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ABSTRACT

Cobalt-chromium-molybdenum (CoCrMo) alloys are used extensively in orthopaedic
applications. However, they can undergo wear and corrosion in vivo, leading to the release of Co
and Cr ions that can limit implant functionality and survivorship because of their biological effects.
Indeed, previous studies have shown that, Co?* and Cr*" can stimulate the production of bone-
resorbing cytokines through the activation of redox-dependent mechanisms and induce an
inflammatory response in macrophages. However, the effects of Co?>" and Cr*" on the energy
metabolism of macrophages remain largely unknown. The objectives of this thesis were to
determine, in macrophages: 1. the effects of Co*" and Cr** on oxidative stress and mitochondrial
function; 2. the effects of Co*>" and Cr*" on glycolytic flux and the stabilization of HIF-1a. RAW
264.7 murine macrophages were exposed to different Co?* or Cr** concentrations for up to 48h.
Biochemical, and immunoblotting assays as well as extracellular flux analyses were performed to
analyze reactive oxygen species (ROS) production, oxidative damage, mitochondrial function,
glycolytic activity, as well as stabilization of HIF-1a after macrophage exposure to the metal ions.
Mitochondrial function and glycolytic activity were assessed by measuring oxygen consumption
rates (OCR) and extracellular acidification rates (ECAR). Overall, results showed that Co®" but
not Cr** induced oxidative stress as well as a decrease in oxidative phosphorylation (OXPHOS).
Both Co?" and Cr’" induced an increase in glycolytic flux, albeit to a lower level with Cr*".
Moreover, Co?* but not Cr** induced the stabilization of HIF-1a, likely contributing to the Co**-
induced increase in glycolytic flux. Altogether, results suggest that Co** can induce a metabolic
shift from OXPHOS towards aerobic glycolysis similar to that observed in macrophages upon

polarization towards a pro-inflammatory phenotype. Further elucidation of the molecular



mechanisms activated by Co*>" and Cr** may facilitate the development of therapeutic approaches
to modulate the inflammatory response to metal wear and corrosion products and re-establish

immune homeostasis in periprosthetic tissues in order to increase implant longevity.
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1. LITERATURE REVIEW

1.1 Joint replacements

Arthroplasty is an effective and safe method for treating severe degenerative, post-
traumatic and other injuries/diseases of the joint. It is a surgical procedure during which all or part
of the joint is replaced with an artificial device in order to restore joint functionality after injury or
disease. An implant is used to replace the damaged cartilage within the joint. Among all
arthroplasties, hip and knee arthroplasties are being performed worldwide with promising
results. 2

A hip arthroplasty, which has been labelled as the operation of the century,® can be
performed with two types of implant devices: stem-type devices and hip resurfacing (HR). Stem-
type devices will be referred to as total hip replacements (THR) in this thesis, to differentiate them
from the HR. With a THR, both the femur head and neck are surgically excised and a synthetic
socket is implanted into the pelvis replacing the acetabulum after the damaged cartilage and
subchondral bone have been removed. The natural femur head is replaced by an artificial ball
attached to a metal stem fitted into the femur bone. On the other hand, with a HR, the natural
femoral head is resurfaced by a metal component in the absence of a stem component. Although
less commonly used, HR have the advantage of preserving the femoral bone stock and have been
used mostly in younger patients.

A knee arthroplasty is the surgery to replace a painful damaged or diseased knee joint with
an implant. The patella is moved out of the way to expose the joint underneath. The ends of the
femur and tibia are cut to fit the implant. Similarly, the under-surface of the patella cap is often cut

to allow for placement of an artificial component.



While a primary surgery is the first replacement procedure, where the natural bone is
replaced with an artificial joint implant, revisions are replacements of an existing artificial hip or
knee joint implant. A revision procedure may be necessary when an existing worn-out hip or knee
component needs to be removed and replaced with a new implant. This may include removing one
or more components of the implant, as necessary.*

Extending the longevity of the implants has been a major focus of medical research and
industry. Hip implants can reliably relieve pain and improve joint function in the majority of
patients for a period of 15 to 20 years or more postoperatively.’ On this basis, the expected implant
survival time is insufficient for the younger and generally more active population.

As the population ages, the number of primary joint replacement procedures performed
each year is rising in conjunction with an increasing revision burden. According to the Canadian
Joint Replacement Registry (CJRR), in 2016-2017, 55,981 hip replacements and 67,169 knee
replacements were performed in Canada.* This represents increases of 17.8% and 15.5%,
respectively, compared with 5 years earlier. The main reason for having a primary hip replacement
remains degenerative arthritis, while the main reason for hip revision is aseptic loosening.
Moreover, the number of hip replacement procedures is increasing in the younger and more active
population. About 26.8% of the patients undergoing a primary hip replacement were between 55
and 64 years old, while 12.1% of the patients were under 55 years old.* Close to 8.3% of the
reported cases were revision surgeries for the hip artificial joint, respectively. While revisions may
represent a relatively small proportion of all joint replacements, these types of surgeries are more
complex than primary surgeries and have difficult implications, such as reduced patient mobility,

longer patient recovery time and higher health care costs.* Therefore, examining risk factors for



early revision can inform clinicians for better practices and decisions regarding joint replacement

patients, and can provide information on the medical costs for the health care system.*

1.2 Evolution of implant surface selection in joint replacements

The materials used to manufacture hip replacement bearing surfaces enable the joint to
move with low friction.® The material choice for different components of hip implants, mainly the
bearing surfaces, constitutes a critical factor determining the success of any hip replacement
surgery. Many bearing combinations are available, each associated with different advantages and
disadvantages. The most common hip implants have been made of a metal (cobalt-chromium-
molybdenum [CoCrMo] or titanium alloy) femoral head, articulating against a polyethylene
acetabular component. These implants are referred to as metal-on-polyethylene (MPE) implants.
However, large volumes of the original ultra-high molecular weight polyethylene (UHMWPE)
wear particles detected at the implant-bone interface were shown to be the major cause of a
significant inflammatory response leading to periprosthetic osteolysis and aseptic implant
loosening.”® This problem urged for implant revision after only about 10 years in some cases.’!°
Therefore, other more wear-resistant bearing surfaces than conventional MPE, including metal-
on-metal (MM) and ceramic-on-ceramic (CC) have been developed based on the concept that the
use of harder materials than polyethylene could improve wear resistance and decrease volumetric
wear. During the last two decades, highly crosslinked UHMWPE (HXLPE) was also introduced
to improve the wear properties of the MPE bearings.!!"!? In vitro studies have shown 40% to 95%
reductions in wear rate compared with conventional UHMWPE.'*!> However, the more brittle
nature of the HXLPE'® and the generation of predominantly submicron-sized particles'”-'® have

raised concerns regarding the long-term clinical performance of HXLPE.!%2°



CoCrMo alloys have become increasingly important as the number of various implanted
devices, e.g., orthopedic, cardiovascular, and dental implants, is increasing.>! These alloys are used
in orthopaedic applications, because of their strength, durability, and corrosion resistance.?'*? The
CoCrMo alloys consist usually of 62-67% cobalt (Co) and 27-30% chromium (Cr), but also include
7% molybdenum (Mo) and less than 1% of manganese (Mn), iron (Fe), nickel (Ni).!® They are
used for hip and knee implant bearing surfaces specifically owing to their properties of excellent
wear and corrosion resistance.?> MM hip implants consist of a CoCrMo ball replacing the femur
head and a CoCrMo socket replacing the acetabulum. The first generation of MM implants in
1950s/1960s showed a volumetric wear up to 100 times lower than that of conventional MPE
bearings.?* Although some continued to function well into the second and third decade, the first
MM implants were used with only limited success.’ Following the problem of osteolysis observed
with conventional MPE implants, a second generation of MM hip implants was introduced in the
1980°s.%2*2* with a volumetric wear rate of one to two orders of magnitude lower than the clinical
wear rates reported with the first-generation MM hip implants.?®

MM hip implants were reintroduced as a low-wear, high-performance alternative to MPE,
especially in younger, more active patients. There were several advantages noted with the MM
implants. For example, compared to conventional MPE implants, the lower volumetric wear rates
of large head metal articulation were shown to be significantly decreased.?® However, CoCrMo-
based implants can still undergo wear/corrosion and nanometer size wear particles, along with the
release of metal ions was shown to cause adverse events leading to high revision rates. For
instance, starting in 2010, national registries data began to reveal significantly higher revision rates

(2-3X) in MM implants in comparison with other hip implants.?’-*8



1.3  Implant wear and corrosion products: wear particles and metal ions

Wear products from hip implants, including particles and ions, have been found to
accumulate in periprosthetic tissues.

The composition, morphology and size of the wear particles generated by the implants have
been shown to influence cell response.!*?%? Indeed, the evidence of periprosthetic osteolysis has
been first described in response to UHMWPE particles generated from conventional MPE
implants. These particles were found in the periprosthetic tissues in different morphologies.’!
Particles with a roughened surface and a fibular shape appeared to induce a greater level of
inflammatory cytokine production than particles with a smooth surface and a globular shape in an

in vivo murine inflammation model.3'=2

Moreover, human monocyte-like cells are most
responsive to UHMWPE particles in the size range of 0.21-7.2um.*°

Wear particles from MM implants have been reported to be primarily round to oval
nanometer-size chromium oxide particles (~50 nm average), with some more elongated CoCrMo
microparticles (1-10 um).>*3

Ceramics are used in CC hip implants or ceramic-on-polyethylene (CPE) hip or knee
implants. Alumina (Al203) and zirconia (ZrO2) particles generated from CC implants have
overlapping submicron-size distributions (0.44 = 0.25 um for Al203 and 0.28 + 0.08 um for ZrO2
particles).>® Others studies revealed the presence of a bimodal size distribution of ceramic particles
with nanometer-size particles ranging from 1-35 nm and larger micrometer-size particles ranging
from 0.021 to 10 pum 3637

Metal ions can arise from wear (mainly from the bearing surfaces), but also from

macrophage-mediated degradation of wear particles and corrosion of implant surface.*® Implants

not subjected to any mechanical stress can still release metal ions through metal corrosion.** Cobalt



and chromium are the major elements of the CoCrMo alloy. Co exists in two common oxidation
states (+2 and +3). However, Co®" are rapidly reduced to Co*" in aqueous environments*’
Similarly, Cr exists in two or more oxidation states, most commonly +3 and +6, but Cr®* are rapidly
reduced to Cr** under physiological conditions.*’

Based on its role in activating the erythropoietin protein production and increasing blood
flow, Co** has been used in the treatment of anaemia, as well as in sports as an attractive alternative
to traditional blood doping.*! In addition, Co** is a necessary component of vitamin B2 which
plays a very important role in the proper functioning of the human organism.*! However, while
Co*" is necessary as a trace element for normal biological function, high concentrations of this ion
are toxic and have been shown to interfere with several biological processes. The extent of the
effects directly depends on the ion concentrations and length of exposure. High concentrations of

42,43

Co*" released from the implant have been linked to inflammatory reactions*** and alterations in

22,4445 Co?* has been shown to

bone modelling that lead to aseptic loosening and implant failure.
bind toll-like receptors 4 (TLR4) in human macrophages and to activate downstream mechanisms
leading to inflammatory cytokine release.***’ Also, Co?" can enter cells through calcium channels
and act as a blocker, thereby inhibiting biological processes activated by calcium signaling.*3
These biological processes include the activity of mitochondrial enzymes such as pyruvate
dehydrogenase (PDH), alpha ketoglutarate dehydrogenase (o-KGDH) and isocitrate
dehydrogenase (IDH).* These enzymes are part of the tricarboxylic acid (TCA) cycle and thereby
participate in mitochondrial adenosine triphosphate (ATP) production.

On the other hand, the toxicity and essentiality of chromium ions depend on their oxidation

state in vivo. While Cr®" can readily cross the cellular membrane and be reduced inside the cell

through the antioxidant system, free ionic Cr** cannot cross the plasma membrane barrier unless



it is complexed to other organic or inorganic molecules. Cr*”, likely complexed with phosphates
or phosphoproteins, will be taken up by the cells through pinocytosis or endocytosis depending on
the size of the complexes formed.’**! Interestingly, Cr’* supplementation has been described to
have pharmacological benefits in treating patients with diabetes since it has been shown to
potentiate insulin activity.’> However, Cr** and its complexes have also been shown to induce
DNA damage, oxidative damage as well as Cr—DNA adducts formation, and very high chromium
(Cr** and Cr®") concentrations or long exposure can result in genotoxic effects.

Measuring metal ion concentrations in biological fluids is a well-established clinical tool
used to monitor the patients that have undergone hip replacement surgery. For instance, blood
metal ion levels can be a reliable proxy for hip wear rate> and to effectively identify patients at

t.>> Serum cobalt levels of 0.13-

low risk of adverse reactions after metal on metal hip replacemen
0.80 ppb and serum chromium levels of 0.19-0.87 ppb have been reported in healthy control
subjects, while postoperative concentrations in serum ranged from 0.61-115.8 ppb for cobalt and
0.12-127.8 for chromium.>® However, postoperative metal ions levels have yet to be in agreement
between different laboratories or studies likely because of the difference in samples processing
and there is currently no consensus on threshold values above which frequent monitoring should
be performed or revision surgery is required. In 2012, the Mayo clinic proposed a serum threshold
of 10 ppb for cobalt and 15 ppb for chromium, above which postoperative metal ions levels should
be closely monitored.’” Also starting in 2012, the Medicines and Healthcare products Regulatory
Agency (MHRA) medical alerts recommended a threshold of 7 ppb for whole blood samples above
which frequent testing should be performed.® A recent study by Hartmann et al.’® relying on

epidemiological studies revealed that median metal ion concentrations were persistently elevated

in all investigated media (whole blood, serum, plasma, erythrocytes, urine) post-implantation of



MM-bearings, irrespective of patient characteristics and study characteristics. It is noteworthy that
metal ions levels in the body fluids depends on the renal function and excretion efficiency in
urine.> Moreover, metal ion levels in the synovial fluid are expected to be higher than in whole
blood and serum® since they reflect the local concentration of metal ions and particles in the
periprosthetic region.’* Notwithstanding, the levels of metal ions in whole blood and in the
synovial fluid are correlated with each other, and they are higher post-implantation than pre-
implantation.’>®® However, interestingly, increased metal ion and wear levels do not always

correlate with the level of tissue destruction.®!

1.4  Implant failure mechanisms in joint replacements

As mentioned earlier, joint replacement is an effective surgery to restore joint functionality.
However, implant failures remain a cause for concern, with implant loosening being the main
contributor. Implant loosening is defined as a mechanical instability at the interface between the
implant and bone,®? due to periprosthetic osteolysis (bone loss around the implant).

The concept of aseptic loosening as a result of periprosthetic tissue reaction was first
introduced in 1977 by Willert and Semlitsch.%® It is generally associated with pain and loss of
function although it may also occur asymptomatically. In order to prevent implant failure, there is
a need to investigate the mechanisms that cause instability at the implant and bone interface. The
current concepts suggest that aseptic implant loosening is the result of a combination of mechanical
and biological events at the implant and bone interface.5? These events are also tightly linked to a
variety of factors such as the host response (including genetic predisposition), the implant design
as well as the surgery’s success, which have been identified as contributing factors to development
of aseptic loosening and osteolysis.** Wear particles and metal ions have been reported to be the

main culprit in the inflammatory response leading to periprosthetic osteolysis, leading to implant



failures.®%-*7 The distribution of wear and corrosion products across the joint is facilitated by the
joint fluid that is synthesized by synovial-like macrophages and fibroblasts.®® This increased
distribution further leads to tissue damage, in addition to the activation of resting tissue
macrophage towards pro-inflammatory macrophages around the implant, thereby expanding the
inflammatory reaction.®? In addition to the fact that metallic products directly impact the local
response and the implant survivorship, their biological effects are not limited to the local tissue
response since metal ions in particular have been found disseminated into other tissues distant from
the implant region.”

Therefore, understanding the underlying molecular mechanisms involved in the biological

response to metal wear and corrosion products is critical to possibly modulate their effects and

increase implant longevity.

1.4.1 Innate immune response to wear and corrosion products

The initial biological reaction to metallic products can be a non-specific response, i.e. an
innate immune reaction.®” This reaction involves pattern-recognition receptors (PRRs), for
example toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) that recognize danger-associated molecular patterns (DAMPs), triggering rapid
and robust signal transduction leading to an inflammatory response.’® The role of the inflammatory
response, in the general case, is to eliminate foreign bodies with limited damage of the inflamed
tissue, followed by a tissue repair back to the pre-inflammation state. The resolution of
inflammation is an essential part of the host response in order to avoid unnecessary tissue damage,
reduce the energy demand associated with inflammation, in addition to pain relief, tissue

remodelling, regeneration, and restoration of function. An inflammatory reaction that fails to



resolve (e.g., with wear and corrosion products) leads to a persistent reaction, otherwise called
chronic inflammation.”!

