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Abstract

Exposure to metal nanoparticles causes both pulmonary and systemic effects. Nanoparticles can 

enter the circulation and act directly or indirectly on blood cells, such as monocytes. Monocytes/

macrophages are among the first cells to home to inflammatory sites and play a key role in the 

immune response. Here we investigated the effects of nickel nanoparticles (Nano-Ni), partially 

[O]-passivated Nano-Ni (Nano-Ni-P), and carbon-coated Nano-Ni (Nano-Ni-C) on MMP-2 and 

MMP-9 production in mouse primary monocytes both in vitro and in vivo and explored the 

potential mechanisms involved. The dose- and time-response studies showed that exposure of 

primary monocytes from wild-type (WT) mice to 30 μg/mL of Nano-Ni for 24 h caused significant 

MMP-2 and MMP-9 production; therefore, these dose and time point were chosen for the 
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following in vitro studies. Nano-Ni and Nano-Ni-P caused miR-21 upregulation, as well as 

MMP-2, MMP-9, TIMP-1 and TIMP-2 upregulation in monocytes from WT, but not miR-21 

knock-out (KO), mice, indicating the important role of miR-21 in Nano-Ni-induced MMPs and 

TIMPs upregulation. However, Nano-Ni-C did not cause these effects, suggesting surface 

modification of Nano-Ni, such as carbon coating, alleviates Nano-Ni-induced miR-21 and MMPs 

upregulation. These results were further confirmed by in vivo studies by intratracheal instillation 

of nickel nanoparticles into WT and miR-21 KO mice. Finally, our results demonstrated that 

exposure of primary monocytes from WT mice to Nano-Ni and Nano-Ni-P caused downregulation 

of RECK, a direct miR-21 target, suggesting the involvement of miR-21/RECK pathway in Nano-

Ni-induced MMP-2 and MMP-9 production.
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1. Introduction

With the advancement of nanotechnology, a variety of transition metal nanoparticles are 

being developed and produced. Nanoparticles are widely used in industry and in medical and 

medicinal applications. As an important member of the transition metal nanoparticles, nano-

sized nickel has found wide-ranging applications in batteries, electrical conductors, 

permanent magnets, magnetic fluids, magnetic recording media, solar energy absorption, 

fuel cells, and catalysts (Bajpai et al., 2012; Imran Din and Rani, 2016; Lei et al., 2016; Lu 

et al., 2007; Wang et al., 2007). Due to their unique chemical and physical properties, nickel 

alloy nanomaterials have received special interest in biomedical applications, such as 

biosensor, MRI, and magnetic hyperthermia (Kale et al., 2012; Rana et al., 2005). As the use 

of nanomaterials continues to expand, the risk of environmental and occupational 

contamination by nanoparticles is increasing. Therefore, the potential health effects of nickel 

nanoparticles cannot be ignored. For example, nickel nanoparticles have caused sensitization 

in a worker without special respiratory protection or control measures (Journeay and 

Goldman, 2014) and even caused the death of a man who was spraying nickel nanoparticles 

onto bushes for turbine bearings using a metal arc process by acute respiratory distress 

syndrome (ARDS) and systemic effects (Phillips et al., 2010).
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Previous studies have shown that nanoparticles can penetrate rapidly through the epithelium 

into the endothelium (Nemmar et al., 2002; Nemmar et al., 2003; Nemmar et al., 2001). 

They may enter the circulatory system and cause health effects in extra-pulmonary organs 

(Nemmar et al., 2002; Nemmar et al., 2003; Nemmar et al., 2001; Oberdorster et al., 2005). 

Notable, individuals exposed to Nano-Ni by inhalation do not only manifest pulmonary 

effects, but also exhibit systemic effects (Phillips et al., 2010). This raises the intriguing 

possibility that metal nanoparticles could enter circulation and produce direct or indirect 

effects on blood cells, such as monocytes, that are more abundant in the systemic circulation. 

Monocytes are produced by the bone marrow from hematopoietic stem cell precursors called 

monoblasts (Auffray et al., 2009). They are released into the circulation and mature into 

different types of macrophages and myeloid lineage dendritic cells at different anatomical 

locations (Auffray et al., 2009). Monocytes/macrophages are among the first cells to home 

to inflammatory sites, and they play a key role in the immune response. However, few 

published reports investigated the molecular mechanisms underlying the effects of metal 

nanoparticles on leukocytes, especially monocytes.

Matrix metalloproteinases (MMPs) belong to a large family of zinc-dependent natural 

endopeptidases, which are essential for proper extracellular matrix (ECM) remodeling 

(Nagase et al., 2006). Mounting evidence suggest that MMPs play a key role in normal and 

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

cardiovascular disease, and cancer (Birkedal-Hansen, 1995; Greenlee et al., 2007; Nagase et 

al., 2006; Parks, 2003; Parks and Shapiro, 2001). Among the MMPs, the 72 kDa gelatinase 

A (MMP-2) and the 92 kDa gelatinase B (MMP-9) are believed to be critical enzymes for 

degrading type IV collagen, a major component of basement membrane (Birkedal-Hansen, 

1995; Nagase et al., 2006). Our previous studies showed that exposure of human monocyte 

U937 to metal nanoparticles, such as nickel nanoparticles (Nano-Ni) and cobalt 

nanoparticles (Nano-Co), resulted in increased MMP-2 and MMP-9 expression and activity 

(Wan et al., 2011; Wan et al., 2008). Intratracheal instillation of Nano-Ni into mouse lungs 

caused increased MMP-2 and MMP-9 production in lung tissues and increased secretion in 

BALF (Mo et al., 2019a). In this study, we investigated the mechanisms underlying the 

alteration of MMPs expression and activity in monocytes induced by Nano-Ni. We also 

investigated whether surface modification of nickel nanoparticles may have fewer or 

controllable effects on MMPs expression and activity. Surface modifications may preserve 

some unique properties of Nano-Ni while reducing its potential health effects. 

Understanding how Nano-Ni induces changes in the MMP/TIMP system that result in 

matrix breakdown may lead to interventions that delay or prevent the health effects of Nano-

Ni, and examining how surface modification in turn influences these responses allows us to 

interrogate potential mechanisms.

MicroRNAs (miRNAs) are non-coding, single-stranded RNAs of ~22 nucleotides and 

constitute a novel class of gene regulators. miRNAs modulate gene expression either directly 

through translational repression, or by mRNA degradation, utilizing partial or perfect 

complementarity to the 3′-untranslated region of their targets (Ambros, 2004; Bartel, 2004). 

In humans, it is estimated that 20–30% of all genes are targeted by miRNAs (Krek et al., 

2005; Lewis et al., 2005). To date, several hundred miRNAs have been identified, and each 

is thought to have hundreds of targets, accounting for the great complexity of their functions 
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(Nourse et al., 2018). microRNA-21 (miR-21) is one of the miRNAs that have been widely 

explored. Previous studies have suggested an important role of miR-21 in the regulation of 

MMP-2 and MMP-9 (Cardozo et al., 2018; Fan et al., 2014; Giovannetti et al., 2010; Li and 

Li, 2013; Moriyama et al., 2009; Reis et al., 2012).

