMPs, and activates them (Salnikow et al. 2002; Maxwell and Salnikow 2004). Several 

studies have shown that exposure to hypoxic stress resulted in MMPs modulation through 

activation of HIF-1α (Milkiewicz and Haas 2005; Fujiwara et al. 2007; Misra et al. 2008). It 

was reported that exposure to nickel caused up- or down-regulation of many genes, and 

some up-regulated genes are HIF-1α-dependent (Salnikow et al. 2002, 2003; Zhao et al. 

2004; Davidson et al. 2003). Similar to hypoxia, disruption of prolyl hydroxylase activity 

has been shown to be one of the mechanisms for Ni-induced HIF-1α stabilization (Salnikow 

et al. 2002, 2003; Davidson et al. 2003).

In the present study, we hypothesized that exposure to Nano-Ni would alter transcription and 

activity of MMP-2 and MMP-9 through activation of HIF-1α. We first investigated whether 

exposure of U937 cells to Nano-Ni caused an alteration in the transcription of MMP-2, 

MMP-9 and their natural inhibitors, TIMP-1 and TIMP-2, and in the activity of pro-MMP-2 

and pro-MMP-9. We then studied whether exposure to Nano-Ni resulted in HIF-1α 
accumulation, and whether the increased MMP-2 and MMP-9 activity induced by Nano-Ni 

was regulated by activation of HIF-1α pathway.

Materials and methods

Metal nanoparticles and their characterization

Nano-Ni and Nano-TiO2 with a mean diameter of 20 nm and 28 nm were provided by 

INABATA and Co., Ltd, Vacuum Metallurgical Co., Ltd, Japan. The microstructure and 

composition of Nano-Ni and Nano-TiO2 were characterized by transmission electron 

microscopy (TEM) (Hitach H-8000) and ancillary techniques including selected area 

electron diffraction (SAED) and energy-dispersive (X-ray) spectrometry (EDS). Nano-Ni 

and Nano-TiO2 were dispersed in physiological saline and ultrasonicated for 30 min prior to 
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each experiment. The characterization of these nanoparticles has been summarized in Table 

I. Briefly, the specific surface area is 43.8 m2/g for Nano-Ni and 45.0 m2/g for Nano-TiO2. 

Nano-Ni is composed of 85–90% of metal nickel and 10–15% of NiO; Nano-TiO2 is 

composed of 90% anatase and 10% rutile. The size of particles and agglomerates in cell 

culture medium (RPMI-1640) was 250 nm for Nano-Ni and 280 nm for Nano-TiO2 which 

was measured by dynamic light scattering (DLS) and was also summarized in Table I.

The solubility of Nano-Ni and Nano-TiO2 in 1 × PBS and cell culture medium (RPMI-1640) 

was measured as previously reported (Serita et al. 1999). In brief, five 30 mg samples of 

Nano-Ni or Nano-TiO2 were suspended in 30 ml of 1 × PBS or RPMI-1640 medium, 

respectively. After shaking for 48 h in a water bath at 37° C, the samples were ultrasonicated 

for 30 min and then centrifuged at 12,000 g for 20 min. The supernatants were collected to 

determine the concentration of nickel or titanium ion by inductively coupled plasma-atomic 

emission spectrometry (ICP-AES). The results are shown in Table II.

Chemicals and reagents

Monoclonal mouse anti-human HIF-1α antibody was obtained from BD Transduction 

Laboratories (San Jose, CA, USA), horseradish peroxidase-conjugated goat anti-mouse IgG 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Gelatin was purchased from Acros 

Organics (Morris Plains, NY, USA), MG-132 from Calbiochem (San Diego, CA, USA) and 

17-allylamino-17-demethoxygeldanamycin (17-AAG) from Invivogen (San Diego, CA, 

USA). All other chemicals were purchased from Fisher Chemical (Pittsburgh, PA, USA) 

unless otherwise indicated. All chemicals used were of analytic grade.

Cell culture and treatment

Human myelomonocytic U937 cells were obtained from American Type Culture Collection 

(ATCC) (Rockville, MD, USA) and cultured at 37° C in a 5% CO2 atmosphere in RPMI 

1640 medium (Mediatech, Inc., Manassas, VA, USA) containing 10% fetal bovine serum 

(FBS) (Mediatech), 100 U/ml penicillin and 100 μg/ml streptomycin (Mediatech). U937 

cells were exposed to Nano-Ni or Nano-TiO2 at the doses and times indicated in each 

experiment. For MMP-2 and MMP-9 analysis, cells were cultured in 1% FBS for serum 

starvation for 24 h to minimize the selective activation of MMPs. In the studies to determine 

the effects of the specific inhibitors of HIF-1α on the stimulation of MMP-2 and MMP-9 

expression by Nano-Ni, U937 cells were pre-treated with 17-AAG (1 μM) for 4 h prior to 

exposure to Nano-Ni. Unexposed U937 cells were served as negative controls.