Aseptic loosening due to osteolysis has been associated with a chronic inflammatory
reaction.®? In general, bone loss occurs because of an increased bone resorption and/or reduced
bone formation. Histological analysis of periprosthetic tissues taken from osteolytic lesions from
both loose and well-fixed implants shows the presence of many types of cells including
macrophages, fibroblasts, osteoclasts, as well as bioactive molecules such as chemokines,
cytokines and degrading enzymes (collagenases, gelatinases, cathepsin).”>’* During an
inflammatory reaction, cytokine release from various cells including macrophages, fibroblasts and
osteoblasts, was shown to promote macrophage differentiation into osteoclasts and decrease
osteoblast proliferation.?>”> Prolonged survival of the osteoclasts and inhibition of osteoblast
proliferation lead to an increased bone resorption.

Wear and corrosion product-induced periprosthetic osteolysis is mainly driven by

osteolytic cytokines,®6%7376

including receptor activator of nuclear factor kappa B ligand
(RANKL) which fundamentally controls osteoclast differentiation.””-’® Osteolytic cytokines also
includes TNF-a, which is considered as a key mediator of the inflammatory process.”” TNF-o
induces osteoclast precursor differentiation into mature osteoclasts and acts synergistically with
other cytokines such as RANKL® and interleukin-1 alpha (IL-10)®' to stimulate bone resorption.
Also, TNF-a regulates osteoblast proliferation and osteoclast survival rate.?>® The role of RANKL
in osteoclast differentiation is however, countered by osteoprotegrin (OPG) produced mostly by
osteoblasts, which when dimerized, has a high affinity for RANKL, therefore blocks the

RANKL/RANK axis and thereby osteoclast differentiation.’* These results indicate that

inflammatory cytokines act through distinct cellular receptors and are operating in parallel to the
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RANKL/RANK/OPG signaling pathway to induce osteoclast differentiation in the periprosthetic
tissues.”” Among other cell types involved, macrophages play a major role in periprosthetic
osteolysis. They are osteoclast precursors that have been shown to differentiate into functional
osteoclasts in response to wear particles in vivo.® They are listed as the predominant immune cells
at the bone-implant interface as evidence of inflammation.3¢*” Finally, macrophages are essential
phagocytes that are involved in inducing an innate immune reaction as well as initiating adaptive

immunity.

1.4.2 Adaptive immune response in implant failure

Interestingly, Willert et al.®® reported the presence of diffuse and perivascular infiltrates of
T and B lymphocytes as well as plasma cells in MM periprosthetic tissues. The authors described
this reaction histologically as aseptic lymphocyte-dominated vasculitis-associated lesion
(ALVAL), suggesting the presence of a hypersensitivity reaction.®® This tissue reaction pattern
seems to be more prominent around loose MM implants. In general, professional cells such as
macrophages and dendritic cells capture and process antigens to present them as major
histocompatibility complexes (MHC) II-bound antigenic epitopes to the T-cell receptors (TCRs)
of naive CD4" T-helper (Th) cells. The extent of T and B lymphocytes as well as plasma cells
diffusion and infiltration at the periprosthetic tissues in response to metallic wear and corrosion
products has been adopted as a criteria to rate ALVAL.% The identification of Th1 cells, a specific
subset of T lymphocytes, observed in response to specific metal ions suggests the presence of a
type-IV hypersensitivity reaction in response to metallic wear and corrosion products.®®°° Implant-
associated hypersensitivity reactions may occur after activation of T lymphocytes that have been

exposed to organometallic complexes (haptens) recognized as a non-self-protein.’®$%9%%1 For

1.96

example, Hallab et al.”® reported a lymphocytic response to serum proteins complexed with metal
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ions from implant alloy degradation. These lymphocytes release various cytokines resulting in
further macrophage activation and monocyte recruitment. While this type IV lymphocyte-driven
hypersensitivity reaction has been documented in a small percentage of cases with predominantly
MM bearing surfaces,® it has also been described with other types of implants that typically
contain at least one component made of a metal alloy such as CoCrMo.”

Another subset of T lymphocytes, CDs" T cells, named cytotoxic lymphocytes, are specific
for the class | MHC molecules binding modified proteins such as serum proteins modified by metal
ions. The role of these lymphocytes in the periprosthetic region is still unclear. In studies where
peripheral blood was taken from patients undergoing revision surgeries for their loose cobalt-alloy
hip implant, Th cells (CD4") and T cytotoxic (Tc, CDs") lymphocytes were decreased, suggesting
a generalized immunosuppressive effect of wear and corrosion products released from the
prosthesis or sequestration of lymphocytes away from the systemic circulation.”>* Patients with
MM or MPE implants showed a significant decrease in the number of circulating T lymphocytes
and a significant increase in the serum level of chromium and cobalt after total hip arthroplasty,®>%*
suggesting a correlation between increased metal ion release and lymphocyte migration from the
bloodstream towards to implant site.

Moreover, histological examination of periprosthetic tissues from patients with MM hip

89.95.96 a5 well as with MPE implants®’-'%° has revealed the presence of periprosthetic soft

implants
tissue masses in some cases.”’® The number of reports depicting the presence of such “soft tissue
mass”, also called “enlarged bursa” or “cyst” and referred to as pseudotumor, has been increasing
over the last decade. These soft tissue masses show histological features consistent with an

inflammatory reaction in response to metal wear (with particle-loaded macrophages), but also

features suggesting a hypersensitivity reaction (lymphocytic infiltrations and aggregates).’%3
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Depending on the patient, these reactions may be symptomatic or asymptomatic and can lead to
early implant failure.”* Because of bone and soft tissue destruction, the revision procedures are
often associated with a high risk of reoperation.”® Pseudotumor occurrence, therefore, remain a
cause for concern and their exact mechanisms remain unclear. In recent histopathological studies,
evidence was presented that increased adverse tissue reactions correlated with elevated levels of
implant wear.”>!® However, pseudotumors have also been described in the presence of low wear
and a hypersensitivity reaction.® Therefore, the extent of wear alone is not enough to explain the
presence of pseudotumors, indicating that one or more other factors such as patient
history/information, implant design and surgical techniques, may be contributing to this type of

reaction.

1.5  Macrophage response to metal ions
1.5.1 Macrophage phenotypes

Macrophages are potent phagocytes acting as surveillance agents of the immune system.
They are distributed in tissues throughout the body and contribute to both homeostasis and disease.
They can be either tissue resident macrophages or macrophages derived from the differentiation
of monocytes that migrate from the blood stream to the tissues under chemotaxis effect at a
moment of injury.'°! Tissue-specific resident macrophages are monocytes that, after maturation in
bone marrow, are released into the circulation, enter the tissues and differentiate into resting tissue
macrophages that can survive for several months. There, they can be activated by pro-
inflammatory (microbial/non-microbial) stimuli into pro-inflammatory [M1] macrophages, by
anti-inflammatory cytokines such as interleukin-4 (IL-4), interleukin-13 (IL-13) into tissue
remodelling, wound healing [M2] macrophages, or by other signals such as interleukin-10 (IL-10),

immune complexes, or glucocorticoids into anti-inflammatory immunoregulatory [M2-like]
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macrophages.'? In this context, macrophages are polarized towards a specific phenotype
depending on environmental conditions, therefore determining their function based on molecular
determinants that have been used to identify them, whether in vitro or in vivo.'”> These markers
include cell surface markers as well as intracellular and secreted signaling molecules (e.g., specific
chemokines and cytokines).!% In general, the pro-inflammatory macrophages are characterized by
the expression of high levels of proinflammatory cytokines, high production of reactive nitrogen
and oxygen intermediates, promotion of Thl response, and strong antimicrobial and antitumor
activity. In contrast, the anti-inflammatory macrophages are involved in tissue remodeling and
tumor progression and have immunoregulatory functions. They are characterized by efficient
phagocytic activity, the expression of mannose receptors (CD206), a high expression of IL-10, and
low expression of interleukin-12 (IL-12) cytokines. However, in response to signals including IL-
10, glucocorticoid hormones, apoptotic cells, and immune complexes, a subpopulation of the M2
macrophages share selected properties with anti-inflammatory macrophages (e.g., high mannose
and scavenger receptors expression), but are distinct from them, for instance, in terms of the
chemokine profile and IL-10 expression and release. These cells are referred to as
immunoregulatory (M2-like) macrophages.!?>!9 Interestingly, in vivo studies have shown that
macrophage phenotype can change over time.'” Therefore, although macrophage polarization
towards a specific phenotype has been described in the literature, the functional characterization
of macrophages subpopulations is still not fully apprehended because of macrophage plasticity.!%?
Identifying macrophage phenotype using a single marker remains problematic since more than one
marker can be shared by different subpopulations.!®? Therefore, there is a need for additional
strategies in order to identify macrophage phenotype in response to exogenous or endogenous

stimuli. Recently, the macrophage energy metabolism and metabolic pathways have been explored
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as another determining factor in macrophage phenotype, energy metabolism being a driving force

in determining macrophage phenotype.!'?’

1.5.2 Metal ions and macrophage inflammatory response

Macrophages are concentrated at the bone-implant interface and are therefore considered
as the most important immunological player in aseptic loosening of orthopedic implants.!%%197
There has been a growing interest in studying the effects of wear and corrosion products released
from metal implants on macrophage polarization in periprosthetic tissues.!?®!% In this context,
gene expression studies have shown that commonly known and other cytokines involved in
macrophage polarization, such as interferon-gamma (IFN-y) and IL-4 are low in peri-implant
tissues compared to control osteoarthritic synovial membrane.!!'® In contrast, there is a significant
upregulation of pro-inflammatory chemokines, macrophage-colony stimulating factor (M-CSF),
interleukin-8 (IL-8), IL-10, as well as markers of increased bone resorption such as tartrate-
resistant acid phosphatase (TRAP), cathepsin K, and downregulation of OPG, while interleukin-
1beta (IL-18), TNF-a, and CD206 were unchanged.!'® These findings suggest that monocyte
recruitment and osteoclast formation are activated, involving factors other than pro-inflammatory
cytokines in aseptic implant failure.!!°

In vitro studies addressing the effect of metal ions in a variety of cell lines showed the
potent bioactivity of Co*" and Cr** to induce cytotoxicity and a pro-inflammatory response.*>#%!11-
113 For example, studies have shown that increasing concentrations of Co** and Cr** released from
CoCrMo-based implants induce a decrease in macrophage viability, with Co?" being more toxic
than Cr*. 43114 Apoptosis was predominant with both Co?" and Cr*" at low concentrations, whereas

high concentrations induced mainly necrosis after extended exposure. Overall, the type and

concentration of metal ions as well as the duration of macrophage exposure to metal ions determine
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macrophage response to metal ions.*>!'* Other studies showed caspase pathway activation in
macrophages stimulated with Co?* and Cr** leading to cell death by apoptosis.'!'>!!° In addition,

16 and release® in

Co*" and Cr’" ions have been shown to induce TNF-o. gene expression!
macrophages. In synoviocytes and bone marrow macrophages, metal ions were able to induce the
redox-dependent pathways which activated bone-resorbing cytokine production such as IL-18 and
interleukin-6 (IL-6).!'"” Moreover, Co* and Cr*" ions have been shown to induce chemokine
secretion, especially macrophage inflammatory protein-lalpha (MIP-1a).***>!!8 Finally, recent
studies showed that Co®’, but not Cr**, inhibit macrophage migration through ROS production.!'!’
Altogether, these studies demonstrate that metal ions can affect multiple biological processes
including the inflammatory response, in macrophages as well as other cell types.

Interestingly, macrophages have been shown to engulf metallic wear particles leading to
intracellular particle degradation through mechanisms involving lysosomes, leading to metal ion
release in the extracellular matrix, and thereby propagation of the metal ion-induced inflammatory

reaction.*+!20

1.6  Oxidative stress and macrophage metabolic reprogramming

Recently, the energy metabolism has been tightly linked to the macrophage immune
response under inflammatory conditions.!?12:122 However, the pathways regulating the energy
metabolism in macrophages exposed to wear and corrosion products still remain largely unknown.

One of the characteristics of the pro-inflammatory macrophages is the high production of
reactive nitrogen and oxygen species (RNS and ROS, respectively).!” Some beneficial effects of
ROS (e.g., superoxide radical) and RNS (e.g., nitric oxide) occur at low/moderate concentrations
and involve physiological roles, for example in the function of a number of cellular signaling

pathways and in the defence against infectious agents.'** However, excessive production of ROS
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from mitochondrial electron transport chain (ETC) complexes and other mitochondrial enzymes
such as PDH, or excessive stimulation of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) enzymes results in oxidative stress damage to cell structures, including lipids and
membranes, proteins, and nucleic acids.'?* Oxidative stress is in fact defined as “an imbalance
between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox
[reduction-oxidation] signaling and control and/or molecular damage”.'”> Moreover, this
imbalance in the redox state has been linked to various disease states such as cancer,
cardiovascular, and neurodegenerative diseases.!? A significant number of physiological
functions are regulated by redox-dependent signaling pathways, including the redox regulation of
immune responses. 2”128 Interestingly, metal ions are key elements that usually act as cofactors of
various cellular processes. Their homeostasis is regulated through controlled steps of uptake,
storage and secretion. The breakdown of metal ions homeostasis, for example caused by metal
ions overload, can lead to an uncontrolled and unbalanced ROS production, and thereby to cellular
and further tissue damage.'?®

Several in vitro studies proposed that both Co?>" and Cr** ions induce oxidative stress in
human monocytes as demonstrated by protein oxidation.'*” They can also increase production of
ROS, which are involved in tissue damage and apoptosis.**!'?> Moreover, in vitro studies have

shown that both Co?" and Cr** can activate the production of bone-resorbing cytokines through

the activation of redox-dependent mechanisms.'!”

1.6.1 Possible metal ion-induced mechanisms leading to oxidative stress
ROS are produced as part of normal cellular function. ROS production sites include
enzymatic systems such as the NADPH oxidase (which produces superoxide anions), and

organelles such as mitochondria, the endoplasmic reticulum (under stress), and peroxisomes.'?
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Importantly, Co**, Cu®" as well as Ni** rank higher than Fe** on the Irving-Williams Series.
Therefore, they can form more stable complexes than with Fe?".!3 Since Fe** plays an essential
role in the regulation of fundamental biological processes (specifically protein complexes with

both mitochondrial and non-mitochondrial functions),'2%!3!

it is possible that heme and non-heme
enzymes regulated by Fe?" would be affected by the presence of other metal ions including Co**

and Cr%". Possible metal ion-regulated mechanisms leading to oxidative stress are discussed below.

1.6.1.1 Fenton/Haber-Weiss reactions

The Fenton reaction is a catalytic process that converts hydrogen peroxide into a highly
toxic hydroxyl free radical (HO"), using ferrous ions (Fe?") as catalyst (equation 1).!3> The Fenton
reaction is the first step of a two-step reaction named the Haber—Weiss cycle (equation 3). The
second step is the ferric ion reduction to ferrous ion via reaction with superoxide (equation 2).