Reversion-inducing cysteine-rich protein with Kazal motifs (RECK) is a protease inhibitor-

like molecule that has been found to be anchored to the cell membrane. The human RECK 

gene is mapped to chromosome 9p12–13, and its mRNA expression has been found in a 

wide variety of normal human tissues and untransformed cells, but undetectable in malignant 

cell lines and oncogenically transformed cells (Takahashi et al., 1998). It is reported that 

RECK is a direct target of miR-21 (Gabriely et al., 2008). RECK is also demonstrated to 

negatively regulate MMP-2 and MMP-9 in two ways: suppression of MMP-2/9 secretion 

from the cells and direct inhibition of its enzymatic activity (Oh et al., 2001; Takahashi et 

al., 1998).

In the present study, we investigated whether Nano-Ni activated primary monocytes obtained 

from mouse peripheral blood, altering the expression and activity of MMP-2 and MMP-9 

through upregulation of miR-21, which directly targets RECK. We also examined whether 

surface modification of Nano-Ni such as carbon-coating could ameliorate Nano-Ni-induced 

activation of MMP-2 and MMP-9 and its possible underlying mechanisms.

2. Materials and methods

2.1. Nickel nanoparticles and their characterizations

Nano-Ni was obtained from Inabata & Co., Ltd., Vacuum Metallurgical Co., Ltd., Japan, 

while Nano-Ni-P and Nano-Ni-C were purchased from US Research Nanomaterials, Inc., 

Houston, TX, USA. All three kinds of nickel nanoparticles have a mean diameter of 20 nm. 

Nano-Ni is composed of 85–90% of metal nickel (Ni) and 10–15% of nickel oxide (NiO). 

Nano-Ni-P is partially passivated with [O] (0.85 wt%), while Nano-Ni-C is coated with a 

carbon layer of 0.47 nm in thickness (C=3.61 wt%, O<0.3%). Their microstructure, 

composition, average hydrodynamic sizes, Zeta potentials, solubility, and other 

characteristics of Nano-Ni, Nano-Ni-P, and Nano-Ni-C were described in our previous 

studies (Mo et al., 2019a; Wan et al., 2011). Briefly, the diameter by transmission electron 

microscopy (TEM) is 10–30 nm for Nano-Ni, Nano-Ni-P, and Nano-Ni-C, and the specific 

surface area is 43.8 m2/g for Nano-Ni and 40.0–60.0 m2/g for both Nano-Ni-P and Nano-Ni-

C. The size of particles and agglomerates in physiological saline was 250 nm for Nano-Ni, 

246.4 nm for Nano-Ni-P, and 274.8 nm for Nano-Ni-C determined by dynamic light 

scattering (DLS). The zeta potential is about 2.0 mV for Nano-Ni, 2.3 mV for Nano-Ni-P, 

and 2.2 mV for Nano-Ni-C. The solubility is about 24 ppm for Nano-Ni, 5.7 ppm for Nano-

Ni-P, and 13 ppm for Nano-Ni-C. Nano-Ni, Nano-Ni-P, and Nano-Ni-C were dispersed in 

physiological saline, ultrasonicated for 10 min, and vibrated thoroughly prior to each 

experiment.
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2.2. Animals

Eight-week-old male C57BL/6J mice, weighing about 22–28 g, were obtained from the 

Jackson Laboratory (Bar Harbor, ME, USA). The mice were acclimated for 1–2 weeks 

before starting the experimental protocol. The miR-21 knock-out (KO) mice (B6;129S6-

Mir21atm1YoLi/J) were originally obtained from Dr. Yong Li at University of Louisville and 

are also commercially available at the Jackson Laboratory currently. The mouse miR-21 

allele is located at the 3′UTR of a protein-coding gene TMEM49. In this miR-21 KO mice, 

a 93 bp sequence of precursor to miR-21 (pre-miR-21) was replaced with a pGK-gb2 

loxPIFRT-flanked neomycin-resistance cassette (Ma et al., 2011b). The mice were bred in 

the animal facility of University of Louisville. Mice were housed in an air-conditioned room 

(temperature of 20 ± 2°C, relative humidity of 60 ± 10%) with a 12 h light and 12 h dark 

cycle environment and with free access to food and water. Mice were monitored daily for 

general health. Animal use was reviewed and approved by the University of Louisville 

Institutional Animal Care and Use Committee.

2.3. Isolation of monocytes from mouse peripheral blood

Isolation of monocytes from mouse peripheral blood used a two-step method. (1) Peripheral 

blood mononuclear cells (PBMCs) were first isolated by density gradient centrifugation 

using Ficoll-Paque PLUS solution (GE Healthcare, Piscataway, NJ, USA, density 1.077 

g/mL at 20°C, cat. no. 17-1440-02), and (2) monocytes were isolated from PBMCs by 

magnetic cell sorting method using CD11b MicroBeads (Miltenyi Biotec, Auburn, CA, 

USA). Briefly, peripheral blood (0.8–1.2 mL per mouse) was drawn via cardiac puncture 

from anesthetized mice by using a 1 mL syringe with a 28G1/2 needle and transferred to an 

1.5 mL tube containing 20 μL of anticoagulant (200 mM EDTA, pH 8.0). The blood was 

diluted with Buffer I (1xPBS without Ca2+ and Mg2+, pH 7.4, and 2 mM EDTA) to 4 mL, 

overlaid on 3 mL room-temperature Ficoll-Paque PLUS solution, and centrifuged for 40 min 

at 400 g at room temperature. The PBMC interface was collected using a sterile Pasteur 

pipette and washed three times with 10 mL Buffer I each time. Cells were re-suspended in 

90 μL of Buffer II (1xPBS without Ca2+ and Mg2+, pH 7.4, 2 mM EDTA, and 0.5% BSA), 

and 10 μL of CD11b MicroBeads were added. After incubating on ice for 20 min, the cells 

were washed with 2 mL of Buffer II, and re-suspended in 500 μL of Buffer II. The cells 

were then run through an MS column placed in the magnetic field of a MiniMACS Separator 

(Miltenyi Biotec, Auburn, CA, USA). After washing with 500 μL of Buffer II three times, 

the column was removed from the Separator and placed on a collection tube. 1 mL Buffer II 

was pipetted onto the column and the magnetically labeled cells (monocytes) were 

immediately flushed out by applying the plunger supplied with the column. Typically, 1 mL 

of blood yielded 50,000–150,000 monocytes. To determine purity and to observe 

morphologic characterizations of monocytes, cells were spun onto slides by using a 

Cytocentrifuge (Cytospin® 4, Thermo Scientific, Rockford, IL, USA) and the May-

Grünwald Giemsa staining and dual immunofluorescent staining were performed. Using 

these methods, the isolated monocyte purity based on morphologic criteria by May-

Grünwald and Giemsa stains exceeded 80%.
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2.4. May-Grünwald Giemsa staining

To observe the morphologic characterizations of monocytes, cytospin slides were stained 

with May-Grünwald and Giemsa stains. Briefly, the cells were fixed in 100% methanol for 5 

min at room temperature, and stained with 0.25% (w/v) May-Grünwald stain (Sigma-

Aldrich, St. Louis, MO, USA) for 5 min. After a brief rinse in 1 x PBS, the slides were 

placed in 1:20 diluted Giemsa Stain Solution (LabChem, Pittsburgh, PA, USA) for 15 min. 

