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Introduction

Total hip replacements have revolutionised the 
management of elderly patients crippled with 
arthritis, with very successful long-term results1 
and significantly improved quality of life.2 It 
is expected that hip prostheses should have a 
lifetime of at least 10 to 15 years in 90% of cases. 
However, some metal-on-metal (MoM) designs 
are resulting in much earlier failure rates, which 
may be attributed to the excessive exposure to 
metal debris released during wear.3

After implantation, all materials are subject to 
mechanical stress produced by the body, leading 
to wear, tear, loosening and even cracks within 
the components.4 Cellular reactions at the cell-
material interface can lead to corrosion and 
degradation of those materials resulting in clinical 
complications such as inflammation, bone lyses 
and cytotoxicity. In MoM hip replacements the 

body’s innate immune system can react to metal 
debris at the bearing surfaces, which can cause an 
adverse reaction to metal debris.5-9

Cobalt (Co) is the main component of metal 
prostheses.5, 10 It is an important trace element of 
the body and in normal situations plays a critical 
role in the synthesis of vitamin B12. However, 
excessive exposure to Co can be toxic to the 
cells11 and is associated with several conditions 
including asthma, pneumonia and haematological 
abnormalities.12, 13 The release of Co ions from 
hip implants during wear and tear results in 
macrophage infiltration, phagocytosis, necrosis 
and apoptosis with consequent inflammation 
and tissue mass formation.5, 14-16 The underlying 
mechanism is not fully understood but it is 
known that Co acts as a hypoxia mimic in cell 
culture and stimulates the production of hypoxia 
inducible transcription factor 1α (HIF1α).17
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Cobalt is one of the main components of metal hip prostheses and cobalt 

nanoparticles (CoNPs) produced from wear cause inflammation, bone 

lyses and cytotoxicity at high concentrations. Cobalt ions mimic hypoxia in 

the presence of normal oxygen levels, and activate hypoxic signalling by 

stabilising hypoxia inducible transcription factor 1α (HIF1α). This study 

aimed to assess in vitro the functional role of HIF1α in CoNP induced 

cellular cytotoxicity. HIF1α, lysosomal pH, tumour necrosis factor α and 

interleukin 1β expression were analysed in THP-1 macrophages treated 

with CoNP (0, 10 and 100 μg/mL). HIF1α knock out assays were performed 

using small interfering RNA to assess the role of HIF1α in CoNP-induced 

cytotoxicity. Increasing CoNP concentration increased lysosomal activity and 

acidity in THP-1 macrophages. Higher doses of CoNP significantly reduced 

cell viability, stimulated caspase 3 activity and apoptosis. Reducing HIF1α 

activity increased the pro-inflammatory activity of tumour necrosis factor 

α and interleukin 1β, but had no significant impact on cellular cytotoxicity. 

This suggests that whilst CoNP promotes cytotoxicity and cellular 

inflammation, the apoptotic mechanism is not dependent on HIF1α.
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Hypoxia is defined as a state when oxygen tension drops below 
normal limits, but Co activates HIF1α when the oxygen levels 
in the environment are normal. HIF1α is stabilised, translocated 
to the nucleus and dimerised with the constitutively expressed 
HIF1α to elicit the transcription of target genes necessary 
for increased oxygen demand (red cell production and 
angiogenesis), cell survival (growth factors) and paradoxically 
apoptosis (proteins within cell death pathway). HIF1 activity 
largely depends on the cell type and environmental milieu.3, 17-19

Recently Nyga et al.20 reported that the HIF pathway plays 
an important role in Co nanoparticles (CoNPs)-induced 
cytotoxicity, and they expected that to study CoNPs and the 
HIF pathway was required to further elucidate the role of this 
molecular pathway in CoNPs and other metal nanoparticle 
cytotoxicity.

It was hypothesised that HIF1α plays an important role 
in CoNP-induced cellular cytotoxicity observed in THP-
1 macrophages in vitro, therefor to knock out HIF1α gene 
expression was expected to reduce CoNP induced cytotoxicity. 
The expression of HIF1α and caspase 3 (Additional file 1) 
proteins were investigated in vitro following metal exposure 
and the role of HIF1α in CoNP-induced cellular cytotoxicity 
established using a HIF1α knock out model. 

Methods

Cell culture

THP-1 macrophage cell line (American Type Culture 
Collection, Manassas, VA, USA; ATCC® TIB-202TM) 
was recovered from liquid nitrogen stock and cultured in 
RPMI1640 with glutamax (Gibco, ThermoFisher Scientific, 
Paisley, UK) supplemented with 10% foetal bovine serum 
(Labtech International, Heathfield, West Sussex, UK) and 
penicillin/streptomycin (Gibco, ThermoFisher Scientific) at a 
seeding density of 3 × 104 cells/mL in a 10 cm diameter tissue 
culture dish. Cells were sub-cultured 1:10 dilution twice weekly 
to maintain stocks. THP-1 cells were activated to macrophages 
using 100 nM phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich, owned by Merck, Gillingham, UK) for 72 hours. 

Cobalt nanoparticles

CoNPs, obtained from American Elements, Merelex Corp., 
Los Angeles, CA, USA (purity 99.8%, a mean size 30 nm), were 
suspended in 100% ethanol at 100 mg/mL, and kept at –20°C 
as stock solution to avoid corrosion or large agglomeration 
formation. The size and zeta potential of the particles were 
characterised using a Malvern Zetasizer Nanoseries (Malvern, 
Worcestershire, UK). For cell culture treatments, CoNP stock 
solution was diluted in RPMI1640 with glutamax to obtain a 
concentration of 0.1 mg/mL. A dose range 0.1–100 μg/mL was 
used for the study, which is equivalent to clinical exposure. It 
is suggested that the annual nanoparticles produced from 
MoM resurfacing is around 1 mg/mL in number; however, 
the nanoparticles in the tissue at any given time is unclear as it 
is vary case by case and also the distribution of the particle at 
local tissue is still unknown. 