Both reactions are associated with iron and generate highly toxic hydroxyl radicals.
Fe?* + H,0, » Fe3* + HO™ + HO" (equation 1)
0,"” + Fe3t - Fe?* + 0, (equation 2)

0, + H,0, » HO™ + HO® + 0, (Haber-Weiss reaction; equation 3)

These reactions give rise not only to hydroxyl radicals but also to several other
intermediates including hydro peroxides (HOO¢), superoxide (O2"") during various redox-cycling
and propagation reactions.!*> HO" can act as the chain carrier with the ability to react with Fe?",
H202, or any organic species to propagate the redox reaction.!3? The existence and propagation of
any of these reactions highly depends on the density of Fe and its required oxidation state (Fe*"
and Fe®") as well as the release rate. The Fenton reaction is known to occur in vitro, even though

the available free catalytic iron is negligible due to its effective sequestration by the various metal-
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binding proteins.'** In vivo production of hydroxyl radical occurs according to the Fenton reaction
when the redox-active metal ions is iron, copper, chromium, or cobalt (under different oxidation
states).!3* Co®" (as well as Cu?" and Ni**) rank higher than Fe?* on the Irving—Williams Series and
can form more stable molecular complexes than Fe*".!** Therefore, a source of increased ROS
production in presence of Co*" may be the redox-cycling reactions catalyzed by the increased free
pool of redox metal ions such as Fe?" displaced by the high concentration of Co?* that become
strong competitors to iron binding sites. Moreover, it has been shown that intracellularly-generated
hydrogen peroxide may react with Co?* to produce highly reactive hydroxyl radicals, which may
contribute to Co?*-induced cell injury.**

With regards to chromium ions, the redox active Cr* are readily reduced in vivo and in the
intracellular milieu consuming the pool of antioxidants, thereby increasing the prevalence of
oxidative stress and downstream activated pathways.!** In contrast, Cr’* represents the lowest most
stable oxidation state for chromium under physiological conditions. Although it is unlikely that
Cr’" can be further reduced, previous studies have shown the induction of oxidative stress and

oxidative damage in response to Cr*>" in various cell types.*+!1%13

1.6.1.2 NADPH oxidase (NOX) enzymes

NADPH oxidase protein complexes, located in the cell plasma membrane, are particularly
important for ROS production in certain phagocytic and non-phagocytic cell types, including
macrophages.'?* NADPH oxidases are a family of enzymes that transfer electrons from NADPH
and/or NADH to molecular oxygen via flavins within their structure to generate O2". As Fe-
containing enzymes, some of the NADPH oxidase enzymes (NOX) can be inactivated by either

Fe?* chelation or displacement of the Fe?* from its active site by the less reactive Co*", which may
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lead to a decrease in NOX activity."*! However, the displacement of the active Fe*" to the
cytoplasm may lead to redox-cycling reactions and ROS production propagation.'®!

In vitro studies have shown that exposure of fibroblasts to CoCrMo nanoparticles triggered
rapid generation of ROS that could be eliminated by inhibition of NOX activity, suggesting that
NOX activation was mediated by phagocytosis of the particles.'** Moreover, short-term exposure
of human bronchial epithelial cell line, Beas-2B cells, to high doses of Cr®" resulted in an increase
in NOX activity and subunits expression, and therefore a rapid ROS generation.'*” Chronic
exposure (up to 3 months) to low doses of Cr®* also induced the expression of NOX subunits and

resulted in the transformation of these cells, underlining Cr®" carcinogenic potential.'>’

1.6.1.3 Mitochondrial ROS

Mitochondria are thought to be the major ROS-producing organelles in most cell types
because a high number of redox reactions occur therein.!*® The mitochondrial ETC is the main
source of ATP in mammalian cells. During electron transfer, a small number of electrons exit the
ETC (i.e., leak) prior to the reduction of oxygen to water. The reaction of these electrons with

139 which has been implicated in the pathophysiology of a variety of

oxygen forms superoxide,
diseases.!*’ Superoxide is produced mostly at complexes I (NADH-ubiquinone oxidoreductase)
and III (cytochrome ¢ reductase) of the ETC.'*! In its anionic form, superoxide cannot cross the
inner mitochondrial membrane. It is produced either into the matrix through complex I, or into the
matrix as well as the intermembrane space through complex III. In the matrix of the mitochondria
or the intermembrane space, the dismutation of the peroxide is catalyzed into hydrogen peroxide
and oxygen by the antioxidant activity of the superoxide dismutase 1 (SODI1; Cu/ZnSOD;
mitochondrial intermembrane space) and superoxide dismutase 2 (SOD2; MnSOD; mitochondrial

matrix).'+
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Mitochondrial ROS has been associated with cell signaling activation in the immune

system and could be a result of activated signaling pathways. For example, West et al.'**

reported
that upon TLR4 activation, TNF receptor-associated factor 6 (TRAF6) is recruited to the
mitochondria, resulting in an increase in mitochondrial and cellular ROS generation. Moreover,
other receptors such as the TNF-a receptor (TNFR) can mediate an inflammatory response through
mitochondrial ROS production.'**!#> Finally, RANKL/RANK signaling was shown to mediate
osteoclast differentiation also through mitochondrial ROS.'4®

Increased mitochondrial ROS production can also originate from different sources inside

the mitochondria such as a deficiency or mutation in mitochondrial antioxidant enzymes,'*’

8 as well as deactivation of the ETC.'* In this context,

mitochondrial DNA damage,'
mitochondrial ROS production caused by the inhibition of complexes I and III in the mitochondria
has been shown to activate the NLRP3 inflammasome pathway indicating that mitochondrial ROS
can trigger an inflammatory response.'>® Interestingly, transition metal ions such as Cd*" and Ni**
have also been shown to inhibit the activity of mitochondrial enzymes in the ETC'**!3! and induce
mitochondrial ROS production.'**!32 Moreover, it has been shown that Co?>" and Cu®* can compete
with Fe?* for Fe binding sites in iron-sulfur (Fe-S) clusters such as those constituting the main
subunits of the protein complexes in the ETC.!>® The resulting mismetallation can deactivate the
mitochondrial complexes at the inner mitochondrial membrane, thereby inhibiting the electron
transfer, leading to increased mitochondrial ROS production. With regards to chromium ions, the
redox active Cr®" can induce perturbations of mitochondrial bioenergetics.!** Moreover, in vitro
studies have shown the presence of carbonylated proteins in mitochondria-enriched cell extracts

in macrophages exposed to Cr*" ions.** Mitochondrial complexes deactivation by carbonylation

could be another cause for ETC deactivation,'> therefore source for mitochondrial ROS
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production. In fact, ROS-induced protein carbonylation has been shown to increase ROS
production implying a feed-forward control loop amplifying small changes in ROS production and

consequently, protein carbonylation.!>

1.6.2 Antioxidant system

It is now accepted that the redox environment determines cellular fate.!?> The antioxidant
system is the cell tool to maintain a physiological equilibrium during ROS production. Therefore,
the antioxidant system helps with the prevention and interception of oxidative stress. It includes

the enzymatic and non-enzymatic antioxidants.

1.6.2.1 The enzymatic antioxidants

The enzymatic antioxidant system includes, in addition to the family of SOD enzymes
(equation 4), the glutathione peroxidase (GPx; equation 5), glutathione reductase (GRx; equation
6), thioredoxin reductase (Trx reductase), catalase (CAT; equation 7). In addition, some enzymes
such as the heme oxygenase (HO-1) and the enzymes involved in glutathione (GSH) synthesis, the
glutamate cysteine ligase and the glutathione synthetase, can be indirectly associated with the

antioxidant system.'4’
o ._ SOD .
0, +0, — H,0, + 0, (equation 4)
GPx
H,0, + 2 GSH — 2H,0 + GSSG (equation 5)
GRx
GSSG — GSH + GSH (equation 6)
CAT .
H,0, + H,0, — 2H,0 + O, (equation 7)

Interestingly, in Co?*-treated mice, the activity of SOD, CAT and GPx measured in liver
were inhibited whereas the activity of HO-1 was increased.!”® CAT activity was also inhibited by

Cr’" in a cell-free system.** Interestingly, in vitro studies showed that, in osteoblasts, HO-1 and
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GPx protein expression increased in response to Co®" as well as Cr**. However, Co*" decreased
CAT expression.””” In macrophage-like cells U937, Co*" induced the protein and mRNA
expression of HO-1 only, whereas Cr** had no effect on the antioxidant enzymes studied.'*® On
the other hand, Cr®" induced the protein expression of several antioxidant enzymes but had no

effect on their mRNA in the U937 cells, suggesting a Cr®" effect at the post-transcriptional level.'*®

1.6.2.2 The non-enzymatic antioxidants

The non-enzymatic antioxidant system includes low-molecular-mass compounds such as
GSH, Trx, peroxiredoxin (Prx; in endoplasmic reticulum mostly), as well as antioxidant dietary
supplements such as ascorbic acid (vitamin C), alpha-tocopherol (vitamin E), and flavonoids.!?>-14°
Moreover, the nuclear receptor factor-2 (NRF-2) transcription factor has been shown to regulate
the cellular response to oxidative stress response in rat liver cell lines.!* More specifically, NRF-
2 was activated in the presence of Co?" and induced the expression of the detoxifying enzymes
against oxidative stress.!>’

GSH may be the most important non-enzymatic antioxidant in the cell because of its
multiple roles against oxidative stress. It is a tripeptide synthesized in the cytosol but it is abundant
in the cytosol, nuclei, as well as the mitochondria. Namely, GSH acts as a direct scavenger of
hydroxyl radicals and as an indirect reductant of hydrogen peroxide and lipid peroxides through
the activity of GPx.!?> Moreover, GSH is able to regenerate important antioxidants such as vitamin
C and E, into their active form. In addition to ROS and redox metal ions, non-redox metal ions
such as arsenic (As®") and cadmium (Cd>") have been shown to contribute to oxidative stress by
binding to critical thiols such as GSH and the sulfthydryl groups (-SH) of proteins, thereby

decreasing the pool of antioxidants.'?® Interestingly, the effect of the strong oxidant Cr®" are readily

reduced by GSH resulting in Cr*>* and to the formation of mutagenic Cr(IIT)-DNA adducts.'®°
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It is noteworthy to mention the role of Trx in sequestering thioredoxin interacting protein
(TXNIP) in absence of oxidative stress conditions. In the presence of high ROS production, such
as ROS originating from mitochondria, Trx is released and is involved in the antioxidant defense,
while TXNIP can trigger inflammasome activation.'®" This mechanism has been suggested as one
of the pathways leading to the inflammasome activation in macrophages under oxidative stress

conditions, linking ROS production to inflammatory response.

1.6.3 Macrophage metabolic reprogramming

In addition to their primary role in regulating cellular energy metabolism, mitochondria
have recently gained attention as critical regulators of the innate immune response.'?®!%? In
response to pro-inflammatory stimuli, either pathogenic or caused by a aseptic injury (such as in

the case of metal ions), macrophages have exhibited a metabolic switch from oxidative

phosphorylation (OXPHOS) caused by mitochondrial dysfunction towards glycolysis.'®

1.6.3.1 Mitochondrial dysfunction

As an essential component of the eukaryotic cell, mitochondria exhibit numerous cellular
functions including, most importantly, ATP production, which is used by cells to maintain signal
transduction and function. In addition, mitochondria produce ROS under normal physiological
conditions. However, various cellular stresses lead to an increase in ROS levels resulting in an
imbalance between oxidant production and antioxidant activity, which can directly or indirectly
target the mitochondria. Indeed, mitochondrial dysfunction, usually demonstrated by increased

mitochondrial ROS production, can be triggered by multiple sources such as mitochondrial genetic

7 148,164

diseases,'*’ intracellular triggers such as NO-induced mitochondrial dysfunction, or

extracellular assailants such as metals, inhaled toxicants and pesticides that target directly the

162

mitochondria.!®> Mitochondrial dysfunction has been linked to inflammatory responses.'®
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Accumulating evidence shows that increased mitochondrial dysfunction resulting in ROS
production activates multiple pathways such as: NF-kB-regulated pathway,'®® hypoxia inducible

factor- 1 (HIF-1)-regulated pathway,'®” as well as the inflammasome signaling,'>°

all playing
leading roles in the inflammatory response by mediating major pro-inflammatory cytokines
release, mainly TNF-a, IL-18 and IL-6. Finally, as a consequence of mitochondrial dysfunction, it
is expected that energy-dependent processes will be compromised. For example, ATP-dependent
processes such as apoptotic cell death, will be restricted, thereby favouring necrotic cell death.!®®
These events, in turn, aggravate the cell response and overall the tissue damage.

Importantly, mitochondria have been shown to be involved in inflammation caused by
aseptic injury.'®® However, the involvement of mitochondria in the immune cell response,
specifically macrophages, following exposure to metal ions remain largely unknown. Since Co**
can compete with Fe*" for Fe binding sites in Fe-S clusters such as those constituting the main
subunits of the protein complexes in the ETC, it is possible that a mismetallation inhibit the
electron transfer, leading to increased mitochondrial ROS formation. Other transition metal ions
such as Cd*" and Ni* have been shown to inhibit the activity of mitochondrial enzymes in the
ETC!*15! and induce mitochondrial ROS production.!#*-132 Interestingly, mitochondrial DNA has
been shown to be more susceptible to oxidative damage than nuclear DNA, likely because of
smaller genome size and higher localized ROS production.!”® Moreover, Co?" has been shown to
inhibit the activity of the SOD enzymes'>® likely because some of them are regulated by metal ions
and are specific to the mitochondria. Finally, while cobalt chloride is used to quench calcein (used

to detect intact mitochondria), Co?* has been reported to inhibit ATP synthesis in isolated

mitochondria by opening the mitochondria permeability transition pores.'”!
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With regard to chromium ions, the redox active Cr®" has been shown to induce
perturbations of mitochondrial bioenergetics by targeting the mitochondrial complexes.'>* In the
U937 cells, Cr®" induced the protein expression of MnSOD and Cu/ZnSOD, but had no effect of
their mRNA. However, Cr** had no effect on the antioxidant enzymes studied.!*® A recent in vitro
study has shown that Cr** can decrease the mitochondrial membrane potential of hepatocytes or
fibroblasts.!*> Mitochondrial complexes deactivation by carbonylation could be another cause for
ETC deactivation, therefore mitochondrial dysfunction.'>®

Overall, both Co?" and Cr’" have been shown to be able to induce oxidative stress.
However, the effects of Co** and Cr** on the energy metabolism of macrophages remain largely
unknown. Determining the effects of Co** and Cr** on oxidative stress and mitochondrial function

in macrophages constitute the first objective of this thesis.

1.6.3.2 Glycolytic flux activation

The glycolytic pathway is one of the central pathways in metabolism.!”? In the glycolytic
pathway, the initial steps happen in the cytosol. After entering the cell through specific
transporters, glucose is phosphorylated into glucose 6-phosphate (G6P) through the action of
hexokinase, and therefore become trapped inside the cell. Several reactions then yield the
production of pyruvate along with two ATP molecules. Pyruvate is the metabolic intermediate that
bridges the initial glycolytic reactions happening in the cytosol and the OXPHOS through the TCA
cycle happening in mitochondria.!”® Up until now, glycolysis has been considered an inefficient
pathway for energy production.'”?

It is important to note that glycolysis branches into the pentose phosphate pathway (PPP)
at the hexokinase step. The PPP is an essential source of NADPH that Trx and Grx use as a cofactor

for the reductive regeneration of GSH from its oxidized form (GSSG), and it is also important for
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the synthesis of biomolecules essential for cellular anabolic reactions. The PPP consists of two
branches: the oxidative branch and the nonoxidative branch. In the oxidative branch, NADPH and
phosphorylated sugars are generated. Phosphorylated sugars are interconverted through series of
enzymatic reactions and become the building blocks (nucleotides, ribonucleotides and
deoxyribonucleotides) for cellular macromolecules such as nucleic acids.!” The nonoxidative
branch provides sugar phosphate precursors for the synthesis of amino acids. NADPH is critically
important since it provides the reducing power that fuels the protein-based antioxidant systems
and recycles oxidized GSH. To preserve redox homeostasis under oxidative stress, ROS has been
shown to inhibit multiple glycolytic enzymes, including glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), pyruvate kinase M2 (PKM2), and phosphofructokinase-1 (PFK-1).!7
Consequently, G6P will build up and will be rerouted into the oxidative branch of the PPP where
a rising NADP/NADPH ratio further activates G6P dehydrogenase (G6PD).

Under specific disease conditions or in presence of pro-inflammatory stimuli, the

glycolytic pathway has been shown to be upregulated,'’®!"”

resulting in an enhanced glycolytic
flux leading to a rapid supply of energy through increased glycolytic ATP production. This
increase in glycolytic ATP production can compensate for the shortage in mitochondrial ATP and
help sustaining various cellular processes including an inflammatory response.'’® This mechanism
simultaneously yields an increase in lactate production and release, along with an increase in
extracellular acidification.!”

Interestingly, Co®" has been shown to induce glucose uptake and to increase lactate
production through increased glycolytic enzymes activity, in liver cells, fibroblasts, and

myoblasts.'®® Another transition metal ion, Ni**, has long been known to increase lactate

production, likely by inhibiting PDH phosphatase.'®"!82 This enzyme is responsible for PDH
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activation through dephosphorylation. Consequently, pyruvate accumulates in the cytosol and is
redirected into lactate production through the lactate dehydrogenase activity in order to maintain
the glycolytic flux.'®? Cu?* has also been shown to accelerate glycolytic flux in astrocytes, likely
through increased glycolytic enzymes expression.!®3 Moreover, Cr*" has been shown to play a
role in glucose metabolism by activating the translocation of glucose transporters to the plasma
membrane in pre-adipocytes®? and by enhancing glucose uptake in skeletal muscle cells.!34!85
Finally, another study showed that the expression of glycolytic enzymes such as triose phosphate
isomerase and pyruvate kinase increased in fibroblasts after a prolonged exposure to CoCrMo
microparticles.'® The hypoxia inducible factor-1 alpha is tightly linked to macrophage metabolic
reprogramming.'®” When activated (either by increased gene expression or by increased protein
stability), the HIF-1a protein subunit, together with the HIF-1 beta (HIF-18) subunit, form the
heterodimer HIF-1 complex that binds DNA and act as a transcription factor.'®® HIF-1a is

expressed in several types of immune cells, including macrophages,'®® and is considered a master

regulator of the cellular response to hypoxia!8%1°%1°! but also a key component during metabolic

t192-194 195-197

adaptation to a pro-inflammatory environmen and oxidative stress conditions.