After rinsing slides briefly in ddH2O, slides were air dried completely, briefly rinsed in 

100% ethanol once, placed in xylene twice (5 min each), mounted, and examined under a 

light microscope.

2.5. Dual immunofluorescent staining

Monocytes on the cytospin slides were fixed in 10% neutral buffered formalin for 20 min at 

room temperature. After washing with 1xPBS for three times (5 min each), the nonspecific 

protein binding was blocked by incubating the cells with 3% BSA, 5% normal donkey 

serum, and 0.3% Triton X-100 for 30 min at room temperature. Then cells were incubated 

with primary antibodies CD11b (1:50, cat. no. PA1943, Boster Biological, Pleasanton, CA, 

USA) with Ly-6G (1:50, cat. no. 551459, BD, San Jose, CA, USA) or Alexa Fluor 488-

conjugated F4/80 (1:20, cat. no. MF48020, Invitrogen, Carlsbad, CA, USA). CD11b is a 

marker of monocytes, while Ly-6G is a marker of neutrophils (Geissmann et al., 2003; 

Swirski et al., 2006). Activated macrophages exhibited F4/80 positive, while monocytes 

showed F4/80 low (Geissmann et al., 2003; Swirski et al., 2006). After incubation with 

primary antibodies for 2 h at room temperature and washed with 1xPBS three times, the 

cells were incubated with Alexa Fluor 594-conjugated donkey anti-rabbit IgG (1:500, 

Abcam, Cambridge, MA, USA) with/without Alexa Fluor 488-conjugated donkey anti-rat 

IgG (1:500, Invitrogen, Carlsbad, CA, USA) at room temperature for 1 h. After washing, the 

slides were mounted with Prolong Gold Antifade Reagent with DAPI (Invitrogen, Carlsbad, 

CA, USA) and examined by fluorescence microscopy.

2.6. Exposure of monocytes to nickel nanoparticles

Monocytes isolated from mouse peripheral blood were cultured in RPMI 1640 medium 

supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin (Mediatech, 

Manassas, VA, USA). The cells were cultured at 37 °C incubator in the presence of 5% CO2. 

After culturing for 4 h, cells were treated with Nano-Ni, Nano-Ni-P, or Nano-Ni-C for 

various times. Cells without nickel nanoparticle treatment served as controls. After 

treatment, cells were collected for total RNA or protein isolation, while the culture media 

were collected for detection of MMP-2 and MMP-9 protein levels by ELISA and their 

activity by gelatin zymography assay.

2.7. Exposure of mice to nickel nanoparticles

Intratracheal instillation method was used to expose mice to Nano-Ni, Nano-Ni-P, or Nano-

Ni-C as described previously (Mo et al., 2019a; Wan et al., 2017; Zhang et al., 1998a; Zhang 

et al., 1998b; Zhang et al., 2003). Compared to an inhalation study, intratracheal instillation 

is an easy and reliable method and has been widely used to identify particle toxicity and to 

compare responses to different particle types (Driscoll et al., 2000). Briefly, mice were 
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randomly assigned to control or various nickel nanoparticle groups. Under anesthesia, 50 μg 

per mouse of Nano-Ni or either Nano-Ni-P or Nano-Ni-C with same molar concentration of 

Ni as Nano-Ni was instilled intratracheally by a syringe with a 28G1/2 needle. Control mice 

were instilled with physiological saline alone. The mice were sacrificed at day 3 after 

exposure for isolation of monocytes from peripheral blood.

2.8. Detection of MMP-2 or MMP-9 protein level and activity

The MMP-2 or MMP-9 protein level in the cell culture medium was determined by Mouse 

MMP-2 or MMP-9 PicoKine™ ELISA Kit (Boster Biological, Pleasanton, CA, USA) 

according to the manufacturer’s instructions, and was interpolated using the standard curve 

performed on the same plate.

The MMP-2 or MMP-9 activity in the cell culture medium was determined by a gelatin 

zymography assay as described previously (Mo et al., 2019a; Mo et al., 2009b; Wan et al., 

2011; Wan et al., 2008; Zhang et al., 2016; Zhang et al., 2019). A total of 60 μL of culture 

medium mixture (48 μL medium + 12 μL 5xloading buffer) was loaded in each lane of 10% 

SDS-PAGE copolymerized with 0.5 mg/mL gelatin, which was used as the substrate under 

non-reducing conditions. After electrophoresis, the gel was first washed at room temperature 

in a buffer containing 50 mM Tris-HCl (pH 7.5) and 2.5% Triton X-100 (Sigma, St. Louis, 

MO, USA) for 1 h with solution changes every 15 min. Then, the gel was incubated at 37 °C 

overnight in another buffer containing 50 mM Tris-HCl (pH 7.5), 0.2 M NaCl, 7.55 mM 

CaCl2, 1 μM ZnCl2, and 1% Triton X-100, with gentle shaking, to develop the enzyme 

activity bands. After washing with distilled water twice, the gel was stained with 0.1% 

Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA, USA) and destained with 10% 

acetic acid until the clear bands were observed against the background of Coomassie blue-

stained gel.

2.9. Total RNA isolation and real-time PCR

The expression levels of miR-21, MMP-2, MMP-9, TIMP-1, TIMP-2, and RECK in the 

monocytes after nickel nanoparticle treatment were determined by real-time PCR as 

described previously (Mo et al., 2009a; Mo et al., 2012). Total RNA was isolated from 

monocytes by using mirVana miRNA Isolation Kit (Abcam, Cambridge, MA, USA) 

according to the manufacturer’s instruction. And the total RNA concentration was 

determined by absorbance at 260 nm with a DU 730 Spectrophotometer (Beckman Coulter, 

Fullerton, CA, USA).

The expression level of miR-21 was determined by using TaqMan® MicroRNA Assay 

(Assay ID 000397, Applied Biosystems, Foster City, CA, USA). There were two-steps: (1) 

Reverse transcription by using TaqMan® MicroRNA Reverse Transcription Kit (Applied 

Biosystems) and (2) Real-time PCR by using TaqMan® Universal PCR Master Mix II (No 

UNG) (Applied Biosystems). Values of miR-21 expression in monocytes were normalized to 

the endogenous control U6 snRNA (Assay ID 001973, Applied Biosystems), and reported as 

fold increase compared to the control without nickel nanoparticle treatment.

The mRNA expression levels of MMP-2, MMP-9, TIMP-1, TIMP-2, and RECK in 

monocytes after nickel nanoparticle treatment were determined by RT-qPCR by using M-
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MLV reverse transcriptase (Promega, Madison, WI, USA) and iTaq Universal SYBR Green 

Supermix (Bio-Rad, Hercules, CA, USA) as described previously (Mo et al., 2009a; Mo et 

al., 2012; Mo et al., 2020). Real-time PCR was performed using a Bio-Rad iQ5 iCycler. The 

experimental protocol consisted of four programs: (i) Denaturation of the cDNA/RNA 

hybrid at 95 °C for 3 min; (ii) Amplification of cDNA for 40 or 50 cycles, each cycle using 

sequentially 95 °C for 10 s, 58 °C for 30 or 45 s, and 72 °C for 30 or 45 s; (iii) Analysis of 

the melting curve to confirm the single product amplification during the PCR assay; and (iv) 

Cooling the rotor and thermal chamber at 25 °C. The specific primers for each gene were 

listed in Table 1. The relative expression level of each gene was calculated by using 2−ΔΔCT 

(Livak) method (Livak and Schmittgen, 2001) and normalized to the expression of a 

reference gene β-actin or GAPDH in the same sample, and expressed as the fold increase of 

the gene in the nickel nanoparticle-exposed group relative to the control without nickel 

nanoparticle exposure.