In order to confirm that the bands observed on the gelatin zymography assay were MMP-2 

and MMP-9, human fibrosarcoma cell line HT1080 was used. These cells are known to 

express high levels of MMP-2 and MMP-9 (Zeng and Briske-Anderson 2005). HT1080 was 

obtained from ATCC and was grown in Dulbecco’s Modification of Eagle’s Medium 

(DMEM) (Mediatech) supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml 

streptomycin.

HT1080 cells were cultured in serum-free DMEM for two days, and the supernatants were 

collected and used as a molecular weight marker for MMP-2, pro-MMP-2, MMP-9 and Pro-
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MMP-9 as described elsewhere (Togawa et al. 1999; Dagnell et al. 2007; Das et al. 2008; 

Wan et al. 2008).

Cytotoxicity assay

The cytotoxicity of Nano-Ni or Nano-TiO2 in U937 cells was determined by both CellTiter 

96 AQueous Non-Radioactive Cell Proliferation Assay (MTS assay) (Promega, Madison, WI, 

USA) and alamarBlue™ assay (AbD Serotec, Oxford, UK) according to the manufacturer’s 

instruction. MTS assay is based on the cellular conversion of a tetrazolium compound 

(MTS) into a formazan product that is soluble in tissue culture medium. The quantity of 

formazan product was measured by the amount of absorbance at 490 nm which is directly 

proportional to the number of living cells in culture. Briefly, 2 × 104 U937 cells in 100 μl 

RPMI 1640 medium were seeded into each well of 96-well plates and incubated overnight. 

Then cells were treated with various concentrations of Nano-Ni or Nano-TiO2 for 24 h. 20 μl 

of the combined MTS/PMS (phenazine methosulfate) solution was added to each well of the 

plate. After incubation at 37° C for 3 h, the absorbance at 490 nm was measured with a 

multidetection microplate reader (Synergy HT, BioTek, Winooski, VT, USA). In order to 

eliminate the potential effects of metal nanoparticles on optical properties, medium with 

metal nanoparticles at each dose, but without cells were used as background and their A490 

readings were subtracted from the experimental groups. Another method, alamarBlue™ 

assay, is a colorimetric/fluorometric method for determining the number of metabolically 

active cells through oxidation-reduction indicator. This method was performed as in our 

previous study (Yu et al. 2010).

RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)

Total RNAs were isolated from cultured cells using TRIZOL Reagent (Sigma, St Louis, 

MO, USA) and quantified by measuring absorbance (260 nm). cDNA was synthesized from 

2.0 μg of total RNA using M-MLV reverse transcriptase (Promega, Madison, WI, USA) and 

oligo (dT)18 (Sigma). A total of 1 μl of cDNA, 1 μl of 5 μM each primer, and 1.25 units of 

Taq polymerase (Promega, Madison, WI, USA) were used in each PCR reaction at a final 

volume of 25 μl. PCR reaction was performed on a Mastercycler (Eppendorf) using 35 

cycles at 94° C for 45 s, at 62° C for 45 s, and at 72° C for 45 s for MMP-2 and MMP-9; 25 

cycles (GAPDH) and 30 cycles (TIMP-1 and TIMP-2) at 94° C for 45 s, at 58.5° C for 45 s, 

and at 72° C for 45 s for TIMP-1, TIMP-2 and GAPDH. The primers for human MMP-9 

were: forward 5′-CGG TGA TTG ACG ACG CCT TTG C-3′ and reverse 5′-CGC TGT 

CAA AGT TCG AGG TGG TA-3′; for human MMP-2 were: forward 5′-ATT TGG CGG 

ACT GTG ACG-3′ and reverse 5′-GCT TCA GGT AAT AGG CAC-3′; for human TIMP-1 

were: forward 5′-AAT TCC GAC CTC GTC ATC AG-3′ and reverse 5′-GTT TGC AGG 

GGA TGG ATA AA-3′; for human TIMP-2 were: forward 5′-CTG GAC GTT GGA GGA 

AAG AA-3′ and reverse 5′-GTC GAG AAA CTC CTG CTT GG-3′; for human GAPDH 

were: forward 5′-AGC CAC ATC GCT CAG ACA C-3′ and reverse 5′-TGG ACT CCA 

CGA CGT ACT C-3′. Amplified fragments were analyzed using 1.2% agarose gel, and 

photographed (Polaroid, 667) on an ultraviolet screen. Pictures were scanned and analyzed 

by NIH Image J software. Intensities of MMP-2, MMP-9, TIMP-1 and TIMP-2 products 

were then normalized by that of human GAPDH to obtain the relative densities.
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Gelatin zymography assay