HIF-1a has been shown to induce the gene expression of several glycolytic enzymes and
of other proteins involved in glucose metabolism such as glucose transporters.'*®!*° Interestingly,
it has been reported that metal ions such as Ni>* and Cr®", but not Cr*", can stabilize HIF-1a protein
expression in airway epithelial cells*®® and that Co?>" and Ni** can activate HIF-1 pathway and
glycolytic enzymes expression in rat liver cell lines.!>*?°! HIF-1a transcriptionally upregulates
glycolysis and downregulates OXPHOS through multiple mechanisms, including: 1. HIF-1
induces the expression of pyruvate dehydrogenase kinase 1 (PDK-1), which phosphorylates PDH

thereby inhibiting this enzyme and redirecting pyruvate away from mitochondria and towards
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lactate dehydrogenase.?* 2. HIF-1 induces the expression of Bcl-2 interacting protein 3 (BNIP3),
which triggers the selective autophagy of mitochondria.?®> and 3. HIF-1 induces the expression of
microRNA-210, which blocks the expression of iron-cluster assembly proteins ISCU1 and ISCU
2 that facilitate the assembly of iron-sulfur clusters, which are required for the function of the TCA
cycle enzyme aconitase and ETC complex 1.2%

Importantly, HIF-la has been shown to be essential for myeloid cell-mediated

2 and for the induction of

inflammation, as demonstrated by HIF-la deletion studies,"
proinflammatory cytokine gene expression, notably I1-18, in macrophages.?’” Furthermore, HIF-
la has been shown to be involved in the metabolic switch from aerobic respiration to aerobic
glycolysis associated with macrophage polarization towards a pro-inflammatory phenotype.?%®
Aerobic glycolysis is defined as glycolysis leading to OXPHOS as well as lactate production under
normoxic conditions. The effects Co’" and Cr** on glycolytic flux and the stabilization of HIF-1a

in macrophages remain, however, largely unknown and constitute the second objective of this

thesis.
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2. THESIS OBJECTIVES AND HYPOTHESES

2.1 Objectives

The overall objective of this research was to identify molecular mechanisms involved in
the inflammatory response of macrophages to metal ions (mainly Co and Cr ions) released from
CoCrMo-based implants. The general hypothesis was that Co?" and Cr** induce oxidative stress

leading to changes in macrophage energy metabolism.

The specific objectives of this thesis were to:
1) Determine the effects of Co?" and Cr*" on oxidative stress and mitochondrial function in
macrophages.
2) Determine the effects of Co?" and Cr*" on glycolytic flux and the stabilization of HIF-1a.
in macrophages.
Results from this work could unravel therapeutic strategies to target and control the
inflammatory response to implant wear and corrosion products, and thereby increase implant

longevity.

2.2 Hypotheses

The hypotheses of this thesis were:

1) Co*"and Cr’* induce oxidative stress as well as mitochondrial dysfunction in macrophages.
2) Co*" and Cr’" lead to an increase in glycolytic flux and the stabilization of HIF-1a in
macrophages.
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3. EFFECTS OF COBALT AND CHROMIUM IONS ON OXIDATIVE
STRESS AND ENERGY METABOLISM IN MACROPHAGES IN VITRO

(MANUSCRIPT 1)

3.1 Foreword

As described in the literature review, wear and corrosion products have been associated
with adverse local tissue reactions that can lead to implant failure. More specifically, metal ions
have been shown to induce oxidative stress in macrophages but their effects on cell energy
metabolism remain largely unknown. Therefore, the first objective of this thesis was to determine
the effects of Co?" and Cr’', released from CoCrMo implants, on oxidative stress and
mitochondrial function in macrophages.

The results of this work are included in the manuscript entitled:

“Effects of cobalt and chromium ions on oxidative stress and energy metabolism in
macrophages in vitro”, by Zeina Salloum. Eric A. Lehoux, Mary-Ellen Harper, and Isabelle
Catelas.

This manuscript was accepted for publication on July 21, 2018, in the Journal of

Orthopaedic Research (J Orthop Res, 2018; 36(12): 3178-3187; DOI 10.1002/jor.24130).
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3.2  Abstract

Cobalt and chromium ions released from cobalt-chromium-molybdenum (CoCrMo)-based
implants are a potential health concern, especially since both ions have been shown to induce
oxidative stress in macrophages, the predominant immune cells in periprosthetic tissues. lons of
other transition metal ions (Cd, Ni) have been reported to inhibit the activity of mitochondrial
enzymes in the electron transport chain. However, the effects of Co and Cr ions on the energy
metabolism of macrophages remain largely unknown. The objective of the present study was to
analyze the effects of Co?" and Cr*" on oxidative stress and energy metabolism in macrophages in
vitro. RAW 264.7 murine macrophages were exposed to 6-18 ppm Co*" or 50-150 ppm Cr**,
Results showed a significant increase in two markers of oxidative stress, reactive oxygen species
level and protein carbonyl content, with increasing concentrations of Co*", but not with Cr**. In
addition, oxygen consumption rates (OCR; measured using an extracellular flux analyzer) showed
significant decreases in both mitochondrial respiration and non-mitochondrial oxygen
consumption with increasing concentrations of Co**, but not Cr**. OCR results further showed that
Co*", but not Cr**, induced mitochondrial dysfunction, including a decrease in oxidative
phosphorylation capacity. Overall, this study suggests that mitochondrial dysfunction may
contribute to Co**-induced oxidative stress in macrophages, and thereby to the inflammatory

response observed in periprosthetic tissues.

Keywords: metal implants, metal ions, oxidative stress, energy metabolism, macrophages
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3.3  Introduction

Cobalt-chromium-molybdenum (CoCrMo) alloys are used extensively in orthopaedic
applications.?! However, these alloys can undergo wear and corrosion in vivo, leading to the release
of Co and Cr ions, which are a potential health concern.?>?-2!0 Indeed, clinical studies have shown
elevated concentrations of Co and Cr ions in the blood, serum, and synovial fluid of patients with
a CoCrMo joint implant associated with adverse soft tissue reactions.?!'">!3 Nevertheless, the
adverse effects of Co and Cr ions on cellular physiology remain largely unknown.

Both Co?* and Cr*" have been shown to induce adverse effects on cellular components
including proteins, lipids, and nucleic acids.'?* For example, Petit et al.>!* reported that these metal
ions induced an increase in protein carbonyl content (a measure of oxidative damage and a
common marker for oxidative stress*'*) in U937 monocytes. In addition, Scharf et al.** reported
a strong positive correlation between protein carbonyl content in periprosthetic tissues and the
amount of Co and Cr present in these tissues. High levels of oxidative stress induced by Co**
and Cr’" may therefore contribute to adverse reactions in periprosthetic tissues, such as necrosis
and soft tissue masses known as pseudotumors,** which often lead to implant failure.?

Oxidative stress (defined as “an imbalance between oxidants and antioxidants in favor of
the oxidants, leading to a disruption of redox [reduction-oxidation] signaling and control and/or
molecular damage’?'®) has been linked to various disease states.!?’ Intracellular sources of reactive
oxygen species (ROS) include enzymatic systems such as nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (which produces superoxide anions) and organelles such as
mitochondria, the endoplasmic reticulum (under stress), and peroxisomes.!”” NADPH oxidase
protein complexes, located in the plasma membrane, are particularly important for ROS production

in certain cell types, including macrophages.'” Overall, in most cell types, mitochondria are
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thought to be the major ROS-producing organelles because a high number of redox reactions occur
therein. Major sites of mitochondrial ROS production include complexes I and III of the electron
transport chain (ETC), and other redox enzymes such as pyruvate dehydrogenase.?!”*'® The ETC,
located in the mitochondrial inner membrane, is comprised of a series of four redox carrier
complexes: nicotinamide adenine dinucleotide dehydrogenase, also known as NADH-ubiquinone
oxidoreductase (complex I); succinate dehydrogenase (complex II); cytochrome c reductase
(complex III); and cytochrome oxidase (complex IV). The ETC is coupled to oxidative
phosphorylation through a proton gradient that is used by the FoF1 ATP synthase complex to
produce ATP.

Redox-active metals play an essential role in the regulation of both mitochondrial and non-
mitochondrial protein complexes.!?13! Interestingly, it has been shown that Co?>" and Cu?* can
compete with Fe** for Fe binding sites in iron-sulfur clusters (which play a central role in the ETC),
resulting in their mismetallation.!** Since Co?" and Cu?* (as well as Ni*") rank higher than Fe?* on
the Irving-Williams Series, they can form more stable complexes than Fe*".!** Furthermore,

Cd?**and Ni*>" have been shown to inhibit the activity of mitochondrial enzymes in the ETC!4%15!

and induce mitochondrial ROS production.'4%!3

Finally, in vitro studies have shown that both Co?* and Cr** can activate the production of
bone-resorbing cytokines through the activation of redox-dependent mechanisms'!” and induce an
inflammatory response in macrophages,*!!” the predominant immune cells in periprosthetic
tissues.!??!° The bioenergetic demands of such an inflammatory response require a stepwise

adaptation of cellular energy metabolism.!”” However, the effects of Co? and Cr** on the energy

metabolism of macrophages remain largely unknown. Therefore, the objective of the present study
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was to analyze the effects of Co** and Cr** on oxidative stress and energy metabolism in

macrophages in vitro.

34 Materials and Methods

Unless otherwise specified, water was reagent grade (ASTM Type ).

3.4.1 Metal ions

Stock solutions of Co?" and Cr** were prepared fresh, as previously described.*’ Briefly,
CoCl2#6H20 (99.5% purity; Fisher Scientific, Waltham, MA) and CrClz*6H20 (100.8% purity;
Sigma, St Louis, MO) were dissolved in cell culture-grade water (Lonza, Walkersville, MD) and
the solutions were sterilized by filtration through 0.2-pum pore size cellulose acetate syringe filters
(VWR, Mississauga, ON). Sterilized solutions of Co?* and Cr**contained < 0.01 endotoxin unit
(EU)/ml, as determined using a chromogenic Limulus amebocyte lysate assay (GenScript,

Piscataway, NJ).

3.42 Cells

The RAW 264.7 murine macrophage cell line (American Type Collection Culture
[ATCC?]; Manasas, VA) was maintained in 100-mm diameter tissue culture-treated polystyrene
dishes (Greiner Bio-One; Monroe, NC) at 37°C in a humidified atmosphere of 95% air and 5%
COz. The cells were cultured in Dulbecco’s modified Eagle medium (DMEM)-based growth
medium (DMEM [Wisent; St. Bruno, QC] supplemented with 10% [v/v] qualified-grade heat-
inactivated fetal bovine serum [FBS; Gibco, Carlsbad, CA]), and passaged < 10 times from the
working culture received from ATCC. For experiments (and routine subculture), cells were

detached by pipetting using a Class A volumetric glass pipette (Sibata Scientific Technology,

2Erratum: correct expansion of ATCC acronym is American Type Culture Collection
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Soka, Japan) and resuspended in the above growth medium to 0.5 x 10° cells/mL, unless otherwise

specified.

3.4.3 Cell mortality

Tissue culture-treated polystyrene 6-well plates (Greiner Bio-One) were seeded with 2 ml
of cell suspension (0.5 x 10° cells/ml) per well and incubated 2-3h under cell culture conditions to
allow cell attachment. At the end of the incubation, the culture supernatants were replaced with 2
ml of growth medium containing Co®* (6-24 ppm), Cr>* (50-250 ppm), or cell culture-grade water
(negative control), and the cells were incubated an additional 24h.

At the end of the incubation, cells were detached by gentle pipetting using a 1-ml manual
single-channel pipette (Mettler Toledo, Oakland, CA) and the cell suspensions were transferred
into 5-ml untreated polystyrene culture tubes (Corning, Corning, NY). Cell mortality was analyzed
by dye-exclusion hemocytometry under phase contrast microscopy using trypan blue (0.04% [w/v]
final concentration; Sigma-Aldrich) and an improved Neubauer hemocytometer (Hausser

Scientific, Horsham, PA).

3.4.4 Cytosolic reactive oxidative species (ROS)

Tissue culture-treated black-wall polystyrene 96-well plates with a clear flat bottom
(Greiner Bio-One) were seeded with 200 pl of cell suspension (0.5 x 10° cells/ml) per well and
incubated 2-3h under cell culture conditions to allow cell attachment. At the end of the incubation,
the culture supernatants were discarded and the cells in each well were washed twice with 100 pl
of phenol red-free Hank’s balanced salt solution (HBSS; Lonza) to remove traces of phenol red
and FBS. Cytosolic ROS level was measured using a cell-based fluorescence assay (OxiSelect™
Intracellular ROS assay kit; Cell Biolabs, San Diego, CA) as per the manufacturer’s instructions.

Briefly, cells were incubated 1h at 37°C with 100 uM 2',7'-dichlorodihydrofluorescein diacetate
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(a cell-permeant fluorogenic probe) prepared in phenol red-free low glucose DMEM (Sigma-
Aldrich) supplemented with 1.5 g/L of cell-culture grade NaHCOs (Sigma-Aldrich) and an
additional 3.5 g/L of cell-culture grade D-glucose (Sigma-Aldrich) to replicate the formulation of
the DMEM used to culture the cells. The cells were then washed two more times with phenol red-
free HBSS and incubated 6h in 100 pl of phenol red-free DMEM (Sigma-Aldrich) supplemented
with 10 % (v/v) heat-inactivated FBS, NaHCO3 and D-glucose as above, and containing Co?* (6-
18 ppm), Cr** (50-150 ppm), H202 (100 puM; positive control; data not shown)® or cell culture-
grade water (negative control). At the end of the incubation, dichlorofluorescein (DCF)
fluorescence was measured with a hybrid microplate reader (Synergy™ 4; Biotek, Winooski, VT)

using excitation and emission wavelengths of 480 and 530 nm, respectively.

3.4.5 Protein carbonylation

One hundred-mm diameter tissue culture-treated dishes (Greiner Bio-One) were seeded
with 12 ml of cell suspension (0.5 x 10° cells/ml) per dish and incubated 2-3h under cell culture
conditions to allow cell attachment. At the end of the incubation, the culture supernatants were
replaced with 12 ml of growth medium containing Co*" (6-18 ppm), Cr** (50-150 ppm), or cell
culture-grade water (negative control), and the cells were incubated an additional 24h.

At the end of the incubation, the cells were washed twice with ice-cold Dulbecco’s
phosphate-buffered saline (DPBS) without Ca** and Mg?* (Sigma-Aldrich) and detached carefully,
using a 2-cm chiseled-edge polypropylene cell lifter (Fisher Scientific), in 1 ml (per dish) of ice-
cold lysis buffer (50 mM tris [Sigma-Aldrich]; 150 mM NaCl [Fisher Scientific]; 1 mM
ethylenediaminetetraacetic acid [EDTA; Fisher Scientific], pH 7.4) supplemented with an EDTA-

free protease inhibitor cocktail (cOmplete™; Roche Diagnostics; Indianapolis, IN) as per the

bSee Figure Al in Appendix
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manufacturer’s instructions. The detached cells (in ca. 1-ml aliquots) were lysed by nitrogen
cavitation (see Discussion section) following a 5-min exposure to a pressure of 1,250 psi inside a
45-ml capacity cell-disruption vessel (model number 4639; Parr Instrument, Moline, IL). Insoluble
cellular material was removed from the lysates by centrifugation (21,000 x g for 30 min at 4°C).
Supernatants were concentrated by centrifugal filtration (3,500 % g for 30 min at 4°C) using 4-ml
capacity 10-kDa molecular weight cut-off low-binding regenerated cellulose filters (Millipore,
Billerica, MA). Aliquots of the concentrated samples, in argon-filled 0.5-ml polypropylene
cryovials (Simport; Beloeil, QC), were frozen and stored in liquid nitrogen for future protein
carbonyl content analysis.