Cryo-scanning electron microscopy and back scatter 

observation

THP-1 cells were seeded onto clean and autoclave-sterilised 5 
mm × 5 mm silicon wafers (Agar Scientific Ltd., Stansted, UK), 
which were cultured in 96 well plates (Greiner Bio One Ltd., 
Stonehouse, Gloucestershire, UK) at 1 × 105 cells/cm2 (3 × 104 
cells/well). THP-1 cells were activated by 100 nM PMA and 
incubated with CoNP (100 μg/mL) for 24 hours. Untreated 
activated THP-1 cells were used as a control. Cells were 
washed in phosphate buffered saline (PBS to remove floating 
CoNP and the silicon wafers were mounted on a metal stage 
for scanning electron microscope (SEM) and rapidly frozen in 
liquid nitrogen. The frozen sample was loaded onto the cryo-
SEM chamber for evaporation and observed by SEM (Hitachi 
S4800; Hitachi Europe Ltd., Maidenhead, UK). 

Detection of pH in lysosomes of THP-1 cells

THP-1 cells were seeded into 96 well tissue culture plates 
(black with transparent bottom, Greiner Bio One Ltd.) (1 × 105 

cells/cm2) and activated by 100 nM PMA for 72 hours before 
treatment with CoNP (1–10 μg/mL) for 24 hours. Untreated 
cells were used as a control. After 24 hours of incubation, the 
culture medium was replaced by fresh medium containing 
LysoSensor Yellow/Blue DND 160 probes (Molecular Probes, 
Life Technonolgies, Paisly, UK) according to manufacturer’s 
instructions. These probes are fluorescent and label acidic 
organelles in live cells. In brief, the cells were treated with 
LysoSensor Yellow/Blue DND 160, diluted in culture 
medium at 1:1000. After 5 minutes of incubation, the probe 
containing medium was replaced by fresh culture medium and 
the cells were visualised using a Carl-Ziess LMS710 confocal 
microscope (Carl-Ziess UK Ltd., Cambridge, UK).

Hypoxia inducible transcription factor 1α silencing

Undifferentiated THP-1 cells were reverse transfected 
with human HIF1α-targeted or mismatched negative small 
interfering RNA (siRNA; Silencer® select siRNA from Applied 
Biosystems, Ambion, Huntington, UK) to a concentration of 
16 nM using Lipofectamine RNAiMax transfection reagent 
(Life Technologies Ltd., Paisley, UK) in OptiMEM (no 
antibiotics). Knock down was confirmed following 72 hours 
transfection using the Total HIF1α Duoset® IC enzyme-linked 
immunosorbent assay (ELISA; R&D Systems, Abingdon, UK) 
and Western blot. 

Detection of hypoxia inducible transcription factor 1α  

by enzyme-linked immunosorbent assay

Healthy and transfected THP-1 cells were seeded into 6 well 
tissue culture plates (1 × 106 cells/well) and activated by 100 
nM PMA for 48 hours before treatment with CoNP (0, 0.1, 
1, 10, 100 μg/mL) for 24 hours. Total HIF1α was measured in 
cell lysates using the Human/Mouse Total HIF1α Duoset® IC 
ELISA as per manufacturer’s instructions. Briefly, cells were 
washed in PBS and solubilised on ice in the recommended 
lysis buffer and according to the manufacturer’s instructions. 

1 Centre for Nanohealth, Swansea University Medical School, Swansea, UK; 2 Department of Orthopaedic Surgery, Orthopaedic Institute, The First Affiliated 
Hospital of Soochow University, Suzhou, Jiangsu Province, China; 3 Department of Orthopaedic Surgery, Johns Hopkins School of Medicine, Baltimore, MD, 
USA; 4 Department of Orthopaedics, Yangpu Hospital affiliated to Tongji University School of Medicine, Shanghai, China.
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Protein concentration was quantitated using the Bicinchoninic 
acid kit (Sigma-Aldrich) using bovine serum albumin as the 
protein standard, and 40 μg protein was used for the assay. The 
absorbance was read at 450 nm using the POLARstar Omega 
plate reader (Labtech International Ltd.) set to 450 nm.

Detection of hypoxia inducible transcription factor 1α 

by western blot

Healthy and transfected THP-1 cells were seeded into 6 well 
tissue culture plates (1 × 105 cells/well) and activated by 100 nM 
PMA for 48 hours before treatment with CoNP for 24 hours. 
Cells were solubilised using ice-cold RNeasy lysis buffer (with 
β-mercaptoethanol, 1:10) from RNeasy® Plus Mini Kit (Qiagen 
Ltd., Crawley, UK). The lysates were homogenised using a 
25G needle and syringe and centrifuged at 150 × g at 4°C for 
10 minutes. The protein concentration was quantitated using 
the Bicinchoninic acid kit (Thermo Fisher Scientific, London, 
UK) using bovine serum albumin as the protein standard. 
Proteins were separated on a 7.5% sodium dodecyl sulfate-
polyacrylamide gel and transferred onto a polyvinylidene 
difluoride membrane. Blots were blocked with 5% non-fat 
milk powder in Tris-buffered saline-Tween 20 for 1 hour 
at room temperature before being stained with anti-human 
HIF1α antibody (1:500; BD Transduction LaboratoriesTM, 
Oxford, UK) overnight at 4°C, or anti-human α-tubulin 
antibody (1:10,000; BD Transduction LaboratoriesTM) for 1 
hour at room temperature. After washing with Tris-buffered 
saline/Tween 20, the membranes were incubated with a 
horseradish peroxidise-conjugated anti-mouse IgG (1:2500; 
Sigma-Aldrich) for 1 hour at room temperature. Proteins were 
detected using an enhanced chemiluminescence detection 
system (Thermo Fisher Scientific) and visualised using the 
ChemiDoc (BioRad, Watford, UK). 