MMP-2 and MMP-9 activities were measured by gelatin zymography as previously 

described (Mo et al. 2009; Wan et al. 2008). U937 cells were cultured in six-well plates (1 × 

106 cells/well) in 1 ml RPMI1640 containing 1% FBS for 24 h before exposure to Nano-Ni 

or Nano-TiO2. The conditioned media were subjected to gelatin zymography under non-

reducing conditions on 10% SDS-PAGE copolymerized with 0.5 mg/ml gelatin. After 

electrophoresis, the gels were washed twice with 50 mM Tris-HCl (pH 7.5) containing 2.5% 

Triton X-100 (Sigma) for 30 min each time to remove SDS. Then the gels were incubated in 

development buffer (pH 7.4) containing 10 mM CaCl2 and 0.05% Brij solution (Bio-Rad, 

Hercules, CA, USA) at 37° C overnight. The lysed regions indicating gelatinase activity 

were visualized as clear bands after staining with 0.1% Coomassie Brilliant Blue R-250 

(Bio-Rad, Hercules, CA, USA) and then destaining. Enzyme activity was quantified by 

scanning densitometry as described above.

Protein extraction and immunoblot analysis

Nuclear proteins were used to detect the alteration of HIF-1α expression after U937 cells 

were treated with Nano-Ni or Nano-TiO2. Nuclear extracts were prepared using NE-PER® 

Nuclear and Cytoplasmic Extraction Reagent (Thermo Fisher Scientific, Rockford, IL, 

USA) according to the manufacturer’s instructions. 100 μg of protein was loaded into each 

lane, separated on 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) 

membrane (Bio-Rad). The non-specific binding sites were blocked with 5% milk/TBST (50 

mM Tris-HCl, 140 mM NaCl, 0.05% Tween-20, pH 7.2) for 2 h at room temperature. The 

membrane was incubated with anti-HIF-1α antibody (1:1000) at 4° C overnight and rinsed 

with TBST three times. Immunoreactive bands were detected by goat anti-mouse 

horseradish peroxidase conjugated secondary antibody (1:2000) and enhanced 

chemiluminescence substrates (GE Healthcare, Buckinghamshire, UK). Equal protein 

loading was verified by Coomassie Brilliant Blue staining.

Statistical analysis

Values were presented as mean ± SD. For dose-response studies, differences among groups 

were evaluated with two-way analysis of variance; if the F-value was significant, groups 

were then compared at each dose by one-way analysis of variance (ANOVA) followed by 

Dunnett’s t-test. A value of P < 0.05 was considered significant. Statistical analyses were 

carried out using SigmaStat software (Jandel Scientific, San Raphael, CA, USA).

Results

Cytotoxic effects of Nano-Ni and Nano-TiO2 on U937 cells

U937 cells were exposed to various concentrations of Nano-Ni or Nano-TiO2 for 24 h, and 

cell viability was measured by both MTS assay and alamarBluetrade; assay as described 

above. Exposure of U937 cells to Nano-Ni at 60 μg/ml and beyond caused significant cell 

death by MTS assay, while exposure to 30 μg/ml or less of Nano-Ni did not cause significant 

cell death (Figure 1A). However, exposure of U937 cells to any doses from 0 to 60 μg/ml of 

Nano-TiO2 did not cause any cytotoxic effects (Figure 1A). These results were further 
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confirmed by alamarBlue™ assay (Figure 1B). In all following experiments, non-toxic doses 

were chosen to observe the effects of Nano-Ni on U937 cells.

Exposure of U937 cells to Nano-Ni caused increased mRNA expression of MMP-2 and 
MMP-9 and increased activity of pro-MMP-2 and pro-MMP-9

To investigate the effects of Nano-Ni or Nano-TiO2 on MMP-2 and MMP-9 mRNA 

expression, U937 cells were treated with various concentration of Nano-Ni or Nano-TiO2. 