Protein determination was performed using the bicinchoninic acid colorimetric assay with
bovine serum albumin (BSA) as the protein standard (Thermo Scientific, Rockford, IL).
Absorbance was measured at a wavelength of 562 nm using a hybrid microplate reader (Biotek).
Protein carbonyl content was quantified by immunochemical detection after derivatization with
2,4-dinitrophenylhydrazine (DNPH) as described by Wehr et al.??°, with minor modifications. Cell
lysate proteins oxidized by exposure to FeCls and ascorbate??! (which together act as a ROS-
generating system???) were used as a positive control (data not shown). Briefly, samples (3 pg
protein/pul) were mixed with one volume of 20% [w/v] sodium dodecyl sulfate (SDS; Fisher
Scientific) and two volumes of 20 mM DNPH solution (Sigma-Aldrich) in 10% (v/v)
trifluoroacetic acid (Sigma-Aldrich), then incubated 15 min at room temperature. The incubation
was terminated by adding two volumes of neutralization solution (1.5 M tris, 22.5% [v/v] glycerol
[Sigma-Aldrich]). Aliquots (3 pg proteins) of the derivatized samples were mixed with sample
loading buffer (LI-COR, Lincoln, NE), as per the manufacturer’s instructions (except that the final

loading buffer concentration was 0.5X and, as recommended by Wang et al.,?*? the reducing agent
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was omitted), and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) using precast
mini-format Tris-glycine gradient (8-16%) gels (Bio-Rad; Hercules, CA). Pre-stained (visible and
near-infrared) protein molecular weight standards (LI-COR) and 2,4-dinitrophenyl (DNP)-
derivatized protein molecular weight standards (OxyBlot® Protein Oxidation Detection Kit;
Millipore) were used (note: the molecular weights provided by the manufacturer for the DNP-
derivatized standards are those of the underivatized proteins and are therefore likely
underestimated). Two identical gels were run in parallel: one was used for western blotting (this
gel was truncated above the 260 kDa molecular weight mark prior to electrotransfer to avoid gel
compression artifacts), and the other was stained with Coomassie Brilliant Blue R-250 dye (Bio-
Rad). For western blotting, proteins were electrotransferred onto a 0.45-um pore size fluorescent-
grade polyvinylidene fluoride (PVDF) membrane (Immobilon-FL; Millipore). The membrane was
air-dried overnight, reversibly stained for total protein with acid blue (REVERT™ total protein
stain; LI-COR) as per the manufacturer’s instructions, and imaged at 700 nm using a near-infrared
fluorescence/chemiluminescence imaging system (Odyssey® Fc; LI-COR). Immunodetection was
performed using a rabbit anti-DNP antibody as the primary antibody and a goat anti-rabbit
horseradish peroxidase (HRP)-conjugated antibody as the secondary antibody (OxyBlot® Protein
Oxidation Detection Kit; Millipore), as per the manufacturer’s instructions. DPBS containing 0.1%
(v/v) polysorbate 20 (Fisher Scientific) and 1% (w/v) BSA (Sigma-Aldrich) was used as the
blocking and antibody dilution buffer. Chemiluminescence detection was performed using
chemiluminescent HRP substrate (Millipore) as per the manufacturer’s instructions, and the blots
were imaged using a near-infrared fluorescence/chemiluminescence imaging system (LI-COR).
Chemiluminescence intensity was normalized to protein content determined by acid-blue staining.

Both acid-blue staining and chemiluminescence were analyzed by densitometry using Image
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Studio™ software v.2.0 (LI-COR). No chemiluminescence was detected when DPNH was omitted
from the derivatization step, thereby confirming the specificity of the detection system for the DNP

moiety of the derivatized proteins (data not shown).

3.4.6 Cellular oxygen consumption

Cellular oxygen consumption rates (OCR) were measured using an extracellular flux
analyzer (Seahorse XF96e; Agilent Technologies, Santa Clara, CA). Briefly, the cartridge sensors
were incubated overnight at 37°C in a hydration/calibration solution (XF Calibrant; Agilent
Technologies). Specially designed polystyrene tissue culture-treated 96-well microplates with a
clear flat bottom (Seahorse XF96 V3 PS Cell Culture Microplates; Agilent Technologies) were
then seeded with 80 pl of cell suspension (1.0 x 10° cells/ml) per well and incubated 2-3h under
cell culture conditions to allow cell attachment.

At the end of the incubation, the culture supernatants were replaced with growth medium
containing Co*" (6-18 ppm), Cr** (50-150 ppm), cell culture-grade water (negative control), or
lipopolysaccharide (LPS) from E. coli O55:B05 (1 pg/ml; Sigma-Aldrich; positive control [data
not shown])®. The cells were incubated 6h under cell culture conditions, then washed and incubated
45min at 37°C in base medium (phenol red-free low glucose DMEM [Sigma-Aldrich]
supplemented with 3.5 g/l of cell-culture grade D-glucose [Sigma-Aldrich]). OCR were measured
to assess resting respiration, then ATP production-dependent respiration, maximal respiration, and
non-mitochondrial oxygen consumption, after sequential injections of oligomycin (an ATP
synthase inhibitor) at 1 uM (final concentration), carbonyl cyanide m-chlorophenyl hydrazone (an
ionophore acting as a proton uncoupler) at 2 uM, and rotenone and antimycin A (complex I and

complex III inhibitors, respectively) at 0.5 uM. Spare respiratory capacity, a measure of the ability

°See Figure A2 in Appendix
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of cells to respond to increased energy demand, was calculated by subtracting resting respiration
from maximal respiration. ATP production-dependent respiration was calculated by subtracting
the lowest OCR after oligomycin injection from resting OCR. Proton leak, represented by basal
respiration (i.e., mitochondrial respiration that is not coupled to ATP production), was calculated
by subtracting the OCR corresponding to non-mitochondrial oxygen consumption from the lowest
OCR after oligomycin injection. Non-mitochondrial oxygen consumption was subtracted from the
reported resting respiration, maximal respiration, spare respiratory capacity, and ATP production-
dependent respiration. For each parameter, OCR measurements were performed three times at 6-
min intervals. All OCR measurements were corrected for the OCR of cell-free wells containing
only medium. Upon completion of the OCR measurements, the cells were washed once with PBS
and lysed in 1M NaOH (40 pl/well). The lysates were kept at 4°C for up to 24h, and protein
determination was performed using the Bradford colorimetric assay with BSA as the standard
protein (Thermo Scientific). Absorbance was measured at a wavelength of 595 nm using a hybrid

microplate reader (Biotek).

3.4.7 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics software for Windows,
version 24.0 (IBM, Armonk, NY). The data were assumed to be normally distributed and Levene’s
test was used to determine if the assumption of homogeneity of variance was met. When met, a
two-way analysis of variance (ANOVA) was used for group-wise comparisons followed by
Tukey-Kramer post-hoc tests. When unmet, a Welch ANOV A was performed followed by Games-
Howell post-hoc tests. p<0.05 was considered significant. Effect sizes are presented as Cohen’s d
with 95% confidence intervals (CI). Data are presented as means + standard errors of the means

(SEM).
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3.5 Results
3.5.1 Effects of Co?" and Cr3* on macrophage mortality

Results revealed a Co®" concentration-dependent increase in the percentage of dead
macrophages of up to 33% with 24 ppm Co*" (d=2.5, 95% CI [0.3, 4.6]; p<0.001, Fig. 3.1A),
relative to the negative control (cells unexposed to Co** or Cr**). Cr** also induced a concentration-
dependent increase in the percentage of dead cells of up to 27% with 250 ppm (d=5.2, 95% CI
[1.9, 8.6]; p<0.001, Fig. 3.1B), relative to the negative control. It should be noted that since the
percentage of dead cells is calculated based on the total number of cells (live + dead) present at

the end of the 24-hour exposure, disintegrated cells are excluded from this percentage.
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Figure 3.1: Mortality of RAW 264.7 macrophages after a 24-h exposure to Co?" or Cr3*.
Percentage of the total number of cells (viable + dead) that were dead after exposure to (A) Co*"
or (B) Cr**. Total number of cells (viable + dead) after exposure to (C) Co*" or (D) Cr**. Cells
were incubated under cell culture conditions with the indicated concentrations of Co*" or Cr**. At
the end of the incubation, mortality was analyzed by dye-exclusion hemocytometry using trypan
blue. The dashed line represents the number of cells 3h prior to the start of the 24-h exposure (see
Materials and Methods section). Statistical analysis was performed using a Welch ANOVA
followed by Games-Howell post-hoc tests since the homogeneity of variance assumption was
unmet, as per Levene’s test. An asterisk (*) and double-asterisk (**) indicate a significant
difference between a given condition and the negative control (cells unexposed to Co*" or Cr*"),
with p<0.05 and p<0.001, respectively. Data are presented as means = SEM of three independent
experiments, each performed with three replicate samples per condition.

The total number of macrophages (live + dead) exposed to Co*>" and Cr*" increased due to
proliferation, except with 18 and 24 ppm Co?" where death resulting in cellular disintegration
decreased the total number of cells below the initial 1 x 10°. However, the total number of

macrophages was lower after exposure to Co’’, relative to the negative control, at all the
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concentrations tested (up to 87% lower with 24 ppm Co?"; d=15.1, 95% CI [6.4, 23.8]; p<0.001,
Fig. 3.1C). In contrast, after exposure to Cr*", the total number of macrophages was lower, relative
to the negative control, only at the highest concentration tested (44% lower with 250 ppm Cr**;

d=5.2,95% CI[1.8, 8.5]; p<0.001, Fig. 3.1D).

3.5.2 Effects of Co?** and Cr’" on oxidative stress in macrophages

Results revealed a Co®" concentration-dependent increase in cytosolic ROS level of up to
520% with 18 ppm Co*" (d=10.2, 95% CI [5.9, 14.4]; p<0.001; Fig. 3.2A), relative to the negative
control, after a 6-hour exposure. In contrast, Cr** did not induce any significant changes in ROS

level (Fig. 3.2B).
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Figure 3.2: Cytosolic reactive oxygen species (ROS) levels in RAW 264.7 macrophages after
a 6-h exposure to (A) Co?" or (B) Cr3*. ROS were assayed using the redox sensitive probe 2',7'-
dichlorodihydrofluorescein diacetate. 2',7'-Dichlorofluorescein (DCF) concentration, expressed
relative to the DCF concentration in the negative control (cells unexposed to Co®" or Cr’’;
represented by a dashed line), is directly proportional to the level of cytosolic ROS. Data are
presented as means = SEM of three independent experiments, each performed with 5-6 replicate
samples per condition. Statistics as in Figure 1.
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Results also revealed a Co*" concentration-dependent increase in protein carbonyl content
of 31% and 86% with 12 ppm and 18 ppm Co**, respectively (¢=8.7, 95% CI [3.5, 13.9] and d=3.8,
95% CI[1.1, 6.5], respectively; p<0.05; Fig. 3.3A), relative to the negative control, after a 24-hour

exposure. In contrast, Cr** did not induce any significant changes in protein carbonyl content (Fig.

3.3B).
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Figure 3.3: Protein carbonyl content in RAW 264.7 macrophages after a 24-h exposure to
Co** (A-C) or Cr*" (D-F). (A) and (D): Polyacrylamide gels of whole-cell extracts treated with
2,4-dinitrophenylhydrazine, analyzed by SDS-PAGE (3pg proteins per lane), and stained with the
protein-binding dye Coomassie Brilliant Blue. (B) and (E): Western blots of protein carbonyls
performed with gels ran in parallel to those shown in panels (A) and (D). (C) and (F): Protein
carbonyl content (determined by densitometric analysis of the western blots) normalized to protein
content (determined by acid-blue staining of the blots) and expressed relative to the negative
control (cells unexposed to Co** or Cr**; represented by a dashed line). Representative gels and
western blots are shown. Data in panels (C) and (F) are presented as means = SEM of three
independent experiments. MW: pre-stained protein molecular weight standards. dMW: 2.4-
dinitrophenyl (DNP)-derivatized protein molecular weight standards — the indicated molecular
weights are those of the corresponding underivatized proteins. Statistics as in Figure 1.
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3.5.3 Effects of Co?" and Cr** on macrophage oxygen consumption rates

Results revealed a Co?* concentration-dependent decrease in resting respiration of up to
26% with 18 ppm Co** (d=3.8, 95% CI [2.8, 4.7]; p<0.001; Fig. 3.4A), relative to the negative
control. Similarly, a decrease was observed in ATP production-dependent respiration (up to 24%;
d=2.9, 95% CI [2.1, 3.8]), maximal respiration (up to 43%; d=4.4, 95% CI [3.3, 5.4]), and spare

respiratory capacity (up to 60%; d=4.0, 95% CI [3.0, 5.0]) (»p<0.001 in all cases; Fig. 3.4A).
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Figure 3.4: Cellular oxygen consumption rates (OCR) of RAW 264.7 macrophages following
a 6-h exposure to Co?": (A) Mitochondrial respiration parameters; (B) Non-mitochondrial
oxygen consumption; (C) Proton leak, represented by basal respiration (i.e., mitochondrial
respiration that is not coupled to ATP production). OCR (measured using an extracellular flux
analyzer) were normalized to protein content (determined using a colorimetric assay). Data are
presented as means £ SEM of three independent experiments, each performed with 7-8 replicate
samples per condition. Statistics as in Figure 1 except that, since the homogeneity of variance
assumption was met for some parameters as per Levene’s test, a two-way ANOVA and Tukey-
Kramer post-hoc tests were used to analyze these parameters.
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A decrease was also observed in non-mitochondrial oxygen consumption (up to 21%;
d=1.1,95% C1[0.4, 1.7]; p<0.001; Fig. 3.4B), and in proton leak with all Co*>" concentrations (up
to 33%; d=5.3, 95% CI [4.1, 6.5]; p<0.001; Fig. 3.4C).

In contrast, Cr** did not induce any significant changes in OCR except for proton leak,
which decreased only with 100 ppm Cr** (d=4.2, 95% CI [3.2, 5.2]; p<0.001; Fig. 3.5C), relative

to the negative control.

[Cr3*]: OO0ppm ©50ppm B100 ppm M150 ppm

A 804

=

]

5 60

o
x o

= -
g3

E

© 4

g 20

=

0 4
Resting ATP production- Maximal Spare
respiration dependent respiration respiratory
respiration capacity

B 107 C 10 7

= =3

2 8 - 2 81

o [e]

& & £ HE
x o 61 r o 81
Q= Q2
@] g 4 | o E 4

3 S

£ 2 E 24

= =

- 0
Non-mitochondrial Proton leak

oxygen consumption

Figure 3.5: Cellular oxygen consumption rates (OCR) of RAW 264.7 macrophages following
a 6-h exposure to Cr**: (A) Mitochondrial respiration parameters; (B) Non-mitochondrial
oxygen consumption; (C) Proton leak, represented by basal respiration (i.e., mitochondrial
respiration that is not coupled to ATP production). OCR (measured using an extracellular flux
analyzer) were normalized to protein content (determined using a colorimetric assay). Data are
presented as means + SEM of three independent experiments, each performed with 7-8 replicate
samples per condition). Statistics as in Figure 4.

3.6  Discussion
The present study analyzed the effects of Co?" and Cr** on oxidative stress and energy
metabolism in macrophages, the predominant immune cells in periprosthetic tissues.!°*?!° To the

47



best of our knowledge, this is the first study to examine the effects of these metal ions on
mitochondrial respiration parameters in cellula and on oxidative stress in the context of
mitochondrial dysfunction. Results showed that Co**, but not Cr**, induced ROS production and
protein carbonylation, suggesting that Co®" may be inducing oxidative stress through ROS. Results
also showed that Co?", but not Cr’*, adversely affected mitochondrial function.