Enzyme-linked immunosorbent assay detection of 

tumour necrosis factor α and interleukin 1β
Control and reverse transfected THP-1 cells were cultured in 
24 well plates (1 × 105 cells/well) and activated by 100 nM PMA 
for 48 hours before treating with CoNP (0, 10, 100 μg/mL) 
for a further 24 hours. The conditioned media was collected, 
floating cells were removed by centrifugation and the media 
was stored at –20°C . Tumour necrosis factor α (TNFα) and 
interleukin 1β (IL-1β) were quantitated using the human 
TNFα or IL-1β Duoset (R&D systems) respectively. 

Cytotoxicity studies

CoNP-induced cellular cytotoxicity was assessed in THP-
1 macrophages using neutral red solution (Sigma-Aldrich), 
which is actively transported into the lysosomes of viable cells. 
Healthy and transfected THP-1 cells were seeded into 96 well 
plates (1 × 104 cells/well) and activated to macrophages using 
100 nM PMA. After 24 hours the healthy and transfected 
THP-1 cells were treated with CoNP (0, 10, 100 μg/mL). After 
24 hours CoNP treatment, Neutral red solution was added to 
the media (10%) and the cultures were incubated at 37°C  for 2 
hours. The plate was centrifuged for 5 minutes at 150 × g and 
the media was replaced with PBS. The plate was centrifuged 
again before removing the PBS and solubilising the neutral red 
in neutral red solubilisation solution (Sigma-Aldrich). After 

10 minutes on a gyratory shaker the absorbance was read at 
540 nm using the POLARstar Omega plate reader (Labtech 
International Ltd.). The cell viability changes were calculated 
as a percentage of non-treated cell viability. 

Statistical analysis

Statistical comparisons were made using non-parametric 
statistics (Wilcoxon matched pairs) using Statistica 6.0 
(Statsoft, Tulsa, OK, USA). Differences between groups were 
considered significant at P < 0.05. Data are expressed as mean 
± standard error (SE).  

Results

Characterisation of cobalt nanoparticle

Commercial CoNP are black coloured particles with an average 
size of 28 nm. They frequently form agglomerates due to their 
magnetic property. Once CoNPs are suspended in culture 
media they sedimented to form agglomeration, therefore, 
require vigorous mixing before dispersing to analyse or when 
seeding to cell culture. Ultrasonication in PBS for 5 minutes 
reduced the size of the agglomerations from 1.145 μm to 586.1 
nm. However, ultrasonication for 10 minutes increased the 
size of agglomerations. By using Nano-sizer (Zetasizer Nano 
ZSP, Malvern, UK), the zeta potential of CoNP was measured 
as –14.6 mV, the conductivity 14.3 ms/cm and the mobility 
was around –1.144 μm·cm/V/s.

Microstructure and backscatter morphology of cobalt 

nanoparticle within the macrophages

Cryo-SEM can observe rapidly frozen cells without the process 
of fixation and dehydration. Under SEM the control THP-1 cells 
were around 10 μm diameter with relatively smooth surface, 
and they firmly attached to the culture substrates (Figure 1A). 
After CoNPs were seeded into culture medium, they formed 
cloudy sediment surrounding the THP-1 macrophages (Figure 

1B). Higher magnification images showed the presence of 
CoNP within the macrophages (Figure 1C–F).

Detection of pH in lysosomes of THP-1 cells with cobalt 

nanoparticle treatment

LyoSensor Yellow/Blue DND 160 is a ratiometric probe 
that produces blue fluorescence in neutral environments and 
yellow fluorescence in more acidic environments.21 Using 
this staining, normal cell cytoplasm is blue fluorescent, and 
lysosomes light yellow (Figure 2A and B). Whilst the THP-1 
macrophages remained a neutral blue (Figure 2C and E), the 
lysosomes, having engulfed the CoNP, stained an intensely 
acidic yellow (Figure 2D and F). The CoNP could be clearly 
observed within the cells at higher magnification (Figure 2G 

and H). As the concentration of CoNP increased, the number 
of lysosomes within the cell and the staining intensity of the 
lysosomes increased indicating greater uptake and potentially 
a greater risk of cytotoxicity. 

Detection of hypoxia inducible transcription factor 

1α in total cell lysates of THP-1 cells with cobalt 

nanoparticle treatment 

The presence of HIF1α was assessed within the total cell lysates 
of healthy and transfected THP-1 macrophages following 
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treatment with CoNP by ELISA (Figure 3A) and Western blot 
(Figure 3B1 and B2). The higher doses of CoNP (10 and 100 
μg/mL) resulted in a significant increase in HIF1α production 
in comparison to the control (P < 0.01). Concentrations 
above 100 μg/mL resulted in cell death (data not shown). 
CoNP-induced HIF1α accumulation was significantly reduced 
following transfection with HIF1α siRNA (Figure 3A).