The results showed a dose-response increase in MMP-2 and MMP-9 mRNA levels after cells 

were exposed to 10 and 30 μg/ml of Nano-Ni for 24 h, whereas Nano-TiO2 did not induce 

any significant changes (Figure 2A, 2B). Our results also showed a time-response increase in 

MMP-2 and MMP-9 mRNA levels after exposure to 30 μg/ml of Nano-Ni for 0, 6, 12, 24 

and 48 h (Figure 3A, 3B). Again, Nano-TiO2 did not cause any increase in the MMP-2 and 

MMP-9 mRNA levels (data not shown).

We also evaluated the activity of pro-MMP-2 and pro-MMP-9 in U937 cells with exposure 

to Nano-Ni or Nano-TiO2 by gelatin zymography assay. The results showed a dose-response 

increase in pro-MMP-2 and pro-MMP-9 activity in the conditioned media from U937 cells 

exposed to Nano-Ni for 24 h (Figure 4A, 4B). In the time course studies, the results showed 

that exposure to 30 μg/ml of Nano-Ni significantly increased pro-MMP-2 and pro-MMP-9 

activity in U937 cells at 12, 24 and 48 h as compared with those in the control, and the 

activities reached a peak after 24 h exposure (Figure 5A, 5B). Consistent with the RT-PCR 

results, exposure to Nano-TiO2 did not cause dose-response (Figure 4) or time-response 

(data not shown) increase in the pro-MMP-2 and pro-MMP-9 activity.

Effects of Nano-Ni on TIMP-1 and TIMP-2 mRNA expression

The mRNA expression of TIMP-1 and TIMP-2 was determined in U937 cells exposed to 

metal nanoparticles. Our results showed that exposure of U937 cells to Nano-Ni for 24 h 

caused a dose-response increase in TIMP-1 mRNA expression, reaching statistically 

significant increase when cells were exposed to as low as 10 μg/ml of Nano-Ni (Figure 6A, 

6B).

Exposure to Nano-TiO2 did not have any effects on TIMP-1 mRNA expression (Figure 6A, 

6B). Figure 7 showed that TIMP-1 mRNA expression increased when U937 cells were 

treated with 30 μg/ml of Nano-Ni for 12, 24 and 48 h. Treatment with Nano-TiO2 did not 

cause any increase in TIMP-1 mRNA expression (data not shown). Exposure of U937 cells 

to either Nano-Ni or Nano-TiO2 did not cause any change in TIMP-2 mRNA expression 

(data not shown).

Exposure of U937 cells to Nano-Ni caused HIF-1α accumulation

To examine whether exposure to Nano-Ni or Nano-TiO2 caused HIF-1α accumulation, 

U937 cells were treated with various doses of metal nanoparticles for different times, and 

HIF-1α expression was determined by Western blot. The results showed that exposure to 10 

and 30 μg/ml of Nano-Ni for 24 h caused significant HIF-1α accumulation (Figure 8). There 

was also a time-dependent increase in HIF-1α accumulation in U937 cells exposed to 30 

μg/ml of Nano-Ni (Figure 9). However, exposure to Nano-TiO2 did not result in a dose-
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dependent (Figure 8) or time-dependent (data not shown) increase in the HIF-1α 
accumulation.

Effects of heat-shock protein 90 (Hsp90) inhibitor, 17-AAG, on Nano-Ni-induced MMP 
expression and activity in U937 cells

Hsp90, a molecular chaperone that protects client proteins from misfolding and degradation 

(Neckers and Ivy 2003; Whitesell and Lindquist 2005), is essential for HIF-1 activation in 

hypoxia and can also protect HIF-1α from degradation (Minet et al. 1999). To examine the 

role of HIF-1α in the Nano-Ni-induced MMP expression and activity, 17-AAG, an Hsp90 

inhibitor, was used to pre-treat U937 cells prior to exposure to Nano-Ni. Our results showed 

that 17-AAG significantly inhibited Nano-Ni induced HIF-1α accumulation (Figure 10). A 

proteasome inhibitor, MG132 (1 μM), was used as positive control for HIF-1α (Figure 10) 

since MG132 can inhibit HIF-1α from proteasomal degradation. To investigate the role of 

HIF-1α in Nano-Ni-induced MMP and TIMP expression, U937 cells were pretreated with 

17-AAG for 4 h, followed by 30 μg/ml of Nano-Ni treatment for another 24 h. RT-PCR 

results showed that pre-treatment with 17-AAG significantly inhibited MMP-2 and MMP-9 

gene expression induced by Nano-Ni (Figure 11A, 11B). The results were further confirmed 

by gelatin zymography analysis which showed that pre-treatment with 17-AAG attenuated 

the activity of pro-MMP-2 and pro-MMP-9 (Figure 12A, 12B). Furthermore, pre-treatment 

with 17-AAG also attenuated the increased expression of TIMP-1 caused by exposure to 

Nano-Ni (Figure 13A, 13B).