The effects of Co** and Cr*" were studied because Co and Cr are the primary components
of CoCrMo alloys that are used extensively in orthopaedic applications. Co exists in two common
oxidation states (+2 and +3). However, Co*" was used in the present study because Co®" is rapidly
reduced to Co®" in aqueous environments.*’ Similarly, Cr exists in two common oxidation states
(+3 and +6), but Cr** was used in the present study because Cr®" is rapidly reduced to Cr*" under
physiological conditions.*’ The ranges of Co*" and Cr** concentrations used in the present study
were based on: (1) previous studies analyzing the effects of Co?" and Cr** on oxidative stress and
inflammatory cytokine release from macrophages in vitro*>*3-117:118214. (2) the assumption that the
concentration of these ions is higher in periprosthetic tissues than in body fluids where their
concentrations are in the ppb range; and (3) the consideration that macrophage stimulation
probably requires higher concentrations of a stimulating agent in vitro than it does in vivo, where
cells are exposed to multiple stimulating factors simultaneously.**!'® The RAW 264.7 murine
macrophage cell line was used because it is a common model for in vitro studies of molecular

114,224,225 and of oxidative stress and

pathways activated by implant wear particles or metal ions,
mitochondrial function.??® Immortalized cells, as opposed to primary cells, were selected to avoid

potential inter-donor variability. Limitations of the RAW 264.7 macrophage model include its

murine origin,??’ as well as higher metabolic rates and OCR than primary murine macrophages.?*
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Mortality analysis showed a Co®" concentration-dependent increase in the percentage of
dead cells and lower total numbers of cells (live + dead) after a 24-hour exposure to Co*", relative
to the negative control. The lower total numbers of cells were due to a concentration-dependent
reduction in cell proliferation (as evidenced by a decrease in the proportion of actively dividing
cells, as determined by fluorescence microscopy using Hoechst 33342 DNA staining; data not
shown), as well as death resulting in cellular disintegration. In contrast to the results obtained with
Co*", exposure to Cr’* only increased the percentage of dead cells at the highest concentration
analyzed and the total number of cells was lower only at that concentration. Overall, these results
reflect the greater cytotoxicity of Co**, relative to Cr’*, in agreement with previous macrophage
studies.?>-23!1
The effects of Co?" and Cr** on oxidative stress were analyzed through measurements of
cytosolic ROS level and total protein carbonyl content. In macrophages, elevated concentrations
of ROS (which are by-products of oxidative metabolism) can induce an inflammatory response

127,232

through redox signaling, and possibly lead to oxidative damage of cellular components and

2 Reversible and irreversible oxidative

consequent impairment of cellular functions.?
modifications of proteins by ROS occur during redox signaling and as a consequence of acute or
chronic oxidative stress.??° Since protein carbonylation occurs in many of these modifications, it
is a standard marker for oxidative stress.??’ Overall, the results showed that Co**, but not Cr’",
increased ROS levels by up to 520% and protein carbonyl content by up to 86%. By comparison,
the exposure of RAW 264.7 macrophages to phorbol 12-myristate 13-acetate (PMA), a potent
inducer of ROS production via NAPDH oxidase, has been reported to increase ROS production

by up to ca. 1,200% at peak oxidative burst, and protein carbonyl content by up to ca. 30%

approximately 25 min post-peak oxidative burst.** Nevertheless, the magnitude of changes in

49



ROS levels in the cells exposed to Co®" should be interpreted cautiously given the technical
challenges presented by the detection of intracellular ROS.>** Notwithstanding, the results of the
present study suggest that exposure to Co®" can cause a substantial increase in oxidative stress in
macrophages by inducing ROS production. The mechanisms by which Co*" induce ROS
production in macrophages remain unclear. One of the mechanisms may involve Fenton-like
reactions where intracellularly generated hydrogen peroxide (normally decomposed by catalase
into water and oxygen) reacts with Co?" to produce highly reactive hydroxyl radicals.** Excessive
production of these radicals can overwhelm cellular antioxidant systems thereby causing oxidative
stress.*> In vivo exposure to Co?* for 24h has also been reported to decrease the activity of
superoxide dismutase and catalase, two antioxidant enzymes playing a prominent role in the
neutralization of ROS.!*® Other mechanisms by which Co*" induce ROS production in
macrophages may involve the ETC and NADPH oxidase. As previously mentioned, in the absence
of exogenous metal ions, cellular ROS production originates primarily from mitochondria and the
plasma membrane where NADPH oxidase complexes are located.

In the present study, the analysis of oxygen consumption showed significant decreases in
mitochondrial respiration with increasing Co** concentrations, suggesting that Co*" induces
mitochondrial dysfunction and affect overall cellular energy metabolism. Specifically, results
showed that Co®", but not Cr**, decreased resting respiration by up to 26%, ATP production-
dependent respiration by up to 24%, and maximal respiration by up to 43%. By comparison, the
polarization of naive murine bone marrow-derived macrophages (BMDM) to the inflammatory
(M1) phenotype by LPS and interferon-y has been reported to decrease these respiration
parameters by ca. 60%, 65%, and 85%, respectively.?*® The effects of Co** on the mitochondrial

respiration parameters are therefore substantial and consistent with dysfunctional oxidative

50



phosphorylation. A Co?*-induced decrease in the capacity of mitochondria to produce ATP may
thus have a significant impact on overall cellular energy metabolism and, as discussed below, may
lead to the activation of mechanisms that help maintain cellular energy homeostasis. The effects
of Co?" on mitochondrial respiration parameters may be due to interactions with pathways
involved in the regulation of energy metabolism and/or mitochondrial components, including the
ETC located in the mitochondrial inner membrane. ETC complexes I, I, and I1I contain iron-sulfur
clusters and, as previously mentioned, Co*" can cause mismetallation of these clusters by
competing with Fe?" for Fe binding sites.!>® This mismetallation may lead to ETC dysfunction and
cause the release of Fe ions into the intracellular environment. The released Fe ions may produce
ROS through the Fenton reaction and further contribute to oxidative stress by consuming cellular
antioxidants through redox cycling between Fe*" and Fe*".?*7 Interestingly, divalent ions of
cadmium (Cd*"), a transition-metal ion, have also been shown to inhibit the complexes of the ETC
(especially complexes II and IIT) and induce ROS production at the complex III site.'*® Therefore,
Co?" may similarly interfere with electron transfer in the ETC and induce ROS production. The
decrease in proton leak observed in the presence of Co*" is in agreement with this possibility since
inhibition at any position in the ETC would decrease proton pumping activity, thereby decrease
the proton-motive force and consequently proton leak.!**?3® In addition, carbonylation of
mitochondrial complexes has been reported in heart tissue (complexes I, II, III and the FoF1 ATP
synthase)?*° as well as in muscle and white adipose tissue (complex I).!>> Furthermore, ROS-
induced carbonylation of complex I has been shown to increase ROS production implying a feed-
forward control loop amplifying small changes in ROS production and consequent protein
carbonylation.!>® Therefore, Co**-induced ROS production may result in the carbonylation of

mitochondrial complexes leading to mitochondrial dysfunction and further ROS production.
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Finally, results showed a Co*'-induced decrease in non-mitochondrial oxygen consumption,
suggesting that Co?" may also affect NADPH oxidase reactions.!'3!:238.240

Interestingly, while the present study showed that Co*’, but not Cr’**, induced oxidative
stress, other studies have reported increased oxidative stress in macrophages exposed to
Cr+ 4214241 3beit to a lesser extent than in macrophages exposed to Co?*.%!! This discrepancy in
the effects of Cr’" may be explained by differences in methodologies. For example, in the present
study (unlike in previous studies***'4), nitrogen cavitation was used to lyse cells for the
determination of protein carbonyl content because the cells exposed to Co?* or Cr** exhibited an
ion concentration-dependent resistance to lysis by non-ionic detergents (unpublished observation).
Furthermore, in the present study the DNPH and neutralization solutions were prepared in-house
because the solutions provided with the OxyBlot® Protein Oxidation Detection Kit (a kit used in
previous studies**?!*) generated overly acidic samples resulting in protein precipitation and SDS-
PAGE artifacts (data not shown). Problems with reagents from the OxyBlot® Protein Oxidation
Detection Kit have also been reported by others.??* Notwithstanding, it should be emphasized that
the results of the present study are consistent, i.e., Co**-induced ROS production is associated with
an increase in protein carbonylation and mitochondrial dysfunction, whereas Cr** induced neither
ROS production, protein carbonylation nor mitochondrial dysfunction. Finally, the use of different
cell models (RAW 264.7 vs. U937, J774A.1, and murine BMDM) cannot presently be excluded
as a potential cause of, or contributing factor to, the discrepancy in the effects of Cr** on oxidative
stress.

The observed Co**-induced decrease in ATP production may lead to the activation of

AMP-activated protein kinase (AMPK), resulting in the stimulation of catabolic pathways and

inhibition of anabolic pathways to conserve energy.'® Under these conditions, energy-dependent
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cellular functions may be negatively affected, especially under scenarios of high energy demand
such as those prevailing in macrophages actively involved in immune functions. For example,
exposure of macrophages to particles of a Ni- and Cu-based material has been shown to impair
phagocytic capacity and mitochondrial function, suggesting a possible causal relationship.?2° In
the context of periprosthetic tissues, a Co**-induced decrease in ATP production could therefore
decrease the capacity of macrophages to clear metal wear products. Co**-induced mitochondrial
dysfunction may also prevent repolarization of macrophages from the inflammatory to the anti-
inflammatory phenotype.?*® Furthermore, since the energy requirements of the pro- and anti-
inflammatory responses of macrophages are primarily met by anaerobic glycolysis and aerobic
respiration, respectively, a Co*’-induced decrease in ATP production would be expected to

primarily decrease the capacity of macrophages to mount an anti-inflammatory response.?*?

3.7 Conclusion

The present study showed that Co?", but not Cr**, induced ROS production and protein
carbonylation, suggesting that Co?” induces oxidative stress through an increase in ROS production
and possibly through a weakening of antioxidant defenses. Results also showed that Co?" caused
mitochondrial dysfunction, including a decrease in oxidative phosphorylation capacity. Overall,
these results suggest that mitochondrial dysfunction may contribute to Co**-induced oxidative

stress in macrophages, and thereby to the inflammatory response observed in periprosthetic tissues.
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4. EFFECTS OF COBALT AND CHROMIUM IONS ON GLYCOLYTIC
FLUX AND THE STABILIZATION OF HYPOXIA-INDUCIBLE
FACTOR-10 IN MACROPHAGES IN VITRO

(MANUSCRIPT 2)

4.1  Foreword

As described in the first manuscript (Chapter 3), results on the effects of metal ions on
energy metabolism in macrophages revealed that Co?*, but not Cr** decreased OXPHOS. A central
pathway of cellular energy metabolism is the glycolytic pathway. Interestingly, pro-inflammatory
stimuli have been shown to cause macrophages to undergo a metabolic switch away from
OXPHOS towards glycolysis. However, the effects of Co?* and Cr** on glycolytic flux remain
largely unknown. Therefore, the second objective of this thesis was to determine the effects of
Co*" and Cr** on glycolytic flux and the stabilization of HIF-1a in macrophages.

The results of this work are included in the manuscript entitled:

“Effects of cobalt and chromium ions on glycolytic flux and the stabilization of HIF-1a in
macrophages in vitro”, by Zeina Salloum, Eric A. Lehoux, Mary-Ellen Harper, and Isabelle
Catelas.

This manuscript is currently under review for publication in the Journal of Orthopaedic

Research (J Orthop Res). Minor revisions have been made since submission.
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4.2  Abstract

Implant wear and corrosion products can lead to chronic inflammation and, consequently,
periprosthetic osteolysis. Wear and corrosion products are therefore of great clinical concern. For
example, Co?" and Cr** released from cobalt-chromium-molybdenum (CoCrMo)-based implants,
have been shown to induce a pro-inflammatory response in macrophages in vitro. Previous studies
have also shown that macrophage activation by pro-inflammatory stimuli can cause a hypoxia-
inducible factor-la (HIF-1a)-dependent metabolic shift away from oxidative phosphorylation
towards glycolysis. However, the effects of Co** and Cr** on energy metabolism in macrophages
remain largely unknown. Therefore, the objective of this study was to analyze the effects of Co**
and Cr** on glycolytic flux and the stabilization of HIF-1o in macrophages. RAW 264.7 murine
macrophages were exposed to 6-24 ppm Co*" or 50-250 ppm Cr’**. Glycolytic flux was measured
by extracellular flux analysis and lactate determinations. HIF-1a stabilization was analyzed by
immunoblotting. Results showed that Co**, and to a lower extent Cr**, induced an increase in
glycolytic flux. Finally, results showed that only Co*" stabilized HIF-1a, suggesting that HIF-1o. is
involved in the Co**-induced increase in glycolytic flux in macrophages. Overall, these results,
together with our previous results showing that Co*" increases oxidative stress and decreases
oxidative phosphorylation, suggest that Co*" (but not Cr’") can induce a HIF-la-dependent
metabolic shift away from oxidative phosphorylation towards aerobic glycolysis in macrophages.
This metabolic shift, similar to that associated with the metabolic reprogramming of macrophages
towards a pro-inflammatory phenotype, may play a central role in the proinflammatory response
induced by Co*" in the periprosthetic environment.

Keywords: metal implants, metal ions, macrophages, glycolysis, lactate production, HIF-1a.
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4.3  Introduction

Wear and corrosion at modular interfaces of joint implants have been associated with early
adverse local tissue reactions (ALTR) leading to implant failure.?*> In addition, the long-term
release of wear and corrosion products can lead to chronic inflammation and, consequently,
periprosthetic osteolysis. Wear and corrosion products are therefore of great clinical concern. For
example, Co and Cr ions, released from cobalt-chromium-molybdenum (CoCrMo)-based
implants, can induce a pro-inflammatory response in macrophages in vitro,*>!'7!1!8 the
predominant immune cell type in periprosthetic tissues.!®>?!” Furthermore, activation of
macrophages by pro-inflammatory stimuli has been shown to cause a metabolic shift away from
oxidative phosphorylation towards glycolysis.'®>?** Consequently, a better understanding of the
effects of Co?* and Cr*" on the energy metabolism of macrophages could provide insights into the
pathomechanisms of these metal ions in the periprosthetic environment. Our group recently
showed that exposure to Co?’, but not Cr*", induced oxidative stress and a decrease of oxidative
phosphorylation in RAW 264.7 macrophages.?*> However, the effects of these metal ions on
glycolytic flux in macrophages remain largely unknown.

Several metal ions have been shown to affect glucose catabolism in non-immune cells. For
example, exposure to Co®" has been shown to increase glucose uptake and lactate production in

6

primary articular chondrocytes,**® as well as in Clone 9 liver epithelial cells, 3T3-L1

preadipocytes, and C2C12 myoblasts.!®® Furthermore, in Clone 9 cells, these effects were

associated with an increase in hexokinase and lactate dehydrogenase activity. Ni** and Cu?* have

151

been shown to increase glycolytic flux in human lung carcinoma cells'*! and primary astrocytes, '3

respectively. In contrast to these divalent metal cations, Cr’* has been reported to have no effect

247

on glucose uptake in murine 3T3-L1 cells®? and rat L6 muscles cells,>*” although the concentration
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of chromium picolinate supplement was very low (5.2 ppm). Finally, prolonged exposure to
CoCrMo alloy particles (1-7 um diameter) has been reported to increase the expression of two
glycolytic enzymes: triosephosphate isomerase and pyruvate kinase, in fibroblasts. '8

Co?"and Ni?*, but not Cu?*, are thought to increase glycolytic flux by stabilizing hypoxia-
inducible factor-1o (HIF-1a),'31183246 3 sybunit of the heterodimeric transcription factor HIF-1,
which is known to transcriptionally upregulate glycolysis.?*® For example, both Co?" and Ni** have
been shown to stabilize HIF-1a and increase the expression of HIF-1-regulated genes, including
genes encoding glycolytic enzymes, in H4-1I-E-C3 rat hepatoma cells.!>*?°! Ni** and Cr®" have
also been shown to stabilize HIF-1a and induce HIF-1-regulated gene expression in IHAEo human
airway epithelial cells.??%?* Interestingly, Cr®" has been shown to stabilize HIF-1a but only until
it is reduced to Cr** 2%

Many metal ions, including Co**, Ni**, and Cr®" have been shown to stabilize HIF-1a by
oxidizing intracellular ascorbate, either directly, catalytically, or indirectly through oxidative
stress.200-249250 Agcorbate is a cofactor of the propyl hydroxylase domain (PHD) proteins that
hydroxylate HIF-1a, leading to its proteasomal degradation.>*® Interestingly, Co*" has also been
reported to stabilize HIF-1o by binding directly to the transactivation domain of the protein.?>!