Detection of tumour necrosis factor α and interleukin 

1β concentration in THP-1 cells with cobalt 

nanoparticle treatment

TNFα (Figure 3C) and IL-1β (Figure 3D) secretion significantly 
increased at the higher CoNP doses (10 & 100 μg/mL) compared 
to the control (no CoNP) cultures at 24 hours (P < 0.001 or P < 
0.01). Transfecting THP-1 macrophages resulted in a significant 
increase in TNFα and IL-1β regardless of CoNP concentration, 
but silencing HIF1α activity led to a further increase in both 
TNFβ (P < 0.001) and IL-1β (P < 0.01) secretion in comparison 
to the mismatched transfected control cultures.

Cobalt nanoparticle-induced cytotoxicity in THP-1 cells

Viability was assessed using solubilisation of Neutral red 
staining, which was directly proportional to the number of 

viable cells. Viability was significantly reduced following 
treatment with the higher concentrations of CoNP (10 & 100 
μg/mL, P < 0.05; Figure 3E). The process of transfection, in 
the absence of CoNP, resulted in minor cytotoxicity to the 
cells, but no significant differences were observed between the 
mismatched control and the HIF1α transfection with HIF1α 
siRNA cultures. 

Discussion

CoNP concentrations above 10 μg/mL induced significant 
cytotoxicity in THP-1 cells. This aligned with a significant 
increase in HIF1α, TNFα, and IL-1β. Significantly reducing 
HIF1α activity through transfection with siRNA, resulted in 
a greater increase in the pro-inflammatory mediators TNFα 
and IL-1β, but had no additional impact on CoNP-induced 
cytotoxicity. This suggests that whilst the higher doses of 
CoNP induce cytotoxicity, the mechanism is not directly or 
solely through the actions of HIF1α.

It is well known that macrophages phagocytose nanoparticles 
and some nanoparticles are toxic to macrophages. CoNPs 
are significantly more toxic to macrophages than same sized 
chromium nanoparticles,10, 22 which emphasizes that it’s not 
only particle size, but also chemical composition that plays an 

Figure 1. Micrographs of cryo-SEM illustrates THP-1 macrophages and their phagocytosis of CoNP. (A) Cell morphology 
of control THP-1 cells. (B) Cell morphology of THP-1 cells at 24 hours after CoNP (100 μg/mL). (C) High magnification 
of normal SEM showing a macrophage in contact with CoNPs. (D) Backscatter SEM of the same cells in C, revealing 
high electron density particles, in particular one cluster of CoNPs not showing in C. (E) Highlighted area demonstrating 
the cluster of CoNP not showing by normal SEM. (F) Highlighted area demonstrating phagocytosis of the cluster of 
CoNPs that were engulfed and submerged within the macrophage cell membrane. Scale bars: 50 μm in A, B; 5 μm in C, 
D; 1 μm in E, F. CoNP: cobalt nanoparticle; SEM: scanning electron microscope.

Figure 2. The pH within THP-1 macrophages at 24 hours after CoNP incubation was measured using LysoSensor 
Yellow/Blue DND 160 probes. (A–H) The blue fluorescence indicates neutral pH within the cell (A, C, E, G), whilst the 
yellow fluorescence shows the acidity of the lysosomes following the engulfment of CoNP (B, D, F, H). With increasing 
CoNP dose, the numbers and acidity of lysosomes within the cell increased whilst the pH within the cell remained 
neutral. CoNP: cobalt nanoparticle; Ly: lysosomes. 
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important role in nanotoxicity. CoNP-induced cytotoxicity, 
demonstrated within this study, is consistent with previous 
reports10, 20, 22 but the mechanism of nanotoxicity is not fully 
understood. 

After phagocytosis nanoparticles are normally stored in 
phagosomes or lysosomes.5 These are membrane-bound 
cytoplasmic vesicles where the engulfed materials are digested 
by enzymes in acidic conditions.23 Inorganic metal particles, 
such as Co, are not digested by enzymes, but will be corroded 
by the acidic environment with the subsequent release of Co 
ions.14, 24 This study demonstrated a build-up of lysosomal 
acidity with increasing CoNP dose, which is likely to result in 
intracellular corrosion and subsequent release of high levels of 
Co ions following cell death. 

Metal implants are normally protected by an oxidant layer 
to avoid corrosion, however, in acidic conditions, protons 
may directly react to the metal oxidant and facilitate further 
corrosion in vivo and conversion to soluble Co ions.25 Despite 
this, consistent reports show that the cytotoxic effects of 

CoNP are stronger than those of Co ions,14, 20 and, in vivo, the 
concentration of Co ions are unlikely to be sufficient to cause 
cytotoxicity.5, 10 

CoNP and soluble Co ions lead to allergic or inflammatory 
responses from the body26, 27 and failing implants are usually 
associated with significant localised inflammation.3, 16, 28 The 
key mediators are macrophages,28 which have been shown 
to actively respond to many different biomaterials, including 
Co.24 Couple this with reduced circulation, increased metabolic 
demand, hypoxia and release of pro-inflammatory mediators,29 
an escalating inflammatory response ensues, promoting 
further tissue damage and ultimately implant failure. 