Discussion and conclusion

A previous study showed that inhaled nano-sized particles penetrate rapidly through the 

epithelium, reach the endothelium and enter the bloodstream (Frampton et al. 2006). This 

translocation of nanoparticles may result in adverse effects on blood cells such as 

monocytes/macrophages. The studies of the potential biological and toxic effects of nickel 

nanoparticles are limited but suggest that they may exert adverse effects by passage through 

epithelia and tissue membranes. Monocytes/macrophages are possible target for metal 

nanoparticles when they are translocated from the lungs to the circulatory system, thus we 

studied whether some metal nanoparticles, such as Nano-Ni and Nano-TiO2 can activate 

monocytes/macrophages and result in potential pathological or toxic responses. In this study, 

the alteration of expression and secretion of two gelatinases, MMP-2 and MMP-9, and their 

specific tissue inhibitors, TIMP-1 and TIMP-2, in human U937 monocytes exposed to Nano-

Ni and Nano-TiO2 was determined. We also explored the possible mechanisms involved in 

the regulation of MMP expression and activity after exposure to these metal nanoparticles.

The results showed a dose-response cytotoxic effect on U937 cells after exposure to Nano-

Ni at concentrations ranging from 0–60 μg/ml. Exposure to Nano-Ni at concentrations 60 

μg/ml and beyond caused significant cytotoxic effects. However, there were no cytotoxic 

effects on U937 cells with exposure to Nano-TiO2 in all experimental doses. Although our in 

vitro results can not be used to predict the degree of human health effects at these 

concentrations, or to determine the real human being exposure to nanoparticles that might be 

comparable to these dose-response studies, these dose-response studies provide a basis for 
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planning organ toxicological studies and further mechanistic studies. Choosing the doses 

that are lower than the cytotoxic dose can help to identify potential toxic effects of 

nanoparticles that are not due to cytotoxicity (Mo et al. 2009).

Under normal physiological conditions, a balance between MMPs and TIMPs regulates 

enzyme activity. An excessive or inappropriate expression of MMPs and/or decrease in 

TIMPs production might contribute to different pathological conditions, such as 

inflammation, altered wound healing, invasion of cancer cells and infectious diseases 

(Elkington et al. 2005; Cauwe et al. 2007). Regulation of MMPs occurs at both the 

transcriptional level and after secretion from a variety of cells, such as macrophages, 

fibroblasts, and smooth muscle cells. Therefore, understanding how metal nanoparticles 

induce changes in the MMP/TIMP system that result in matrix breakdown may lead to 

interventions that delay or prevent potential health effects of metal nanoparticles. In the 

present study, we determined the MMP-2 and MMP-9 expression in U937 cells exposed to 

Nano-Ni or Nano-TiO2 by using RT-PCR and the pro-MMP-2 and pro-MMP-9 activity by 

using gelatin zymography assay. Our results demonstrated a dose- and time-response 

increase in MMP-2 and MMP-9 expressin and pro-MMP-2 and pro-MMP-9 activity with 

exposure to Nano-Ni. Activation of MMP-2 and MMP-9 is a complex process, which is 

futher regulated by the action of TIMP-1 and TIMP-2. Therefore, we also investigated the 

transcription levels of TIMP-1 and TIMP-2. Our results demonstrate that exposure to Nano-

Ni also up-regulated TIMP-1 mRNA expression in U937 cells exposed to Nano-Ni. 

However, neither Nano-Ni nor Nano-TiO2 exposure led to the alteration of TIMP-2 

expression. Though TIMPs are believed the inhibitors of MMPs, the activation of TIMP-1 is 

not always strictly related to its function as a MMP inhibitor (Cammarota et al. 2006). 

Upregulation of some TIMPs were also reported to be an adaptive response that may 

contribute to the creation of a sub-population of cells that are apoptotically resistant but 

genetically damaged, predisposing to mutagenesis (Cammarota et al. 2006). The effects of 

Nano-Ni on the upregulation of MMP-2 and MMP-9 expression and pro-MMP-2 and pro-

MMP-9 activity may lead to an imbalance in the MMP/TIMP system which may result in 

net matrix breakdown.