The essential role of HIF-1a in myeloid cell-mediated inflammation was highlighted by a
study showing that, in the absence of functional HIF-1a, the ATP pool in isolated peritoneal
macrophages was drastically reduced and their capacity for homotypic adhesion, motility,
invasiveness, and bacterial killing were greatly inhibited.'”> This study further showed that
macrophages with inactivated von Hippel-Lindau factor (pVHL), and thereby inhibited

degradation of HIF-1a, presented evidence of a hyperinflammatory response and displayed a high

level of glycolytic activity.'®? It has since been established that stabilization and transactivation of

58



HIF-1a transcriptionally upregulates glycolysis and downregulates oxidative phosphorylation
through multiple mechanisms, including the induction of glycolytic enzymes and pyruvate
dehydrogenase kinase 1.2°* This kinase phosphorylates pyruvate dehydrogenase, thereby
inhibiting this enzyme, which leads to the redirection of pyruvate away from the mitochondria
towards glycolysis.?*® This HIF-1a.-dependent metabolic shift from oxidative phosphorylation to
aerobic glycolysis has been shown to play a central role in the polarization of macrophages towards
a pro-inflammatory phenotype.?> Moreover, recent findings suggest that a metabolic shift towards
glycolysis (such as that induced by the overexpression of glucose transporter 1 [GLUT1]), by
itself, may be sufficient to impart a Ml-like (i.e., proinflammatory) phenotype in
macrophages.?>33

Given the central and potentially determinant role of energy metabolism in macrophage
effector function, analyzing the effects of metal ions released from metal implants on glycolysis
and oxidative phosphorylation is critical to understand the pathomechanisms of the immune
response in the periprosthetic environment. As previously mentioned, we recently demonstrated
that Co?*, but not Cr*", can increase oxidative stress and decrease oxidative phosphorylation in

RAW264.7 macrophages.’* In the present study we analyzed the effects of Co*"and Cr** on

glycolytic flux and HIF-1a stabilization in the same model system.

4.4  Materials and Methods
4.4.1 Metal ions
Sterile solutions of Co?" and Cr’" in cell culture grade water were prepared fresh, as

previously described.*’

4.4.2 Cells

The RAW 264.7 murine macrophage cell line (American Type Collection Culture;
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Manasas, VA) was maintained as previously described.?*> For experiments, cells were detached
by pipetting using a Class A volumetric glass pipette (Sibata Scientific Technology, Soka, Japan),
and resuspended in growth medium (Dulbecco’s modified Eagle medium [DMEM; Wisent;
catalog number 319-007-CL) supplemented with 10% [v/v] qualified-grade heat-inactivated fetal

bovine serum [Gibco, Carlsbad, CA]).

4.4.3 Extracellular acidification rates (ECAR)

ECAR were measured using an extracellular flux analyzer (Seahorse XFe96; Agilent
Technologies, Santa Clara, CA). Briefly, the cartridge sensors were hydrated overnight at 37°C,
as per the manufacturer’s instructions, in a commercial calibration solution (XF Calibrant; Agilent
Technologies). Specially designed tissue culture-treated polystyrene 96-well microplates with a
clear flat bottom (Seahorse XFe96 V3 PS Cell Culture Microplates; Agilent Technologies) were
seeded with 80 uL of cell suspension (0.5%10° cells/mL) per well and incubated 2-3h under cell
culture conditions (37°C, humidified atmosphere of 95% air and 5% CO») to allow cell recovery.
At the end of the incubation, the culture supernatants were replaced with pre-warmed (37°C)
growth medium containing Co*" (624 ppm), Cr** (50250 ppm), cell culture-grade water
(negative control; Lonza, Walkersville, MD), or lipopolysaccharide (LPS) from E. coli O55:B05
(1 pg/mL; Sigma-Aldrich, St Louis, MO; positive control [data not shown])d. The cells were
incubated 6h under cell culture conditions, then washed and incubated 1h at 37°C in extracellular
flux analysis medium (sodium bicarbonate-, glucose-, phenol red-, pyruvic acid-, and glutamine-
free modified DMEM [Sigma-Aldrich, catalog no. D5030] freshly supplemented with cell culture-
grade L-glutamine [4 mM; Wisent], and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

[HEPES; 4.5 mM; Sigma-Aldrich], pH adjusted to 7.35-7.40 at room temperature) supplemented

dSee Figure A3 (for ECAR) and Figure A4 (for PER) in Appendix
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with carbonic anhydrase (Sigma-Aldrich). Carbonic anhydrase, reconstituted in cell culture-grade
water (500 U/mL final concentration in the medium) and sterilized by filtration through 0.2-um
pore size cellulose acetate syringe filters (VWR, Mississauga, ON) before medium
supplementation, was used to ensure quantitative conversion of CO2 to HCO3™ and H".?*> ECAR
were measured to assess basal acidification (i.e., acidification in the absence of exogenous glucose)
followed by glycolysis, glycolytic capacity and maximal glycolytic capacity after sequential
injections of D-glucose (10 mM final concentration in the microplate; Sigma-Aldrich), rotenone
and antimycin A (0.5 uM each), and monensin (20 uM; Sigma-Aldrich; ionophore used to increase
the rate of ATP hydrolysis by the Na'/K"-ATPase) together with carbonyl cyanide m-chlorophenyl
hydrazone (2 pM; Sigma-Aldrich; a protonophore acting as an oxidative phosphorylation
uncoupler). 2-Deoxy-D-glucose (2-DG; 50 mM; Sigma-Aldrich; an analog of D-glucose that
inhibits glycolysis primarily through competitive inhibition of phosphoglucoisomerase) was
injected last as a control to confirm that the measured ECAR is specific to glycolysis (data not
shown). Each condition was prepared in octuplicates. ECAR measurements were performed 3
times for basal acidification and glycolytic capacity, and 4 times for glycolysis and maximal
glycolytic capacity, at 6-min intervals using the flux analyzer. All 3 or 4 ECAR measurements
were averaged for each glycolytic parameter except glycolysis where only the 4" measurement
was used. All ECAR measurements were corrected for the ECAR of cell-free wells containing
only supplemented medium.

Upon completion of the ECAR measurements, the cells were gently washed with pre-
warmed (37°C) phosphate-buffered saline without Ca®" and Mg?" (PBS; Wisent) and lysed in cold
(4°C) 1M NaOH (Fisher Scientific; 40 pL/well). The lysates were kept at 4°C for < 24h, and

protein determination was performed using the Bradford colorimetric assay with BSA as the
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standard protein (Thermo Fisher Scientific). Correction for potential interference by NaOH
introduced by the lysate samples was performed by including exogenous NaOH (50 mM, final
concentration in assay mixture) in the BSA standard curve. Absorbance was measured at a

wavelength of 595 nm using a hybrid microplate reader (Synergy™ 4; Biotek, Winooski, VT).

4.4.4 Proton efflux rates (PER)

Proton efflux rates (PER) were calculated as described in a white paper by Romero et al.2*
The buffering factor (2.4 = 0.1 mmol H/L/pH unit) and the COz contribution factor (CCF; 0.4 +
0.1 [n=55]) used in the PER calculations were determined experimentally as described by Romero
et al.>>® Note that the CCF of all experimental conditions was averaged because the CCF was

independent of experimental conditions (data not shown).

4.4.5 L-Lactate production

Tissue culture-treated polystyrene 48-well microplates (Greiner Bio-One) were seeded
with 800 pL of cell suspension (0.5x10° cells/mL) per well and incubated 2—3 h under cell culture
conditions to allow cell attachment. At the end of the incubation, the culture supernatants were
replaced with pre-warmed (37°C) growth medium containing Co*" (6-24 ppm), Cr** (50-250
ppm), cell culture-grade water (negative control), or LPS (1 pg/mL; positive control [data not
shown])®. The cells were incubated an additional 6h under cell culture conditions, then washed in
pre-warmed (37°C) extracellular flux analysis medium and incubated 1h in the same medium. At
the end of the 1-h incubation, the medium was replaced with the above pre-warmed (37°C)
medium further supplemented with D-glucose solution (10 mM, final concentration). All washes

and media exchanges were performed on a 37°C-warming plate (Bel-Art Products, Wayne, NJ) to

°See Figure AS in Appendix
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minimize temperature perturbations. Enzymatic reactions were stopped, either immediately upon
glucose addition or 30 min post-addition, by adding perchloric acid (20% [w/v]; Fisher Scientific)
to a final concentration of 7.5% (w/v). Cells were scraped from the wells using 0.5-mm wide
chiseled-edge polypropylene mini-cell lifters (Biotium, Fremont, CA). The cell extracts were
collected in 1.5-mL polypropylene microcentrifuge tubes (Corning, Corning, NY), incubated 20
min on ice and centrifuged (16,000g for 15 min at 4°C). Protein pellets were frozen and stored at
-80°C for future protein determination. The supernatants were collected and stored at 4°C for up
to 24h, pH-neutralized using K2CO3 (5M; Sigma-Aldrich), and centrifuged (16,000g for 5 min at
4°C). The supernatants were then collected and frozen/stored at -80°C for future lactate
determination.

The L-lactate content of thawed pH-neutralized extracts was determined enzymatically as
described by Noll*” with the following modifications. The assay concentrations of glutamate
pyruvate transaminase (Sigma-Aldrich) and lactate dehydrogenase (Sigma-Aldrich) were
increased to 2.3 U/mL and 65 U/mL, respectively. A commercial standard L-lactate solution
(Sigma—Aldrich, catalog no. 07096) was used to generate a standard curve. Fluorescence was
measured at an emission wavelength of 460 nm upon excitation at 340 nm?® in tissue culture-
treated black-wall polystyrene 96-well microplates with a clear flat bottom (Greiner Bio-One),
using a hybrid microplate reader (Synergy™ 4). All lactate measurements were corrected for the
presence of lactate (ca. 12 uM) in the cell-free supplemented media incubated under identical
conditions. The corrected lactate content was normalized to protein content determined using the
bicinchoninic acid colorimetric assay with BSA as the protein standard (Thermo Fisher Scientific,
Rockford, IL). Normalized lactate production was determined by subtracting the normalized

lactate content present at the start of the experiment (i.e., upon glucose addition) from the
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normalized lactate content present 30 min post-glucose addition, and is expressed in pmol/min/pg
protein. Co?" or Cr’* did not interfere with the enzymatic lactate assay, as determined by
performing a lactate standard curve in the absence and presence of 0.1 ppm Co?" or 1 ppm Cr*,
i.e., approximately 5 times the concentration of these ions in pH-neutralized perchloric acid
extracts of macrophages incubated with the highest concentrations of Co?* (24 ppm) or Cr** (250
ppm), as determined by inductively coupled plasma-mass spectrometry (0.02 = 0.01 ppm Co**
[n=3] and 0.19 + 0.05 ppm Cr’" [n=3]; London Laboratory Services Group, London Health

Sciences Centre, London, ON, Canada).

4.4.6 Cellular HIF-1a accumulation

Six-well tissue culture-treated polystyrene microplates (Greiner Bio-One) were seeded
with 5 mL of cell suspension (0.4 x 10° cells/mL) per well and incubated 2-3h under cell culture
conditions to allow cell attachment. At the end of the incubation, the culture supernatants were
replaced with 5 mL of pre-warmed (37°C) growth medium containing Co** (6-24 ppm), Cr** (50—
250 ppm), or cell culture-grade water (negative control), and the cells were incubated an additional
6h. At the end of the incubation, the microplates were placed on ice and the cells were washed
twice with ice-cold Dulbecco’s PBS (DPBS) without Ca?>" and Mg?" (Sigma—Aldrich). The cells
were immediately lysed in 250 puL/well of ice-cold lysis buffer (125 mM Tris-HCI, pH 6.8 [Fisher
Scientific]; 2% (w/v) SDS [Fisher Scientific]; 10% (v/v) glycerol [Sigma-Aldrich]; 175 mM DL-
1,4-dithiothreitol (DTT; [Amresco, Solon, OH]) with the aid of a 2-cm chiseled-edge
polypropylene cell lifter (Fisher Scientific). Whole-cell lysates, transferred into low retention 1.5
mL polypropylene microcentrifuge tubes (Corning, Corning, NY) pre-cooled in ice, were
sonicated on ice for 15s using an ultrasonic processor (Model 120 Sonic Dismembrator; Fisher

Scientific) set at 20% amplitude and connected to a 1/8-inch probe microtip (model CL-18; Fisher

64



Scientific). The sonicated samples were incubated 5 min in boiling water, aliquoted, snap-frozen
in liquid nitrogen, and stored at -80°C.

Substances that may interfere with colorimetric protein determination were removed from
freshly thawed aliquots of lysates using the deoxycholic acid-trichloroacetic acid protein
precipitation technique. The protein pellets were dissolved in 100 mM NaOH and protein content
was determined using the Bradford colorimetric assay. Aliquots of lysate (40 pg proteins) were
mixed with sample loading buffer (LI-COR, Lincoln, NE), as per the manufacturer’s instructions,
and analyzed by SDS-polyacrylamide gel electrophoresis using precast mini-format Tris-glycine
gradient (4-15%) gels (Bio-Rad; Hercules, CA). Commercial HeLa cell lysates from untreated
and CoClz-treated cells (Novus Biologicals, Centennial, CO) were used as negative (data not
shown) and positive HIF-1a controls, respectively, and a prestained (visible and near-infrared)
protein ladder (LI-COR) was used. Following electrophoresis, the gels were truncated above the
260 kDa molecular weight mark to avoid gel compression artifacts during electrotransfer. For
western blotting, the proteins were electrotransferred onto a 0.45-um pore size fluorescent-grade
polyvinylidene fluoride membrane (Immobilon-FL; Millipore Sigma, Burlington, MA). The
membrane was air-dried, reversibly stained for total protein with acid blue (REVERT™ Total
Protein Stain; LI-COR) as per the manufacturer’s instructions, and imaged at 700 nm using a near-
infrared fluorescence imaging system (Odyssey Fc; LI-COR). The stained membrane was then
blocked/destained in commercial blocking buffer (Odyssey Blocking Buffer [PBS]; LICOR) for
1h at room temperature. Immunodetection was performed using a rabbit anti-HIF-1a antibody
(Novus Biologicals, catalog no. NB100-449; diluted 1:2000 in the blocking buffer supplemented
with 0.1% [v/v] polysorbate 20 [Fisher Scientific]; overnight incubation at 4°C) as the primary

antibody, and a goat anti-rabbit IgG (H+L) fluorescently-labeled secondary antibody (LICOR,
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catalog no. 926-32211; diluted 1:15,000 in PBS blocking buffer containing 0.1% (v/v) polysorbate
20 and 0.01% SDS; 1-h incubation at room temperature). The membrane was washed in DPBS
without Ca?* and Mg*" (Sigma—Aldrich) and air-dried (in the dark) prior to imaging at 800 nm
using the near-infrared fluorescence imaging system. Fluorescence intensity was normalized to
protein content determined by acid-blue staining. Both acid-blue staining and immunostaining

were quantified by densitometric analysis using Image Studio™ software v2.0 (LI-COR).

4.4.7 Statistical analysis

Outliers were identified using the Tietjen-Moore test. Statistical analysis, implemented in
R v3.5.2, was performed using a linear mixed model followed by Tukey post hoc tests. The data
were assumed to be normally distributed and to meet the assumption of homogeneity of variance.
p<0.05 was considered significant. Effect sizes are presented as Cohen’s d with 95% confidence
intervals (CI). Unless otherwise specified, data are presented as means + standard error of the mean

(SEM).

4.5  Results
4.5.1 Effects of Co*" and Cr3* on extracellular acidification rates (ECAR)

All three glycolytic parameters increased after macrophage exposure to all Co®*
concentrations tested. Glycolysis increased by up to 150% with 6 ppm (d=2.7, 95% CI [2.1, 3.3]),
glycolytic capacity by up to 72% with 6 ppm (d=1.8, 95% CI [1.3, 2.3]), and maximal glycolytic
capacity by up to 67.5% with 24 ppm (d=1.7, 95% CI [1.2, 2.2]) (p<0.001 in all cases; Fig. 1A).
Basal acidification also increased by 57 to 71% (d=1.5 — 3.4, 95% CI [1.0, 2.0] — [2.7, 4.0]).

Similarly, all three glycolytic parameters increased after macrophage exposure to all Cr’*
concentrations tested, except the highest concentration (250 ppm) where glycolytic capacity and

maximal glycolytic capacity did not differ significantly from the negative control (cells unexposed
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to metal ions), likely due to an increase in cytotoxicity. Glycolysis increased by up to 110% with
100 ppm (d=4.6, 95% CI [3.8, 5.5]), glycolytic capacity by up to 67% with 50 ppm (d=4, 95% CI
[3.3, 4.8]), and maximal glycolytic capacity by up to 67% with 50 ppm (d=2.6, 95% CI [2, 3.2])
(»<0.001 1in all cases; Fig. 1B). Basal acidification increased by 55 to 86% (d=1.5 — 4.1, 95% CI

[1.0,2.0] - [3.3, 4.8)).