Co plays a key role in the HIF1α mediated pathway by directly 
inhibiting the oxygen-dependent prolyl hydroxylases that 
facilitate HIF1α degradation in normoxic conditions.11, 30, 31 

This enables the accumulation of HIF1α at the protein level, as 
demonstrated within this study. Stabilisation and dimerization 
of HIF1α with HIF1α in the nucleus elicits gene transcription 
controlling inflammation, angiogenesis and apoptosis in vivo.11

Figure 3. Analysis of HIF1α expression and the effect of HIF1α knockout on cytotoxicity and inflammatory factors 
(TNFα and IL-1β). (A) THP-1 cells were lysed for protein extraction 24 hours following treatment with CoNP (10 and 
100 μg/mL). HIF1α concentration was measured by ELISA Duoset®. (B) Western blot of HIF1α expression. (B1) HIF1α 
concentration was increased with CoNP dose. (B2) Knockdown of HIF1α using siRNA showed a significantly reduced 
production of HIF1α protein in response to CoNP. (C, D) TNFα (C) and IL-1β (D) concentration in THP-1 cells with 
CoNP treatment were measured in the culture supernatants using enzyme-linked immunosorbent assay Duoset® 24 
hours following CoNP treatment (0, 10, 100 μg/mL). Both TNFα (C) and IL-1β (D) secretion increased with CoNP 
dose in the healthy and transfected macrophages. Both TNFα and IL 1β increased significantly following transfection in 
comparison to the control. Cultures transfected with HIF1α siRNA showed significant up-regulation of TNFα and IL-
1β in comparison to the mismatched control. (E) Percentage viability of healthy and transfected THP-1 cultures treated 
with CoNP (0, 10, 100 μg/mL) as measured by neutral red staining. Viability significantly reduced with increasing CoNP 
dose within the control, mismatched control and HIF1α knock out. There were no significant differences between the 
mismatched control and cultures transfected with HIF1α small interfering RNA. Data are expressed as mean ± SE. All 
experiments were repeated twice or three times with consistent results.  *P < 0.05, *P < 0.01 (Wilcoxon matched pairs 
test). CoNP: cobalt nanoparticle; ELISA: enzyme-linked immunosorbent assay; HIF1α: hypoxia inducible transcription 
factor 1α; IL-1β: interleukin 1β; TNFα: tumour necrosis factor α. 
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HIF1α has been shown to be a vital player in the manifestation 
of inflammation.32 Co induces reactive oxygen species, which 
can induce inflammation and cytotoxicity in macrophages,33-35 

however, this is most likely due to the oxidative stress of Co 
ingestion rather than HIF1α upregulation,20 and it is difficult 
to explain the complex clinical symptoms of MoM hip implant 
failure simply by reactive oxygen species reaction alone.

Increasing concentrations of Co led to a significant release 
of pro-inflammatory cytokines (TNFα and IL-1β) within 24 
hours of treatment.20, 36, 37 The decrease in TNFα and IL-1β 
at 100 μg/mL in comparison to 10 μg/mL may be explained 
by the high rates of cell death by 24 hours at 100 μg/mL and 
that these cytokines are only released from viable cells.36 
Both TNFα and IL-1β are central to the development and 
regulation of acute inflammation and have been found in high 
concentrations in tissue macrophages local to implant failure.28 
TNFα has also been reported to have a direct role in osteoclast 
recruitment and activation, which may contribute to implant 
loosening.37 Hypoxia or Co exert much of their effects through 
the stabilisation of HIF1α, which either leads directly to the 
up-regulation of TNFα and IL-1β through modification of 
gene expression, or indirectly though up-regulation of other 
immune regulatory molecules such as IκB kinases and nuclear 
factor (NF)-κB. These, along with HIF1α, are also regulated by 
prolyl hydroxylases.38, 39 In vivo, knocking out HIF1α significantly 
reduced the ability of mouse myeloid cells to initiate an innate 
inflammatory response,40 and challenging lung epithelium to 
Co in HIF1α-deficient mice resulted in them losing their pro-
inflammatory phenotype.32 This provides strong evidence for 
HIF1α in mounting an innate immune response in vivo. 

In this in vitro study we showed a clear increase in pro-
inflammatory mediator release in the absence of HIF1α, 
suggesting a mechanism for driving inflammation independent 
of HIF1α. In contrast, Nyga et al.20 showed no change in IL-1β 
or TNFα protein release in the absence of HIF1α, but they used 
ascorbic acid to prevent HIF1α accumulation by maintaining 
the activity of prolyl hydroxylases, which also regulate other 
proteins such as NF-κB. In the absence of HIF1α, specifically 
knocked out using siRNA technology, it may be that NF-κB 
signalling is responsible for the increased production of TNFα 
and IL-1β. Indeed, HIF1α has been reported to restrict the 

transcription of NF-κB during inflammation,41 so removing 
HIF1α may allow for enhanced NF-κB activity following 
hypoxia or Co treatment. This is certainly something to 
explore further. 

CoNP-induced cytotoxicity correlated with an increase in 
HIF1α so we aimed to determine whether the increase in HIF1α 
was causal to apoptosis and cell death of THP-1 macrophages. 
HIF1α plays a complex but important role in apoptosis by 
regulating the expression of genes involved in either activating 
or inhibiting the cell death cascade.18 Caspase 3 is part of the cell 
death cascade and has been previously shown to be involved 
in CoNP-induced macrophage cytotoxicity.42 This study also 
showed an increase in caspase 3 with CoNP dose (Additional 

Figure 1), which correlated with cytotoxicity, but preventing 
HIF1α accumulation had no significant impact on macrophage 
cell death in comparison to the siRNA control. 

Future work needs to investigate caspase 3 activation in 
the absence of HIF1α and equate this with macrophage 
cytotoxicity. Shi et al.43 showed an upregulation of the activated 
fragment of caspase 3 following HIF1α siRNA knock out in 
human breast cancer cell lines, which suggests a direct role for 
HIF1α in preventing apoptosis. In fact, HIF1α is often found 
overexpressed in solid tumours rendering tumour cells resistant 
to apoptosis.44  In vivo, macrophages are able to undergo rapid 
metabolic adaptation to changes in environmental milieu, such 
as hypoxia, in order to fight infection,45 so the primary function 
of the hypoxia pathway and HIF1α must be survival. The role 
of HIF1α, however, appears to be very cell-type specific and 
the direct role for HIF1α in macrophage apoptosis to metal 
challenge is still unclear. Following MoM hip implants, Co 
could initiate a range of different responses depending on 
the patient’s lifestyle or susceptibility to metal challenge. This 
may be the reason why failure rates vary so widely between 
individuals. 