Oxidative stress, pro-inflammatory cytokines, and nitric oxide have been shown to play 

important roles in the regulation of both MMP and TIMP expression in several types of 

cells, including hepatic stellate cells (Galli et al. 2005), human monocytes (Lu and Wahl 

2005; Wan et al. 2008), and human coronary smooth muscle cells (Valentin et al. 2005). 

Other transcription factors, such as HIF-1 may also be involved in the regulation of MMP/

TIMP expression or activity. HIF-1 is a key transcription factor regulating the cellular 

oxygen homeostasis. It is composed of HIF-1α and HIF-β, both of which belong to the PAS 

family of basic helix-loop-helix transcription factors (Wang et al. 1995). HIF-1α is produced 

or activated in response to hypoxia (Wang and Semenza 1993a, 1993b, Wang et al. 1995; 

Yamashita et al. 2001), whereas HIF-1β protein is constitutively present regardless of 

oxygen tension (Liu et al. 2007). Under normoxia, HIF-1α subunit is rapidly degraded by 

prolyl hydroxylase (PHD), the von Hippel-Lindau (VHL)/Elongin-C/Elongin-B E3 ubiquitin 

ligase complex, and the proteasome (Maxwell et al. 1999). However, under hypoxic 

condition, HIF-1α translocates from the cytosol to the nucleus and heterodimerizes with 

HIF-1β to form the active HIF-1 protein, binding and activating hypoxia responsive genes, 
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such as VEGF and MMPs. Inhibition of Hsp90 caused O2/PHD/VHL-independent 

degradation of HIF-1α. Hsp90 competes with receptor of activated protein kinase C 

(RACK1) for binding to the PAS A-domain for HIF-1α. Hsp90 inhibition leads to increased 

RACK1 binding and recruitment of the Elongin C ubiquitin-ligase complex that mediates 

ubiquitination and proteasomal degradation of HIF-1α (Liu et al. 2007). Previous in vitro 
and in vivo studies have clearly shown that exposure to nickel caused HIF-1α accumulation 

(Salnikow et al. 2002, 2003; Davidson et al. 2003; Zhao et al. 2004). Our results also 

demonstrated a dose- and time-related increase in the accumulation of HIF-1α after 

exposure to non-toxic doses of Nano-Ni. It has been reported that hypoxia can induce MMP 

expression in endothelial cells, cardiac fibroblasts, macrophages and breast cancer cells 

(Rajagopalan et al. 1996; Belkhiri et al. 1997; Siwik et al. 2001; Zhang et al. 2002; 

Hemmerlein et al. 2004). This raises an interesting question, whether HIF-1α pathway is 

involved in the Nano-Ni-induced MMP expression and activity. To investigate the role of 

HIF-1α in Nano-Ni-induced MMP/TIMP expression imbalance, the Hsp90 inhibitor 17-

AAG was used to pre-treat U937 cells. Our results clearly showed that pre-treatment with 

17-AAG significantly inhibited Nano-Ni-induced up-regulation of MMP-2 and MMP-9 

expression, activity of pro-MMP-2 and pro-MMP-9, and up-regulation of TIMP-1 

expression. The results suggest that HIF-1α may be involved not only in the regulation of 

MMPs, but also in the regulation of TIMP-1, which is consistent with previous studies 

(Haorah et al. 2007; Ho et al. 2007; Shi et al. 2007). shRNA targeting against HIF-1α 
mRNA effectively silenced HIF-1α, inhibiting the hypoxia-induced up-regulation of 

TIMP-1 (Yang et al. 2006). Unlike TIMP-1, TIMP-2 was not induced by exposure to Nano-

Ni. Regulation of MMPs and TIMPs expression or activity is complex process, which is 

regulated by many factors, such as oxidative stress, growth factors, cytokines, et al. In the 

present study, our results clearly demonstrated that exposure to Nano-Ni caused HIF-1α 
accumulation, MMP-2, MMP-9 and TIMP-1 up-regulation. Though it is difficult to identify 

whether exposure to Nano-Ni caused increased MMPs and TIMPs expression through the 

HIF-1α pathway or whether Nano-Ni-induced changes in all these parameters at the same 

time, pretreatment U937 cells with the Hsp90 inhibitor, 17-AAG, prior to treatment with 

Nano-Ni resulted in the suppression of HIF-1α as well as MMP-2 and MMP-9. Our results 

also showed that pre-treatment cells with 17-AAG did not alter the transcription expression 

or activity of MMP-2 and MMP-9, which may exclude the potential independently effects of 

17-AAG. Therefore, Nano-Ni-induced accumulation of HIF-1α is at least partly involved in 

the activation of MMPs.