2.10. Protein isolation and Western blot

Protein was isolated from monocytes by using RIPA lysis buffer supplemented with PMSF, 

protease inhibitor cocktail, and sodium orthovanadate (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) according to the manufacturer’s instruction. The protein concentration was 

determined by using Bio-Rad Protein Assay (Bradford method) with a DU730 

Spectrophotometer (Beckman Coulter, Fullerton, CA, USA). Western blot was performed as 

previously described (Feng et al., 2015; Long et al., 2019; Mo et al., 2009a; Mo et al., 2012; 

Mo et al., 2020; Yu et al., 2010; Zhang et al., 2016). The primary antibody for RECK 

(1:1000, cat. no. 3433) was obtained from Cell Signaling Technology (Beverly, MA, USA), 

and for β-actin (1:2000, cat. no. A1978) from Sigma (Saint Louis, MO, USA). HRP-

conjugated goat anti-rabbit IgG (1:2000, for RECK) or horse anti-mouse IgG (1:2000, for β-

actin) were from Cell Signaling Technology (Beverly, MA, USA). Immunoreactive bands 

were detected using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo 

Scientific, Rockford, IL, USA) followed by exposure to CL-XPosure™ film (Thermo 

Scientific, Rockford, IL, USA).

2.11. Statistical analysis

Statistical analyses were carried out using SigmaPlot 13.0 software (Systat Software, Inc., 

San Jose, CA, USA). Data were expressed as the mean ± SEM. Differences among groups 

were evaluated by one-way or two-way analysis of variance (ANOVA). If necessary, 

transformation of data was used to achieve normally distributed data before ANOVA 

analysis. If a p value was less than 0.05, a difference was considered statistically significant.

3. Results

3.1. Characteristics of isolated monocytes

Monocytes are identified as cells ranging between 10 and 30 μm in diameter, with a 

horseshoe- or kidney-shaped nucleus, a variable nucleus-to-cytoplasm ratio, and fine 

granules and vacuoles in the cytoplasm (Swirski et al., 2006). In this study, monocytes were 

isolated from mouse peripheral blood. To observe their morphology and characteristics, the 

cells were cytospinned onto slides and stained with May-Grünwald and Giemsa stains or by 
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dual immunofluorescent staining. The isolated monocytes exhibited typical monocyte 

characteristics (Fig. 1A) and a strong positive when cells were stained with anti-CD11b 

antibody (Fig. 1B&F), which is in consistent with previous studies (Auffray et al., 2009; 

Swirski et al., 2006). The isolated cells exhibited low expression of a macrophage marker, 

F4/80 (Fig. 1G), and were negative when cells were stained with a granulocyte marker 

Ly-6G (Fig. 1C).

3.2. Effects of Nano-Ni on MMP-2 and MMP-9 protein levels and activities

In order to find an appropriate dose and a time point for the comparative studies of three 

kinds of nickel nanoparticles, Nano-Ni was chosen to perform the dose-response and time-

response studies. Primary monocytes were isolated from the peripheral blood of C57BL/6J 

mouse, and the effects of Nano-Ni on MMP-2 and MMP-9 protein levels in the conditioned 

medium were determined by ELISA assay, while their activities were analyzed by gelatin 

zymography assay. The results of dose-response study showed that when cells were treated 

with 15 μg/mL of Nano-Ni for 24 h, no significant increase in the MMP-2 and MMP-9 

protein levels in the conditioned medium was observed (Fig. 2A–B). However, when cells 

were treated with 30 μg/mL of Nano-Ni for 24 h, significant increases in the protein levels of 

MMP-2 and MMP-9 in the conditioned medium was observed as compared to those in the 

controls (Fig. 2A–B). The results of gelatin zymography assay were consistent with the 

ELISA results; there was a significant increase in MMP-2 or MMP-9 activity in the 

conditioned medium of monocytes exposed to 30 μg/mL of Nano-Ni (Fig. 2C). Therefore, a 

dose of 30 μg/mL of Nano-Ni was selected for the following studies.

In the time-response study, monocytes were treated with 30 μg/mL of Nano-Ni for 12, 24, 

and 48 h. Although Nano-Ni treatment for 12 h did not cause a significant increase in the 

MMP-2 and MMP-9 protein levels in the conditioned medium of cultured primary 

monocytes, their levels were significantly increased when cells were treated with 30 μg/mL 

of Nano-Ni for 24 and 48 h (Fig. 3A–B). The gelatin zymography assay results also showed 

significant increases in the activities of MMP-2 and MMP-9 when cells were treated with 30 

μg/mL of Nano-Ni for 24 and 48 h (Fig. 3C). Thus, a time point of 24 h was chosen for the 

following studies.

3.3. Nano-Ni and Nano-Ni-P exposure caused miR-21 upregulation, but Nano-Ni-C did not

Our previous studies showed that Nano-Ni and Nano-Ni-P exposure caused severe 

pulmonary injury and fibrosis (Mo et al., 2019a). Surface modification of Nano-Ni such as 

carbon coating (Nano-Ni-C) alleviated Nano-Ni-induced pulmonary injury and fibrosis (Mo 

et al., 2019a). In order to investigate whether these three kinds of nickel nanoparticles would 

cause alteration of miR-21 expression in primary monocytes, monocytes isolated from 

mouse peripheral blood were exposed to Nano-Ni, Nano-Ni-P, or Nano-Ni-C for 24 h, and 

miR-21 expression was determined by real-time PCR using TaqMan microRNA Assays. The 

results showed that both Nano-Ni and Nano-Ni-P caused a significant increase in miR-21 

expression as compared to that in the control (Fig. 4A). However, Nano-Ni-C did not cause 

significant miR-21 upregulation (Fig. 4A).
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To confirm the results in vivo, mice were intratracheally instilled with Nano-Ni, Nano-Ni-P, 

or Nano-Ni-C. At day 3 after exposure, mice were sacrificed, and monocytes were isolated 

from peripheral blood. The expression level of miR-21 was assayed by rea-time PCR and the 

results showed that Nano-Ni and Nano-Ni-P, but not Nano-Ni-C induced miR-21 

upregulation (Fig. 4B), which was consistent with the results of the in vitro study (Fig. 4A).

3.4. Knocking out miR-21 ameliorated MMP-2 and MMP-9 upregulation induced by Nano-
Ni and Nano-Ni-P

To compare the effects of the three kinds of nickel nanoparticles on MMP-2 and MMP-9 

expression in the primary monocytes, both in vitro and in vivo experiments were performed. 

To explore the role of miR-21 in these effects, miR-21 KO mice were introduced. MMP-2 

and MMP-9 were determined at mRNA, protein, and activity levels by using real-time PCR, 

ELISA, and gelatin zymography assay respectively.