The role of HIF1α in Co-induced inflammation or cytotoxicity 
is clearly very complex. The potential cellular and molecular 
process involved in this study is shown in Figure 4. 

There are a number of limitations of this study: (1) the reactive 
oxygen species was not detected in this study; (2) the direct 
causal factor of HIF1α independent apoptosis of this study is 

Figure 4. Schematic diagram. CoNP: cobalt nanoparticle; HIF1α: hypoxia inducible transcription factor 1α; ROS: 
reactive oxygen species; siRNA: small interfering RNA.
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still unclear; (3) the downstream gene expression as a resultant 
of CoNP induced HIF1α increase needs further study. 

In conclusion, inhibiting HIF1α protein accumulation alone 
is insufficient to prevent CoNP induced cytotoxicity, despite 
Co treatment leading to an increase in HIF1α stabilisation in 
a dose dependent manner. This suggests that whilst CoNP 
promotes cytotoxicity and cellular inflammation, the apoptotic 
mechanism is not dependent on HIF1α. 

Author contributions

Original idea, day-to-day management, consumable, manuscript preparation: 
ZX; research design: WRF, ZX; cellular and molecular experiments, 
manuscript writing: WRF; cytotoxicity assay: ZL, WRF, XW; cell culture, 
HIF1α knockout: WRF; western blot and analysis: SEO; ELISA: XW; 
immunohistochemistry and confocal microscopy: HX; SEM image: AL; 
experimental support: VK; figure and graph preparation: ZL; data analysis: 
WRF, ZL, AL; manuscript revision: WRF, ZL, VK, ZX. All authors approved 
the final version of this manuscript.
Financial support

None.
Acknowledgement 

None.
Conflicts of interest statement

The authors report no conflict of interest. No financial interest or benefit has 
arisen from the direct applications of this research. 
Editor note: Zhidao Xia is an Editorial Board member of Biomaterials 

Translational.
The article was subject to the journal’s standard procedures, with peer review 
handled independently of this Editorial Board Member and their research 
groups.
Data sharing statement

This is an open access journal, and articles are distributed under the terms 
of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 
License, which allows others to remix, tweak, and build upon the work non-
commercially, as long as appropriate credit is given and the new creations are 
licensed under the identical terms.
Additional files

Additional file 1: Immunocytochemistry of hypoxia inducible transcription 
factor 1α and caspase 3 of THP-1 cells after phagocytosis of cobalt nanoparticles. 
Additional Figure 1: Bright field and confocal images illustrate the phagocytosis 
and the immunocytochemical staining of hypoxia inducible transcription 
factor 1α (HIF1α) and caspase 3 (Casp3) of THP-1 macrophages in response to 
different dose of cobalt nanoparticles (CoNPs).

1. Learmonth, I. D.; Young, C.; Rorabeck, C. The operation of the 

century: total hip replacement. Lancet. 2007, 370, 1508-1519.

2. O’Boyle, C. A.; McGee, H.; Hickey, A.; O’Malley, K.; Joyce, C. R. 

Individual quality of life in patients undergoing hip replacement. Lancet. 

1992, 339, 1088-1091.

3. Samelko, L.; Caicedo, M. S.; Lim, S. J.; Della-Valle, C.; Jacobs, J.; Hallab, 

N. J. Cobalt-alloy implant debris induce HIF-1α hypoxia associated 

responses: a mechanism for metal-specific orthopedic implant failure. 

PLoS One. 2013, 8, e67127.

4. Schoon, J.; Hesse, B.; Rakow, A.; Ort, M. J.; Lagrange, A.; Jacobi, D.; 

Winter, A.; Huesker, K.; Reinke, S.; Cotte, M.; Tucoulou, R.; Marx, 

U.; Perka, C.; Duda, G. N.; Geissler, S. Metal-specific biomaterial 

accumulation in human peri-implant bone and bone marrow. Adv Sci 

(Weinh). 2020, 7, 2000412.

5. Xia, Z.; Kwon, Y. M.; Mehmood, S.; Downing, C.; Jurkschat, K.; 

Murray, D. W. Characterization of metal-wear nanoparticles in 

pseudotumor following metal-on-metal hip resurfacing. Nanomedicine. 

2011, 7, 674-681.

6. Junnila, M.; Seppänen, M.; Mokka, J.; Virolainen, P.; Pölönen, T.; 

Vahlberg, T.; Mattila, K.; Tuominen, E. K.; Rantakokko, J.; Äärimaa, 

V.; Itälä, A.; Mäkelä, K. T. Adverse reaction to metal debris after 

Birmingham hip resurfacing arthroplasty. Acta Orthop. 2015, 86, 345-

350.

7. Lainiala, O.; Eskelinen, A.; Elo, P.; Puolakka, T.; Korhonen, J.; 

Moilanen, T. Adverse reaction to metal debris is more common in 

patients following MoM total hip replacement with a 36 mm femoral 

head than previously thought: results from a modern MoM follow-up 

programme. Bone Joint J. 2014, 96-b, 1610-1617.

8. Langton, D. J.; Joyce, T. J.; Jameson, S. S.; Lord, J.; Van Orsouw, M.; 

Holland, J. P.; Nargol, A. V.; De Smet, K. A. Adverse reaction to metal 

debris following hip resurfacing: the influence of component type, 

orientation and volumetric wear. J Bone Joint Surg Br. 2011, 93, 164-171.