In conclusion, we have demonstrated that exposure to Nano-Ni enhanced the transcription 

and activity of MMP-2 and MMP-9 in U937 cells. The HIF-1α signaling pathway may be 

involved in this process via Nano-Ni-induced hypoxia. However, the detailed mechanisms 

need to be further studied. These data provide valuable clues to the potential health effects of 

metal nanoparticle exposure.
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Figure 1. 
Cytotoxic effects of Nano-Ni and Nano-TiO2 on U937 cells. U937 cells were treated with 

different doses of Nano-Ni or Nano-TiO2 for 24 h and cytotoxicity was determined by MTS 

assay (A) and alamarBlue™ assay (B). U937 cells without treatment were used as control. 

Values are mean ± SD of six experiments. *Significant difference from the control, p < 

0.05; #Significant difference from the same dose of Nano-TiO2-treated group, p < 0.05.
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Figure 2. 
Dose-response induction of MMP-2 and MMP-9 mRNA in U937 cells exposed to Nano-Ni. 

U937 cells were exposed to 10 or 30 μg/ml of Nano-Ni or Nano-TiO2 for 24 h. Cells without 

treatment were used as control. MMP-2 and MMP-9 mRNA expressions were determined by 

RT-PCR. (A) The results of a single experiment. (B) Normalized band densitometry reading 

averaged from three independent experiments ± SD of RT-PCR results. *Significant 

difference as compared with the control, p < 0.05; #Significant difference from the same 

dose of Nano-TiO2-treated group, p < 0.05.
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Figure 3. 
Time-response induction of MMP-2 and MMP-9 mRNA in U937 cells exposed to Nano-Ni. 

U937 cells were treated with 30 μg/ml of Nano-Ni for 6, 12, 24 and 48 h. Cells without 

treatment were used as control. MMP-2 and MMP-9 mRNA expression was measured by 

RT-PCR. (A) The results of a single experiment. (B) Normalized band densitometry readings 

averaged from three independent experiments ± SD of RT-PCR results. *Significant 

difference as compared with the control, p < 0.05.
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Figure 4. 
Dose-response increase of pro-MMP-2 and pro-MMP-9 activity in U937 cells exposed to 

Nano-Ni. Conditioned medium samples were collected after U937 cells were treated with 0, 

10 and 30 μg/ml of Nano-TiO2 or Nano-Ni for 24 h. Cells without treatment were used as 

control. Pro-MMP-2 and pro-MMP-9 activities were measured by gelatin zymography assay. 

Supernatants collected from serum-free cultured HT1080 cells were used as a molecular 

weight marker for pro-MMP-2 and Pro-MMP-9. (A) The results of a single experiment. (B) 

Normalized band densitometry readings averaged from three independent experiments ± SD 

of gelatin zymography results. *Significant difference as compared with the control, p < 

0.05; #Significant difference as compared with the same dose of Nano-TiO2-treated group, p 
< 0.05.

WAN et al. Page 18

Nanotoxicology. Author manuscript; available in PMC 2016 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Time-course analysis of pro-MMP-2 and pro-MMP-9 activity in U937 cells exposed to 

Nano-Ni. Conditioned medium samples were collected after U937 cells were treated with 30 

μg/ml of Nano-Ni for 6, 12, 24 and 48 h. Cells without treatment were used as control. Pro-

MMP-2 and pro-MMP-9 activities were measured by gelatin zymography assay. 