3.4.1. mRNA levels in vitro—Monocytes isolated from wild-type (WT, C57BL/6J) or 

miR-21 KO mice were treated with three kinds of nickel nanoparticles. The mRNA 

expression levels of MMP-2, MMP-9, TIMP-1, and TIMP-2 in monocytes were determined 

by real-time PCR. The results showed that Nano-Ni caused significant increases in the 

mRNA levels of MMP-2, MMP-9, TIMP-1, and TIMP-2 in monocytes from WT mice. 

Nano-Ni-P had similar effects as Nano-Ni. However, Nano-Ni-C did not induce significant 

increases in mRNA levels, which were significantly lower than those in the Nano-Ni group 

(Fig. 5). In monocytes obtained from miR-21 KO mice, all three kinds of nickel 

nanoparticles, including Nano-Ni, Nano-Ni-P, and Nano-Ni-C, did not cause significant 

increases in MMP-2, MMP-9, TIMP-1, and TIMP-2 mRNA expression (Fig. 5).

3.4.2. Protein and activity levels in vitro—The MMP-2 and MMP-9 protein levels in 

the conditioned medium of cultured monocytes were determined by ELISA, while their 

activities were determined by gelatin zymography assay. The results showed that in the 

conditioned medium from WT monocytes, both Nano-Ni and Nano-Ni-P caused significant 

increases in both MMP-2 and MMP-9 protein levels as compared to those in the controls 

(Fig. 6A–B). Although Nano-Ni-C also caused a significant increase in MMP-9, but not 

MMP-2, protein level, their levels were significantly lower than those in the Nano-Ni group 

(Fig. 6A–B). However, in the conditioned medium from cultured miR-21 KO monocytes, 

although Nano-Ni or Nano-Ni-P caused significant increases in MMP-2 or MMP-9 protein 

levels, their levels were significantly lower than those in the conditioned medium from WT 

monocytes with the same treatment (Fig. 6A–B). Nano-Ni-C did not cause a significant 

increase in MMP-2 and MMP-9 protein levels in the conditioned medium from cultured 

miR-21 KO monocytes (Fig. 6A–B). The results of MMP-2 and MMP-9 activities were 

consistent with their protein results (Fig. 6C).

3.4.3. mRNA levels in vivo—For the in vivo experiments, WT or miR-21 KO mice 

were intratracheally instilled with 50 μg/mL of Nano-Ni, or with either Nano-Ni–P or Nano-

Ni–C with same molar concentration of Ni as Nano-Ni. At day 3 after exposure, mice were 

sacrificed, and monocytes were isolated from the mouse peripheral blood. The mRNA 

expression of MMP-2, MMP-9, TIMP-1, and TIMP-2 were determined by real-time PCR. 
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The results showed that the expression of MMP-2, TIMP-1, and TIMP-2 were significantly 

upregulated in monocytes isolated from WT mice with Nano-Ni or Nano-Ni-P exposure, but 

not with Nano-Ni-C exposure (Fig. 7A, C–D). Nano-Ni and Nano-Ni-P, but not Nano-Ni-C, 

caused a non-statistically significant increase in MMP-9 mRNA expression in monocytes 

from WT mice (Fig. 7B). However, in monocytes from miR-21 KO mice exposed to Nano-

Ni or Nano-Ni-P, the mRNA expression of MMP-2 and TIMP-2 were significantly lower 

than those in the WT monocytes with the same treatments (Fig. 7A&D).

3.5. Exposure to Nano-Ni or Nano-Ni-P caused RECK downregulation

The RECK gene is an endogenous matrix metalloproteinase (MMP) inhibitor, and it 

regulates at least three members of the MMPs family: MMP-2, MMP-9, and MT1-MMP 

(Oh et al., 2001; Takahashi et al., 1998). It is one of the direct targets of miR-21 (Gabriely et 

al., 2008). The expression level of RECK was determined by both real-time PCR and 

Western blot. The results showed that exposure to Nano-Ni or Nano-Ni-P caused significant 

downregulation of RECK in the monocytes isolated from WT mice in both in vitro and in 
vivo settings, but not in monocytes isolated from miR-21 KO mice (Fig. 8). Exposure to 

Nano-Ni-C did not alter RECK expression (Fig. 8).

4. Discussion

Our study has demonstrated that exposure to Nano-Ni and Nano-Ni-P caused MMP-2, 

MMP-9, and miR-21 upregulation and RECK downregulation in primary peripheral blood 

monocytes obtained from WT, but not miR-21 KO, mice, suggesting MMP-2 and MMP-9 

upregulation induced by Nano-Ni and Nano-Ni-P may be through miR-21 upregulation and 

RECK downregulation. These in vitro study results were further confirmed by in vivo study, 

in which mice were intratracheally instilled with nickel nanoparticles, indicating an extra-

pulmonary effect of Nano-Ni and Nano-Ni-P exposure. Our previous study has 

demonstrated that intratracheal instillation of Nano-Ni caused severe pulmonary 

inflammation and fibrosis, and surface modification of Nano-Ni such as carbon coating 

alleviated Nano-Ni-induced effects (Mo et al., 2019a). In this study, carbon-coating nickel 

nanoparticles did not cause significant upregulation of MMP-2 and MMP-9, suggesting a 

protective role of surface modification such as carbon-coating in Nano-Ni-induced injury.

Monocytes are a type of leukocyte in the blood and can differentiate into macrophages and 

myeloid lineage dendritic cells in the tissues. Phagocytic cells, such as mononuclear 

phagocytes (monocytes/macrophages) and granulocytes, are the first cells that interact with 

particles and pathogens in the bloodstream and thereby represent the immune system’s first 

line of defense. Activated mononuclear phagocytes play a potent role in immune reactions 

by releasing reactive oxygen species (ROS), reactive nitrogen species (RNS), and cytokines, 

such as IL-1β, IL-6, IL-10, CXCL8 and TNFα (Auffray et al., 2009; Serbina et al., 2008). 

Although our and other previous studies showed that exposure of human monocyte-like cell 

lines, such as U937 and THP-1, to metal nanoparticles caused cytokine production and 

MMPs activation (Foldbjerg et al., 2009; Murphy et al., 2016; Rueda-Romero et al., 2016; 

Senapati et al., 2015; Wan et al., 2011; Wan et al., 2008), previous studies focused and 

limited on in vitro studies and cell lines. Few studies investigated the effects of metal 
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nanoparticles on primary monocytes and performed both in vitro and in vivo experiments. In 

this study, we determined the effects of nickel nanoparticles on primary monocytes isolated 

from mouse peripheral blood. The data obtained from using primary cells is more relevant 

and reflective of the in vivo environment. Therefore, our using both in vitro and in vivo 
settings to study the effects of nickel nanoparticles on the monocytes is a highly integrated 

approach.