9. Xia, Z.; Ricciardi, B. F.; Liu, Z.; von Ruhland, C.; Ward, M.; Lord, 

A.; Hughes, L.; Goldring, S. R.; Purdue, E.; Murray, D.; Perino, G. 

Nano-analyses of wear particles from metal-on-metal and non-metal-

on-metal dual modular neck hip arthroplasty. Nanomedicine. 2017, 13, 

1205-1217.

10. Kwon, Y. M.; Xia, Z.; Glyn-Jones, S.; Beard, D.; Gill, H. S.; Murray, 

D. W. Dose-dependent cytotoxicity of clinically relevant cobalt 

nanoparticles and ions on macrophages in vitro. Biomed Mater. 2009, 4, 

025018.

11. Simonsen, L. O.; Harbak, H.; Bennekou, P. Cobalt metabolism and 

toxicology--a brief update. Sci Total Environ. 2012, 432, 210-215.

12. Lauwerys, R.; Lison, D. Health risks associated with cobalt exposure--

an overview. Sci Total Environ. 1994, 150, 1-6.

13. Lison, D.; Lauwerys, R. Cobalt bioavailability from hard metal particles. 

Further evidence that cobalt alone is not responsible for the toxicity of 

hard metal particles. Arch Toxicol. 1994, 68, 528-531.

14. Wang, S.; Liu, F.; Zeng, Z.; Yang, H.; Jiang, H. The protective effect 

of bafilomycin a1 against cobalt nanoparticle-induced cytotoxicity and 

aseptic inflammation in macrophages in vitro. Biol Trace Elem Res. 2016, 

169, 94-105.

15. Catelas, I.; Petit, A.; Vali, H.; Fragiskatos, C.; Meilleur, R.; Zukor, D. J.; 

Antoniou, J.; Huk, O. L. Quantitative analysis of macrophage apoptosis 

vs. necrosis induced by cobalt and chromium ions in vitro. Biomaterials. 

2005, 26, 2441-2453.

16. Salib, C. G.; Lewallen, E. A.; Paradise, C. R.; Tibbo, M. E.; Robin, J. X.; 

Trousdale, W. H.; Morrey, L. M.; Xiao, J.; Turner, T. W.; Limberg, A. 

K.; Jay, A. G.; Thaler, R.; Dudakovic, A.; Sanchez-Sotelo, J.; Morrey, 

M. E.; Berry, D. J.; Lewallen, D. G.; van Wijnen, A. J.; Abdel, M. P. 

Molecular pathology of adverse local tissue reaction caused by metal-

on-metal implants defined by RNA-seq. Genomics. 2019, 111, 1404-1411.

17. Vengellur, A.; LaPres, J. J. The role of hypoxia inducible factor 1alpha 

in cobalt chloride induced cell death in mouse embryonic fibroblasts. 

Toxicol Sci. 2004, 82, 638-646.

18. Ke, Q.; Costa, M. Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol. 

2006, 70, 1469-1480.

19. Dai, Z. J.; Gao, J.; Ma, X. B.; Yan, K.; Liu, X. X.; Kang, H. F.; Ji, Z. Z.; 

Guan, H. T.; Wang, X. J. Up-regulation of hypoxia inducible factor-1α 

by cobalt chloride correlates with proliferation and apoptosis in PC-2 

cells. J Exp Clin Cancer Res. 2012, 31, 28.

20. Nyga, A.; Hart, A.; Tetley, T. D. Importance of the HIF pathway in 

cobalt nanoparticle-induced cytotoxicity and inflammation in human 

macrophages. Nanotoxicology. 2015, 9, 905-917.

21. DePedro, H. M.; Urayama, P. Using LysoSensor Yellow/Blue DND-160 

to sense acidic pH under high hydrostatic pressures. Anal Biochem. 2009, 

384, 359-361.



150

Xia, Z.; et al.

www.biomat-trans.com

Research Article

22. Hart, A. J.; Quinn, P. D.; Lali, F.; Sampson, B.; Skinner, J. A.; Powell, 

J. J.; Nolan, J.; Tucker, K.; Donell, S.; Flanagan, A.; Mosselmans, J. F. 

Cobalt from metal-on-metal hip replacements may be the clinically 

relevant active agent responsible for periprosthetic tissue reactions. Acta 

Biomater. 2012, 8, 3865-3873.

23. Williams, A.; Flynn, K. J.; Xia, Z.; Dunstan, P. R. Multivariate spectral 

analysis of pH SERS probes for improved sensing capabilities. J Raman 

Spectrosc. 2016, 47, 819-827.

24. Xia, Z.; Triffitt, J. T. A review on macrophage responses to 

biomaterials. Biomed Mater. 2006, 1, R1-9.

25. Liu, M.; Bell, S.; Segarra, M.; Steven Tay, N. H.; Will, G.; Saman, W.; 

Bruno, F. A eutectic salt high temperature phase change material: 

Thermal stability and corrosion of SS316 with respect to thermal 

cycling. Sol Energy Mater Sol Cells. 2017, 170, 1-7.

26. Jeong, J.; Han, Y.; Poland, C. A.; Cho, W. S. Response-metrics for acute 

lung inflammation pattern by cobalt-based nanoparticles. Part Fibre 

Toxicol. 2015, 12, 13.

27. Czarnek, K.; Terpiłowska, S.; Siwicki, A. K. Selected aspects of the 

action of cobalt ions in the human body. Cent Eur J Immunol. 2015, 40, 

236-242.