Supernatants collected from serum-free cultured HT1080 cells were used as a molecular 

weight marker for pro-MMP-2 and Pro-MMP-9. (A) The results of a single experiment. (B) 

Normalized band densitometry readings averaged from three independent experiments ± SD 

of gelatin zymography results. *Significant difference as compared with the control, p < 

0.05.
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Figure 6. 
Dose-response induction of TIMP-1 expression in U937 cells exposed to Nano-Ni. U937 

cells were exposed to 10 or 30 μg/ml of Nano-Ni or Nano-TiO2 for 24 h. Cells without 

treatment were used as control. TIMP-1 mRNA expression was measured by RT-PCR. (A) 

The results of a single experiment. (B) Normalized band densitometry reading averaged 

from three independent experiments ± SD of RT-PCR results. *Significant difference as 

compared with the control, p < 0.05; #Significant difference from the same dose of Nano-

TiO2-treated group, p < 0.05.
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Figure 7. 
Time-response induction of TIMP-1 in U937 cells exposed to Nano-Ni. U937 cells were 

treated with 30 μg/ml of Nano-Ni for 6, 12, 24 and 48 h. Cells without treatment were used 

as controls. TIMP-1 mRNA expression was measured by RT-PCR. (A) The results of a 

single experiment. (B) Normalized band densitometry readings averaged from three 

independent experiments ± SD of RT-PCR results. *Significant difference as compared with 

the control, p < 0.05.
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Figure 8. 
Nano-Ni-induced HIF-1α accumulation in U937 cells. U937 cells were treated with 0, 10 

and 30 μg/ml of Nano-TiO2 or Nano-Ni for 24 h. HIF-1α nuclear protein was measured by 

Western blot (upper panel). Equal protein loading was verified by Coomassie Brilliant Blue 

staining (lower panel).
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Figure 9. 
Time-response increase in HIF-1α expression in U937 cells exposed to Nano-Ni. U937 cells 

were treated with 30 μg/ml of Nano-Ni for 0, 6, 12, 24 and 48 h. HIF-1α nuclear protein was 

measured by Western blot (upper panel). Equal protein loading was verified by Coomassie 

Brilliant Blue staining (lower panel).
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Figure 10. 
Hsp90 inhibitor, 17-AAG, inhibited Nano-Ni-induced HIF-1α accumulation in U937 cells. 

U937 cells were pretreated with 1 μM Hsp90 inhibitor, 17-AAG, for 4 h prior to exposure to 

30 μg/ml of Nano-Ni for another 24 h. Cells treated with proteasome inhibitor MG132 (1 

μM) were used as positive control for HIF-1α expression. HIF-1α nuclear protein was 

measured by Western blot (upper panel). Equal protein loading was verified by Coomassie 

Brilliant Blue staining (lower panel).
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Figure 11. 
Effects of Hsp90 inhibitor, 17-AAG, on Nano-Ni-induced MMP-2 and MMP-9 upregulation 

in U937 cells. U937 cells were pretreated with 1 μM 17-AAG for 4 h prior to exposure to 30 

μg/ml of Nano-Ni for another 24 h. Cells without treatment were used as controls. MMP-2 

and MMP-9 mRNA expression were measured by RT-PCR. (A) The results of a single 

experiment. (B) Normalized band densitometry readings averaged from three independent 

experiments ± SD of RT-PCR results. *Significant difference as compared with the control, 

p < 0.05; #Significant difference as compared with only Nano-Ni-treated group, p < 0.05.
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Figure 12. 
Effects of Hsp90 inhibitor, 17-AAG, on Nano-Ni-induced MMP activities. Conditioned 

medium samples were collected after U937 cells were pretreated with 17-AAG (1 μM) for 4 

h prior to exposure to 30 μg/ml of Nano-Ni for 24 h. Cells without treatment were used as 

control. Pro-MMP-2 and pro-MMP-9 activities were measured by gelatin zymography assay. 

Supernatants collected from serum-free cultured HT1080 cells were used as a molecular 

weight marker for pro-MMP-2 and Pro-MMP-9. (A) The results of a single experiment. (B) 

Normalized band densitometry readings averaged from three independent experiments ± SD 

of gelatin zymography results. *Significant difference as compared with the control, p < 

0.05.
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Figure 13. 
Effects of Hsp90 inhibitor, 17-AAG, on Nano-Ni-induced TIMP-1 mRNA upregulation in 

U937 cells. U937 cells were pretreated with 1 μM 17-AAG for 4 h prior to exposure to 30 

μg/ml of Nano-Ni for another 24 h. Cells without treatment were used as control. TIMP-1 

mRNA expression was measured by RT-PCR. (A) The results of a single experiment. (B) 

Normalized band densitometry readings averaged from three independent experiments ± SD 

of RT-PCR results. *Significant difference as compared with the control, p < 0.05.
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Table II

Solubility of metal nanoparticles in PBS and RPMI-1640.

Metal PBS (ppm) RPMI-1640 (ppm)

Nano-Ni 16.48 ± 0.58 81.23 ± 3.74

Nano-TiO2 <1.00 <1.00
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