Matrix metalloproteinases (MMPs) constitute a multigene family of secreted and cell surface 

enzymes that regulate a wide range of cellular events, including extracellular matrix (ECM) 

remodeling, cell surface proteolysis, intracellular signal transduction, regulation of paracrine 

signals, and generation and inactivation of bioactive molecules (Nagase et al., 2006; 

Sternlicht and Werb, 2001). Among them, MMP-2 and MMP-9, also known as gelatinases A 

and B due to their characteristic activities, are enzymes which degrade gelatin as well as a 

number of ECM molecules including type IV, V and XI collagens, laminin, aggrecan core 

protein, etc (Nagase et al., 2006; Sternlicht and Werb, 2001). Type IV collagen is a main 

component of basement membranes, a dense layer of ECM that separate epithelium or 

endothelium from stroma (Morrissey and Sherwood, 2015). Here, our in vitro study revealed 

that MMP-2 and MMP-9 protein levels and their activities were increased after Nano-Ni or 

Nano-Ni-P exposure in mouse peripheral blood monocytes, which is consistent with our 

previous study by using human monocyte-like cell line U937 (Wan et al., 2011). An 

interesting finding was that MMP-2 and MMP-9 expression levels were upregulated in 

primary monocytes isolated from mouse peripheral blood at day 3 after intratracheal Nano-

Ni or Nano-Ni-P instillation, implicating intratracheal instillation of Nano-Ni or Nano-Ni-P 

into mouse lungs induced systemic effects. This phenomenon can be explained by the 

following two points of view. (1) Intratracheal instillation of Nano-Ni causes upregulation of 

proinflammatory cytokines such as IL-1β, IL-6, and TNFα in mouse lungs (Mo et al., 2020; 

Zhang et al., 1998a; Zhang et al., 2003), which enter the blood stream and circulate 

throughout the body, causing peripheral blood monocyte activation and extra-pulmonary 

tissue and organ inflammation. A variety of physiologic stimuli have been described to 

initiate or enhance MMP-2 and MMP-9 gene expression in diverse cell types. These factors 

include inflammatory cytokines such as TGF-β1, IL-1, and TNFα (Overall et al., 1991; Ries 

et al., 1994; Ries and Petrides, 1995). (2) Nano-Ni or Nano-Ni-P intratracheally instilled into 

lungs can directly penetrate alveolar membranes and translocate to the circulation and other 

tissues because of their small size, which may result in adverse effects in extra-pulmonary 

organs. Our previous study has demonstrated that intratracheal instillation of Nano-Ni or 

Nano-Co into rat lungs caused peripheral blood neutrophil activation, resulting in secretion 

of TNFα, MIP-2, and NO (Mo et al., 2008). Intratracheal instillation of Nano-Ni or Nano-

Ni-P also caused increased MMP-2 and MMP-9 protein levels and activities in mouse lungs 

and BALF (Mo et al., 2019a). Induction of MMP-2 and MMP-9 levels in both peripheral 

blood monocytes and the lungs promotes direct monocytes migration across reconstituted 

basement membranes, providing a potential mechanism in extravasation of monocytes into 

injured lungs in vivo and alveolar macrophage recruitment and accumulation in the lungs 

after Nano-Ni exposure.

In this study, we found that Nano-Ni and Nano-Ni-P exposure caused miR-21 upregulation 

in mouse primary peripheral blood monocytes both in vitro and in vivo. Several pathways or 
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mechanisms have been reported to upregulate miR-21, including signal transducer and 

activator of transcription 3 (STAT3) (Loffler et al., 2007). The miR-21 gene contains two 

conserved STAT3 binding sites within its enhancer region and is induced by interleukin 6 

(IL-6) in a STAT3-dependent way (Loffler et al., 2007). Our and other previous studies have 

shown that metal nanoparticles intratracheally instilled into lungs caused upregulation of 

proinflammatory cytokines such as IL-6, IL-1β, and TNFα (Bai et al., 2018; Mo et al., 2020; 

Sager et al., 2016; Zhang et al., 1998a; Zhang et al., 2003). Hypoxia is another factor that 

can consistently induce miR-21 upregulation (Krichevsky and Gabriely, 2009; Shen et al., 

2013). Hypoxia inducible factor 1α (HIF-1α) is a major mediator of cell response to 

hypoxia and the HIF-1α-binding site is present in the pri-miR-21 promoter (Krichevsky and 

Gabriely, 2009). Nickel is known to mimic hypoxia through activation of HIF-1α (Maxwell 

and Salnikow, 2004; Salnikow et al., 2002; Wan et al., 2011). Our previous studies showed 

that Nano-Ni exposure resulted in cell hypoxia and HIF-1α accumulation in the nucleus of 

human monocyte U937 (Wan et al., 2011). In addition, accumulating evidence suggests a 

close connection between ROS signaling and microRNA (miRNA) pathways. Some 

miRNAs, so called ROSmirs, are regulated by oxidative stress to mediate expression levels 

of their direct targets in response to ROS (He and Jiang, 2016). For example, exposure of 

macrophage cell line RAW 246.7 to exogenous H2O2 caused alteration of miRNA 

expression levels, including upregulation of miR-21 (Thulasingam et al., 2011). ROS are 

often generated within inflammatory environment to activate NF-κB in cells by various 

mechanisms (Hoesel and Schmid, 2013). Several miRNAs, including miR-21, have been 

validated to be directly transcriptionally regulated by NF-κB (Ma et al., 2011a; Niu et al., 

2012). Therefore, NF-κB activation might be one of mechanisms for ROS-mediated miR-21 

induction. Many environmental agents have been proved to be sources of ROS. ROS-

induced miR-21 upregulation is involved in arsenic-induced cell malignant transformation, 

and NF-κB mediates miR-21 induction upon ROS exposure by binding directly to the 

promoter region of miR-21 gene (Ling et al., 2012). Our previous studies showed that Nano-

Ni exposure caused oxidative stress (Mo et al., 2019b; Zhang et al., 1998a; Zhang et al., 

1998b; Zhang et al., 2003). Nano-Ni exposure caused significant increases in thiobarbituric 

acid reactive substances (TBARS) and genomic DNA 8-OHdG in mouse lung tissues. Nano-

Ni–P had similar effects as Nano-Ni. However, Nano-Ni–C only caused a slight, but not 

significant, increase in the levels of TBARS and 8-OHdG (Mo et al., 2019a). This may in 

part explain why Nano-Ni and Nano-Ni-P caused miR-21 upregulation, but Nano-Ni-C not 

in the present study. Taken together, several pathways such as STAT3/IL-6 pathway, HIF-1α 
pathway, oxidative stress, et al., may all possibly account for miR-21 overexpression in 

mouse primary peripheral blood monocytes after Nano-Ni and Nano-Ni-P exposure.

Reversion-inducing cysteine-rich protein with Kazal motifs (RECK) is widely expressed in 

various human organs (Takahashi et al., 1998). It has the ability to regulate at least three 

members of the MMP family: MMP-2, MMP-9, and MT1-MMP (Oh et al., 2001; Takahashi 

et al., 1998). RECK expression inversely correlates with MMP-2 and MMP-9 expression 

levels (Oh et al., 2001; Takahashi et al., 1998). In the absence of RECK expression, excess 

MMP activity results in excessive degradation of the ECM, causing reduced structural 

integrity (Oh et al., 2001; Takahashi et al., 1998). In this study, we found that Nano-Ni or 

Nano-Ni-P induced RECK downregulation in WT, but not in miR-21 KO monocytes, which 
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allows the MMPs to elicit their full activity. We also found miR-21 upregulation in mouse 

primary peripheral blood monocytes. RECK is reported to be a direct target of miR-21, 

which negatively regulates the mRNA and protein levels of RECK (Gabriely et al., 2008). 