28. Paukkeri, E. L.; Korhonen, R.; Hämäläinen, M.; Pesu, M.; Eskelinen, 

A.; Moilanen, T.; Moilanen, E. The inflammatory phenotype in 

failed metal-on-metal hip arthroplasty correlates with blood metal 

concentrations. PLoS One. 2016, 11, e0155121.

29. Majmundar, A. J.; Wong, W. J.; Simon, M. C. Hypoxia-inducible 

factors and the response to hypoxic stress. Mol Cell. 2010, 40, 294-309.

30. Matsuura, H.; Ichiki, T.; Ikeda, J.; Takeda, K.; Miyazaki, R.; 

Hashimoto, T.; Narabayashi, E.; Kitamoto, S.; Tokunou, T.; Sunagawa, 

K. Inhibition of prolyl hydroxylase domain-containing protein 

downregulates vascular angiotensin II type 1 receptor. Hypertension. 

2011, 58, 386-393.

31. Salnikow, K.; Donald, S. P.; Bruick, R. K.; Zhitkovich, A.; Phang, J. M.; 

Kasprzak, K. S. Depletion of intracellular ascorbate by the carcinogenic 

metals nickel and cobalt results in the induction of hypoxic stress. J Biol 

Chem. 2004, 279, 40337-40344.

32. Saini, Y.; Greenwood, K. K.; Merrill, C.; Kim, K. Y.; Patial, S.; 

Parameswaran, N.; Harkema, J. R.; LaPres, J. J. Acute cobalt-induced 

lung injury and the role of hypoxia-inducible factor 1alpha in 

modulating inflammation. Toxicol Sci. 2010, 116, 673-681.

33. Manke, A.; Wang, L.; Rojanasakul, Y. Mechanisms of nanoparticle-

induced oxidative stress and toxicity. Biomed Res Int. 2013, 2013, 942916.

34. Risom, L.; Møller, P.; Loft, S. Oxidative stress-induced DNA damage by 

particulate air pollution. Mutat Res. 2005, 592, 119-137.

35. Papageorgiou, I.; Brown, C.; Schins, R.; Singh, S.; Newson, R.; Davis, 

S.; Fisher, J.; Ingham, E.; Case, C. P. The effect of nano- and micron-

sized particles of cobalt-chromium alloy on human fibroblasts in vitro. 

Biomaterials. 2007, 28, 2946-2958.

36. Catelas, I.; Petit, A.; Zukor, D. J.; Antoniou, J.; Huk, O. L. TNF-alpha 

secretion and macrophage mortality induced by cobalt and chromium 

ions in vitro-qualitative analysis of apoptosis. Biomaterials. 2003, 24, 

383-391.

37. Xu, J. W.; Konttinen, Y. T.; Lassus, J.; Natah, S.; Ceponis, A.; Solovieva, 

S.; Aspenberg, P.; Santavirta, S. Tumor necrosis factor-alpha (TNF-

alpha) in loosening of total hip replacement (THR). Clin Exp Rheumatol. 

1996, 14, 643-648.

38. Cummins, E. P.; Berra, E.; Comerford, K. M.; Ginouves, A.; Fitzgerald, 

K. T.; Seeballuck, F.; Godson, C.; Nielsen, J. E.; Moynagh, P.; 

Pouyssegur, J.; Taylor, C. T. Prolyl hydroxylase-1 negatively regulates 

IkappaB kinase-beta, giving insight into hypoxia-induced NFkappaB 

activity. Proc Natl Acad Sci U S A. 2006, 103, 18154-18159.

39. Rius, J.; Guma, M.; Schachtrup, C.; Akassoglou, K.; Zinkernagel, A. 

S.; Nizet, V.; Johnson, R. S.; Haddad, G. G.; Karin, M. NF-kappaB 

links innate immunity to the hypoxic response through transcriptional 

regulation of HIF-1alpha. Nature. 2008, 453, 807-811.

40. Cramer, T.; Yamanishi, Y.; Clausen, B. E.; Förster, I.; Pawlinski, R.; 

Mackman, N.; Haase, V. H.; Jaenisch, R.; Corr, M.; Nizet, V.; Firestein, 

G. S.; Gerber, H. P.; Ferrara, N.; Johnson, R. S. HIF-1alpha is essential 

for myeloid cell-mediated inflammation. Cell. 2003, 112, 645-657.

41. Bandarra, D.; Biddlestone, J.; Mudie, S.; Müller, H. A.; Rocha, S. HIF-1α 

restricts NF-κB-dependent gene expression to control innate immunity 

signals. Dis Model Mech. 2015, 8, 169-181.

42. Catelas, I.; Petit, A.; Zukor, D. J.; Huk, O. L. Cytotoxic and apoptotic 

effects of cobalt and chromium ions on J774 macrophages - Implication 

of caspase-3 in the apoptotic pathway. J Mater Sci Mater Med. 2001, 12, 

949-953.

43. Shi, Y.; Chang, M.; Wang, F.; Ouyang, X.; Jia, Y.; Du, H. Role and 

mechanism of hypoxia-inducible factor-1 in cell growth and apoptosis 

of breast cancer cell line MDA-MB-231. Oncol Lett. 2010, 1, 657-662.

44. Greijer, A. E.; van der Wall, E. The role of hypoxia inducible factor 1 

(HIF-1) in hypoxia induced apoptosis. J Clin Pathol. 2004, 57, 1009-1014.

45. Palazon, A.; Goldrath, A. W.; Nizet, V.; Johnson, R. S. HIF 

transcription factors, inflammation, and immunity. Immunity. 2014, 41, 

518-528. 

Received: January 26, 2021

Revised: June 7, 2021

Accepted: June 9, 2021

Available online: June 28, 2021