Thus, our study demonstrated that MMP-2 and MMP-9 upregulation induced by Nano-Ni 

and Nano-Ni-P may be due to RECK downregulation caused by miR-21 upregulation.

In this study, we found that RECK was downregulated, but TIMP-1 and TIMP-2 were 

upregulated in monocytes after Nano-Ni and Nano-Ni-P exposure. TIMPs are a group of 

smaller (20–30 kDa) MMP inhibitors and four TIMPs (TIMP-1 to TIMP-4) have been 

identified and characterized (Brew et al., 2000). Previous studies suggest that RECK shares 

little functional redundancy with the TIMPs based on the following two reasons: (1) RECK 

is membrane-anchored, while TIMPs are secreted; and (2) the lack of RECK is embryonic 

lethal in mice, while the lack of TIMP-1 or TIMP-2 has little effect on development 

(Caterina et al., 2000; Nothnick et al., 1997; Oh et al., 2001; Takahashi et al., 1998; Wang et 

al., 2000). Strong expression and synthesis of TIMP-1 and TIMP-2, as well as upregulation 

of MMP-2 and membrane type 1 MMP (MT1-MMP), have been found in bone marrow–

derived human mesenchymal stem cells (hMSCs) (Ries et al., 2007). It is possible that 

MMP-2 and MMP-9 upregulation induced by Nano-Ni or Nano-Ni-P elicited upregulation 

of TIMPs, which in turn inhibit MMPs action. On the other hand, MMP-2 proenzyme forms 

a tight complex with TIMP-2 and its activation on the cell surface requires both TIMP-2 and 

membrane-type 1 MMP (MT1-MMP) (MMP-14) (Caterina et al., 2000; Itoh et al., 2001; 

Wang et al., 2000). The hemopexin domain of proMMP-9 also forms a tight complex with 

TIMP-1 and TIMP-3 through their C-terminal domains (Nagase et al., 2006). Although 

TIMPs are endogenous inhibitors of MMPs, the balance between MMPs and TIMPs are 

critical for the eventual ECM remodeling in the tissue.

The physico-chemical properties of metal nanoparticles, such as small size, high surface 

area, etc., are useful for many applications in medicine, chemistry, material science and 

physics. However, these physico-chemical characteristics may also be associated with 

undesired health effects that may be different from the bulk materials. Increasing evidence 

indicates that as particle size decreases, some metal nanoparticles exhibit increased toxicity, 

even if the material is relatively inert in its bulk form (e.g., Ag, Au, and Cu) (Galdiero et al., 

2011; Schrand et al., 2010). These responses appear to be dependent on the physical and 

chemical properties of the particles, such as particle size, shape, high surface area to volume 

ratio, chemical composition, crystallinity, electronic properties, surface functional groups, 

solubility, aggregation behavior, dissolution behavior, surface reactivity and binding ability 

(Beddoes et al., 2015; Johnston et al., 2010; Shin et al., 2015). Our previous studies showed 

that surface modification of Nano-Ni such as carbon coating significantly alleviates Nano-

Ni-induced acute and chronic pulmonary inflammation and fibrosis (Mo et al., 2019a). In the 

present study, we presented a comparative assessment of the effects of Nano-Ni, Nano-Ni-P, 

and Nano-Ni-C, which have the same diameter and surface area, but differential surface 

modification, on mouse primary peripheral blood monocytes. The results showed that Nano-

Ni and Nano-Ni-P exposure caused miR-21 upregulation, but Nano-Ni-C did not. The 

results were further confirmed by the in vivo study. Both in vitro and in vivo results also 

showed that Nano-Ni and Nano-Ni-P, but not Nano-Ni-C, exposure caused MMP-2 and 

MMP-9 upregulation. These results suggest that different kinds of surface modification will 
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have different effects; carbon coating (Nano-Ni-C), but not partially passivated (Nano-Ni-P), 

could reduce Nano-Ni-induced upregulation of MMP-2 and MMP-9, which is through 

Nano-Ni-induced upregulation of miR-21.

In the present study, the intratracheal instillation method was used for nickel nanoparticle 

exposure. Although inhalation exposure provides a natural route of entry into the host and, 

as such, is the preferred method for the introduction of toxicant into the lungs, inhalation 

exposure cannot always to be used due to various reasons, and the direct instillation of the 

test materials into lungs via the trachea has been employed in many studies as an alternative 

exposure procedure (Bai et al., 2018; Driscoll et al., 2000; Mo et al., 2019a; Nemmar et al., 

2003; Nemmar et al., 2001; Wan et al., 2017; Zhang et al., 1998a; Zhang et al., 1998b; 

Zhang et al., 2003). Intratracheal instillation has dominated pulmonary toxicity studies of 

various particles, due in part to its relative ease and cost efficiency as compared with 

inhalation exposure protocol. It also offers the important advantage that the toxic effects of 

particle extracts may easily be investigated (Driscoll et al., 2000).

Taken together, our study herein demonstrated that exposure to Nano-Ni and Nano-Ni-P 

caused increased mRNA expression and protein activity of MMP-2 and MMP-9 in primary 

mouse peripheral blood monocytes in vitro and in vivo. Exposure of primary monocytes to 

Nano-Ni and Nano-Ni-P also caused miR-21 upregulation, which may further downregulate 

RECK expression and finally upregulate MMP-2 and MMP-9. In addition, our results also 

demonstrated that alteration of physiochemical properties of nickel nanoparticles by surface 

modification, such as carbon coating, may have different effects on monocytes. The Nano-

Ni-induced upregulation of miR-21 may be alleviated through surface modification, which 

may further reduce Nano-Ni-induced activation of MMPs. The results not only provide an 

understanding of the potential systemic toxic effects of nickel nanoparticle exposure and but 

also suggest an important role of surface properties in the mechanisms of Nano-Ni-induced 

toxicity. However, the detailed mechanisms of how Nano-Ni caused upregulation of miR-21 

and the phenotypic and functional changes of blood monocytes after nickel nanoparticle 

exposure still need to be further explored.
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(KO) Knock-out

(miR-21) microRNA-21

(MMP-2) Matrix metalloproteinase-2

(MMP-9) Matrix metalloproteinase-9

(TIMP-1) Tissue inhibitor of metalloproteinase-1

(TIMP-2) Tissue inhibitor of metalloproteinase-2

(ECM) Extracellular matrix

(RECK) Reversion-inducing cysteine-rich protein with Kazal motifs

(IL-1β) Interleukin 1 beta

(IL-6) Interleukin 6

(IL-10) Interleukin 10

(TNFα) Tumor necrosis factor alpha

(TGF-β1) Transforming growth factor beta 1

(HIF-1α) Hypoxia inducible factor 1α

(DAPI) 4′,6-diamidino-2-phenylindole

(ROS) Reactive oxygen species
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Highlights

• Primary monocytes were isolated from mouse peripheral blood

• Nano-Ni upregulated miR-21, MMP-2 and MMP-9, and downregulated 

RECK in WT monocytes

• Nano-Ni did not cause the above effects in monocytes from miR-21 knock-

out mice

• Carbon-coating (Nano-Ni-C) ameliorated Nano-Ni-induced MMP-2/9 

upregulation

• miR-21/RECK pathway is involved in Nano-Ni-induced MMP-2/9 production
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Fig. 1. Isolated monocytes.
Monocytes were isolated from mouse peripheral blood and stained with May-Grünwald and 

Giemsa stains (A), or with anti-CD11b (B&F) and anti-Ly-6G (C) or anti-F4/80 (G) 

antibodies. DAPI stains the whole nucleus of a cell (D&H). E&I are merged images. Scale 

bar represents 10 μm for all panels.
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Fig. 2. Dose-response increase of MMP-2 and MMP-9 protein levels and activities in the medium 
of cultured monocyte after Nano-Ni exposure.
Monocytes were isolated from peripheral blood of wild-type mice and treated with Nano-Ni 

for 24 h. Cells treated with physiological saline were used as the control. MMP-2 or MMP-9 

protein level was determined by Mouse MMP-2 or MMP-9 PicoKine™ ELISA Kit (A-B), 

while MMP-2 and MMP-9 activities were determined by gelatin zymography assay (C). 

Data are shown as mean ± SE (n=3). * p<0.01 vs. Control.
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Fig. 3. Time-response increase of MMP-2 and MMP-9 protein levels and activities in the medium 
of cultured monocyte after Nano-Ni exposure.
Monocytes were isolated from peripheral blood of wild-type mice and treated with 30 

μg/mL of Nano-Ni for multiple hours. Cells treated with physiological saline were used as 

the control. MMP-2 or MMP-9 protein level was determined by Mouse MMP-2 or MMP-9 

PicoKine™ ELISA Kit (A-B), while MMP-2 and MMP-9 activities were determined by 

gelatin zymography assay (C). Data are shown as mean ± SE (n=3). * p<0.01 vs. Control.
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Fig. 4. Upregulation of miR-21 in primary monocytes treated with Nano-Ni and Nano-Ni-P in 
vitro (A) and in vivo (B) by real-time PCR.
(A) Primary monocytes were isolated from peripheral blood of wild-type mice and treated 

with 30 μg/mL of Nano-Ni or with either Nano-Ni-P or Nano-Ni-C with same molar 

concentration of Ni as Nano-Ni for 24 h. Data are shown as mean ± SE (n=3). (B) Wild-type 

mice were intratracheally instilled with 50 μg per mouse of Nano-Ni or with either Nano-Ni-

P or Nano-Ni-C with same molar concentration of Ni as Nano-Ni, and monocytes were 

isolated from peripheral blood at day 3 after exposure. Data are shown as mean ± SE 

(n=3~6). Cells or mice treated with physiological saline were used as the control. miR-21 

expression was determined by real-time PCR and normalized by endogenous control U6 

snRNA. * p<0.05 vs. Control; # p<0.05 vs. Nano-Ni or Nano-Ni-P group.
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Fig. 5. MMP-2 (A), MMP-9 (B), TIMP-1 (C), and TIMP-2 (D) mRNA expression in mouse 
monocytes treated with nickel nanoparticles.
Monocytes were isolated from peripheral blood of wild-type or miR-21 KO mice and treated 

with 30 μg/mL of Nano-Ni or with either Nano-Ni-P or Nano-Ni-C with same molar 

concentration of Ni as Nano-Ni for 24 h. Cells treated with physiological saline were used as 

the control. The expression of target gene was determined by real-time PCR and normalized 

by endogenous control β-actin. Data are shown as mean ± SE (n=3). * p<0.05 vs. Control; # 

p<0.05 vs. Nano-Ni or Nano-Ni-P group; & p<0.05 vs. wild-type group with the same 

treatment.
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Fig. 6. MMP-2 and MMP-9 protein levels and activities in the monocyte culture medium.
Monocytes were isolated from peripheral blood of wild-type and miR-21 KO mice and 

treated with 30 μg/mL of Nano-Ni or with either Nano-Ni-P or Nano-Ni-C with same molar 

concentration of Ni as Nano-Ni for 24 h. Cells treated with physiological saline were used as 

the control. MMP-2 or MMP-9 protein level was determined by Mouse MMP-2 or MMP-9 

PicoKine™ ELISA Kit (A-B), while MMP-2 and MMP-9 activities were determined by 

gelatin zymography assay (C). Data are shown as mean ± SE (n=3). * p<0.05 vs. Control; # 

p<0.05 vs. Nano-Ni group; & p<0.05 vs. wild-type group with the same treatment.
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Fig. 7. MMP-2 (A), MMP-9 (B), TIMP-1 (C), and TIMP-2 (D) mRNA expression in monocytes 
obtained from mice 3 days after nickel nanoparticle treatment.
Wild-type and miR-21 KO mice were intratracheally instilled with 50 μg per mouse of 

Nano-Ni or with either Nano-Ni-P or Nano-Ni-C with same molar concentration of Ni as 

Nano-Ni. Control mice were instilled with physiological saline. Monocytes were isolated 

from mouse peripheral blood at day 3 after exposure. The expression level of the target gene 

was determined by real-time PCR and normalized by endogenous control GAPDH. Data are 

shown as mean ± SE (n=3~6). * p<0.05 vs. Control; # p<0.05 vs. Nano-Ni or Nano-Ni-P 

group; & p<0.05 vs. wild-type group with the same treatment.
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Fig. 8. RECK expression in primary monocytes at in vitro (A) and in vivo (B) settings.
(A & C) Primary monocytes were isolated from peripheral blood of wild-type and miR-21 

KO mice and treated with 30 μg/mL of Nano-Ni or with either Nano-Ni-P or Nano-Ni-C 

with same molar concentration of Ni as Nano-Ni for 24 h. The RECK expression was 

determined by real-time PCR and normalized by endogenous control bactin (A) or by 

Western blot (C). Data are shown as mean ± SE (n=3). * p<0.05 vs. Control. (B) Wild-type 

or miR-21 KO mice were intratracheally instilled with 50 μg per mouse of Nano-Ni or with 

either Nano-Ni-P or Nano-Ni-C with same molar concentration of Ni as Nano-Ni, and 

monocytes were isolated from peripheral blood at day 3 after exposure. Mice treated with 

physiological saline were used as the control. The RECK expression was determined by 

real-time PCR and normalized by endogenous control β-actin. Data are shown as mean ± SE 

(n=3~6). * p<0.05 vs. Control.
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Table 1.

Mouse primers used for real-time PCR.

Gene Forward (5’ → 3’) Reverse (5’ → 3’)

MMP-2 CCA ACT ACG ATG ATG AC ACC AGT GTC AGT ATC AG

MMP-9 ACC ACC ACA ACT GAA CCA CA ACC AAC CGT CCT TGA AGA AA

TIMP-1 ACC ACC TTA TAC CAG CGT TA AAA CAG GGA AAC ACT GTG CA

TIMP-2 CAC CCG CAA CAG GCG TTT TG ATC TTG CCA TCT CCT TCT GC

RECK CTC CAG CAG TCT CCC GTC AT GTT GTG GGT GGT CAG GGT CTA

GAPDH TGA AGG TCG GTG TGA ACG GAT TTG GC CAT GTA GGC CAT GAG GTC CAC CAC

β-actin GGC ATT GTT ACC AAC TGG GAC ACC AGA GGC ATA CAG GGA CAG
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