A
16 [Co?*:C3 0 ppm E3 6 ppm B2 12 ppm B 18 ppm EE 24 ppm
E14-
212
o
210
g2
gE°
E o
T 4-
E 24 * 0k % ok
0-
Basal acidification Glycolysis Glycolytic Maximal
capacity glycolytic
capacity
B
16 [Cr**]: 30 ppm E3 50 ppm E=100 ppm M 150 ppm = 250 ppm
314-
2121
o
210
EE o
O = 8
E 6
T 4
.E. 2] * 0 Fow ox
0-
Basal acidification Glycolysis Glycolytic Maximal
capacity glycolytic
capacity

Figure 4.1: Effects of Co** (A) and Cr** (B) exposure (6h) on glycolytic flux parameters (and
basal acidification) of RAW 264.7 macrophages. Extracellular acidification rates (ECAR,;
measured using an extracellular flux analyzer) were normalized to protein content (determined
using a colorimetric assay). Data are presented as means = SEM of 4-5 independent experiments,
each performed with 5-8 replicate samples per condition. An asterisk (*) indicates a significant
difference (p<0.001) between a given condition and the negative control (cells unexposed to Co**
or Cr’"). Statistical analysis was performed using a linear mixed model followed by Tukey post
hoc tests. p<0.05 was considered significant.
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4.5.2 Effects of Co?** and Cr3* proton efflux rates (PER) from macrophages

Glycolytic and mitochondrial contributions to total PER from the macrophages during
glycolysis (see Materials and Methods for PER calculations) are presented in Figure 2. Glycolytic
PER (i.e., PER attributed to glycolysis) increased after macrophage exposure to all concentrations
(by up to 176% with 6 ppm Co*"; d=2.8, 95% CI [2.2, 3.4]) (p<0.001 in all cases; Fig. 2A). In
contrast, exposure to Co?" increased mitochondrial PER (i.e., PER attributed to mitochondrial CO:
production and the subsequent release of protons upon CO2 hydration) by only 20% with 6 ppm
(d=0.5, 95% CI [0.1, 1]; p<0.001; Fig. 2A inserts). Exposure to Cr’*, like exposure to Co*",
increased glycolytic PER at all concentrations (by up to 110% with 100 ppm Cr**, d=2.7, 95% CI
[2.1, 3.3]) (p<0.001 in all cases; Fig. 2B). In contrast to Co**, exposure to Cr’" increased
mitochondrial PER at all concentrations except 250 ppm (up to 41% with 50 ppm Cr**, d=1.9,

95% CI[1.4, 2.4]) (p<0.001 in all cases; Fig. 2B inserts).
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Figure 4.2: Effects of Co?* (A) and Cr3* (B) exposure (6h) on the proton efflux rates (PER)
from RAW 264.7 macrophages incubated with glucose. Glycolytic (dark grey) and
mitochondrial (white) PER, normalized to protein concentration, are presented. Inserts show
mitochondrial PER at a different scale. PER were calculated as described in Materials and
Methods. Statistics as in Figure 1.
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4.5.3 Effects of Co?** and Cr" on lactate production by macrophages

Co*" increased lactate production rate after macrophage exposure to all concentrations (up
to 97% with 12 ppm Co*"; d=2.8, 95% CI [1.7, 3.8]) (»<0.001 in all cases; Fig. 3A). Exposure to
Cr’** also increased the lactate production rate, but only with 100 ppm (44%; d=1.4, 95% CI [0.6,

2.2]) and 150 ppm Cr** (39%; d=1.6, 95% CI1 [0.8, 2.5]; p<0.001; Fig. 3B).
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Figure 4.3: Effects of Co** (A) and Cr** (B) exposure (6h) on the average lactate production
rates in RAW 264.7 macrophages during a 30-min incubation with glucose. Lactate
production rates, normalized to protein content, were measured enzymatically. Data are presented
as means = SEM of 4 independent experiments, each performed with 3-4 replicate samples per
condition. Statistics as in Figure 1.

4.5.4 Effects of Co?" and Cr** on HIF-10 accumulation in macrophages

Co*" increased the cellular accumulation of HIF-1a after macrophage exposure to all
concentrations (up to 48% with 6 ppm Co?"; d=18, 95% CI [7.7, 28.3]) relative to the negative
control (cells unexposed to metal ions) (p<0.001 in all cases; Fig. 4A,B). In contrast, exposure to
Cr’" at any concentration did not induce any significant changes in the cellular level of HIF-1a

(Fig. 4C,D).
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Figure 4.4: Effects of Co?" (A,B) and Cr** (C,D) exposure (6h) on the level of hypoxia
inducible factor-lalpha (HIF-1a) in RAW 264.7 macrophages. (A) and (C): Representative
western blots of HIF-1a. (B) and (D): HIF-1a level, determined by densitometric analysis of the
western blots, normalized to protein content determined by acid-blue staining of the blots, and
expressed relative to the negative control (cells unexposed to metal ions) represented by a dashed
line. MW (kDa): pre-stained protein molecular weight standards. Data in panels (B) and (D) are
presented as means + SEM of 3 independent experiments. Statistics as in Figure 1. 'pos. ctrl:
commercial positive control, i.e., HIF-1a in whole-cell extracts of HeLa cells exposed to 6 ppm
Co?* for 4h (note: the predicted MW of human HIF-1a is 120 kDa vs 94 kDa for the murine protein
and HIF-1a from both species is subject to post-translational modifications).

4.6  Discussion

The present study analyzed the effects of Co?" and Cr** on glycolytic flux and HIF-1o,
stabilization in macrophages, the predominant immune cells in periprosthetic tissues.!?%2!
Overall, results showed that the exposure of RAW 264.7 macrophages to both metal ions increased

glycolytic flux, albeit to a lower extent with Cr**, as determined by extracellular flux analysis and

lactate assays. In contrast, only Co?" stabilized HIF-10, suggesting that the HIF-1 transcription
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factor is involved in the Co?*-induced, but not in the more modest Cr**-induced, increase in
glycolytic flux.

ECAR measurements showed that both Co?* and Cr’* increased all glycolytic flux
parameters, as well as basal acidification. Since ECAR are dependent on the buffering capacity of
the measurement system, total PER were calculated along with the relative contributions of
glycolysis and mitochondria to total PER, to quantify glycolytic flux. The calculations indicated
that under glycolytic conditions (i.e., in the presence of 10 mM glucose), the increase in PER
observed in the presence of Co** or Cr’* was almost exclusively due to an increase in aerobic
glycolysis. Interestingly, although marginal, the mitochondrial contribution to the increase in total
PER was significant at the lowest Co®" concentration tested and at all Cr** concentrations (except
at the highest and most toxic). Since PER are indirect measurements of glycolytic flux, lactate
production rates were measured to validate the extracellular flux analysis. The measured lactate
production rates were in general agreement with the calculated PER, although the former showed
that both Co*" and Cr*" had a lower, but significant, effect on glycolytic flux. The quantitative
discrepancy between PER and lactate production rates may be the result of underlying assumptions
and uncertainties (e.g., lack of precision of CCF measurements) in the PER calculations, or it may
reflect differences between the two methodologies used. (e.g., overestimation of the PER by the
extracellular flux analyzer, or a non 1:1 stoichiometry between protons released from cells and
lactate molecules produced). Notwithstanding, the observed discrepancy does not affect the
general interpretation of the glycolytic flux data.

Overall, the glycolytic flux analysis indicates that Co?*, and to a lesser extent Cr**, can
increase glycolytic flux in RAW 264.7 macrophages. This is in general agreement with previous

studies on other cell types.!’®?* For example, the 97% increase in lactate production observed
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with 12 ppm Co*" is similar in relative magnitude to the 100% increase previously reported in
chondrocytes exposed to 4.4 ppm Co?".2*¢ Moreover, the activation of RAW 264.7 macrophages
by LPS in combination with interferon-gamma has been reported to increase lactate production by
up to ca. 175% .!7® The magnitude of the relative increase of glycolytic flux induced by exposure
to Co*" (12 ppm) is therefore comparable to that associated with the activation of the macrophages
by pro-inflammatory stimuli. As discussed below, this may reflect shared mechanisms.

Although the effect of Cr** on glycolytic flux was more modest than that of Co*", it
increased the lactate production rate by as much as 44%. Surprisingly, very little is known about
the effect of Cr** on glycolysis. Exposure to low doses (< 1 ppm) of chromium(III) picolinate has
been reported to increase translocation of glucose transporter 4 (GLUT4) to the membrane in
murine 3T3-L1 preadipocytes,>? but not in rat L6 myotubes.?*’ Moreover, chromium(III) picolinate
did not increase glucose uptake in either cell types (unless insulin was present). Interestingly, we
recently observed that the exposure of murine bone marrow-derived macrophages (BMDM) to
Cr’" did not increase glycolytic flux, and even decreased it at concentrations > 100 ppm
(unpublished data). The different response of RAW 264.7 macrophages and BMDM may reflect
metabolic differences between transformed and primary cells.

The exposure of RAW 264.7 macrophages to Co?* induced the stabilization of HIF-1a, in
agreement with previous studies using various cell types.2%2°2%° For example, results show that
the maximum Co**-induced accumulation of HIF-1a (ca. 48%) is comparable to that reported in
THP-1 human macrophages and human primary macrophages (ca. 40%).2° Co** has been shown
to stabilize HIF-1a by oxidizing intracellular ascorbate, either directly, catalytically, or indirectly
through oxidative stress.??%>° Ascorbate is a cofactor of the PHD proteins that hydroxylate HIF-

la, enabling binding of the von Hippel-Lindau tumor suppressor (the recognition subunit of an E3
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ubiquitin ligase that ubiquitylates HIF-1a), thereby targeting HIF1-a for proteasomal
degradation.?*® Alternatively, Co*" has also been shown to stabilize HIF-1a by binding directly to
the transactivation domain of the protein.!

HIF-1la transcriptionally downregulates OXPHOS and upregulates glycolysis through
multiple mechanisms, including: 1) the induction of glucose transporters and glycolytic
enzymes®%’; 2) the induction of (PDK-1), which phosphorylates (PDH), thereby inhibiting this
enzyme and redirecting pyruvate away from the mitochondria towards glycolysis?™; 3) the
induction of microRNA-210, which blocks the expression of iron-sulfur cluster assembly scaffold
proteins IscUl and IscU2 that facilitate the assembly of iron-sulfur clusters required for the
function of the TCA cycle enzyme aconitase and ETC complex I; and 4) the negative regulation
of mitochondrial biogenesis and Oz consumption,?®! and the promotion of mitochondrial-selective
autophagy.?® The resulting HIF-1-induced metabolic shift from OXPHOS to aerobic glycolysis
has been shown to play a central role in the polarization of macrophages towards a pro-
inflammatory phenotype.'”” This metabolic shift allows mitochondrial repurposing from ATP
synthesis to reactive oxygen species (ROS) production to support pro-inflammatory functions,
including the secretion of interleukin-1B.2%? Interestingly, recent findings suggest that a shift in
energy metabolism, by itself, may be sufficient to impart an M1-like (i.e., pro-inflammatory)*? or
an M2-like (i.e., anti-inflammatory) phenotype in macrophages.?>* For example, overexpression
of GLUT1 in RAW 264.7 macrophages has been shown to upregulate glycolysis and blunt
oxidative metabolism.?>> Metabolomic analysis further demonstrated activation of the pentose
phosphate pathway (PPP), which utilizes glucose to generate NADPH for use in biosynthetic

pathways and ROS production.?>® This activation of the PPP was accompanied by an increase in
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the oxidized/reduced glutathione (GSSG/GSH) ratio, which is consistent with an increase in ROS
burden and intracellular stress.>

The results of the present study show that exposure to Co?* induced HIF-1a stabilization
and increased glycolytic flux in RAW 264.7 macrophages. These results, together with our
previous results, showing that Co®" can increase oxidative stress and decrease OXPHOS in RAW
264.7 macrophages,’® indicate that Co?* can induce a metabolic shift from OXPHOS to aerobic
glycolysis. This metabolic shift, presumably involving HIF-1a, is similar to that associated with
the polarization of macrophages towards a pro-inflammatory phenotype. Moreover, this shift in
energy metabolism may play a central and potentially determinant role in the proinflammatory
response induced by Co?" in the periprosthetic environment. In this context, it is interesting to note
that HIF-1a accumulation has been reported to be significantly higher in the periprosthetic tissues
of patients with a metal-on-metal hip implant than in patients with a metal-on-polyethylene hip
implant.”>

Cr*", unlike Co?", did not induce stabilization of HIF-1a.in RAW 264.7 macrophages. This
is in agreement with the report that Cr®" stabilized HIF-1a in 1HAEo human airway epithelial
cells, but only until it was reduced to Cr**.2* The lack of Cr**-induced HIF-1a stabilization may
explain why the exposure of RAW 264.7 macrophages to Cr** induced a more modest increase in
glycolytic flux than that observed after exposure to Co*>*. However, the mechanisms involved in
the Cr’**-induced increase in glycolytic flux remain unclear. Since Cr’" ions tend to inhibit
enzymes,**?% they would not be expected to activate glycolytic enzymes directly. The Cr**-
induced increase in glycolytic flux, like that of Co?", may instead be due to indirect upregulation
through the activation of regulatory mechanism(s). Alternatively, exposure to Cr** may create a

demand for certain carbon compounds, thereby leading to an upregulation of glycolysis through
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homeostatic control mechanisms. Notwithstanding, the present study rules out the involvement of
HIF-10-dependent mechanisms while our previous study, showing that Cr** neither induced ROS
production nor affected mitochondrial function,?* further rules out the involvement of ROS, and
of a compensatory increase in glycolytic flux in response to a decrease in mitochondrial ATP

production

4.7 Conclusion

The present study showed that the exposure of macrophages to Co?" or Cr** can increase
glycolytic flux, albeit to a lower extent with Cr**. In contrast, only exposure to Co*" stabilized
HIF-10, suggesting that the HIF-1 transcription factor is involved in the Co**-, but not in the Cr**-
, induced increase in glycolytic flux. These results, together with our previous results showing that
Co*", but not Cr’", can increase oxidative stress and decrease OXPHOS in RAW 264.7
macrophages,?** indicate that the exposure of macrophages to Co*" (but not Cr**) can induce a
metabolic shift from OXPHOS to aerobic glycolysis. This metabolic shift, presumably involving
HIF-1a, is similar to that associated with the polarization of macrophages towards a pro-
inflammatory phenotype. Given the central and potentially determinant role of energy metabolism
in macrophage effector function, our results suggest that Co?"-induced metabolic reprogramming
may play a central role in the proinflammatory response induced by Co®"* in the periprosthetic

environment.
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5. EFFECTS OF COBALT AND CHROMIUM IONS ON NITRIC OXIDE
PRODUCTION AND LIPID PEROXIDATION

In the course of this project, other assays, including NO production and lipid peroxidation,
were considered to evaluate metal ion-induced oxidative stress. These assays were however not
included in Manuscript 1 (Chapter 3) partly because of concerns regarding potential interference
of metal ions (NO assay) and because of assay limitations (TBARS assay), as detailed below.

Results of these additional assays are presented in this chapter.

5.1 Effects of Co?* and Cr** on nitric oxide (NO) production in macrophages

Previous histological studies showed expression of inducible nitric oxide synthase (iNOS),
the enzyme catalyzing NO production, in periprosthetic tissues from patients with failed MM hip
implants.?** In vitro studies showed that Ni*" and Co** concentrations (10 pM; i.e., 0.6 ppm) can
induce significant NO production in murine peritoneal and splenic macrophages only in the
presence of cytokines.?®> However, Hassoun et al.?*! showed that exposure of J774A.1 to Cr**
(50-80 uM; i.e., 2.6-4.2 ppm) induced a 2-fold increase in NO production after 48h incubation, in
the absence of cytokines. In addition, Petit et al.?°® reported the presence of nitrated proteins in
U937 monocytes exposed to 10 ppm Co?" or 150 ppm Cr*" after prolonged exposure (48-72h
incubation). The nitrated proteins were exclusively present in the cytoplasmic fraction.?6®

To investigate the effects of Co?>" and Cr** on NO production in our system, we performed
a non-enzymatic colorimetric assay, adapted from an established colorimetric NO assay kit
(Oxford Biomedical Research; Rochester Hills, MI). Macrophages exposed to LPS, which is a

d,267,268

known inducer of NO production as previously reporte served as a positive control.

Cadmium beads were used to reduce nitrate to nitrites. The NO equivalents (nitrate + nitrite)
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produced were quantified spectrophotometrically. Experiments were performed with both RAW
264.7 and J774.A1 macrophages.

Results with RAW 264.7 macrophages revealed no significant increase in NO production
after a 24-h incubation with either Co?" (Figure 5.1A) or Cr** (Figure 5.1B), relative to the negative
control. Increasing the incubation time to 48h did not lead to a significant increase in NO
production with neither Co?" or Cr** (data not shown). On the other hand, exposure to LPS led to
a 4- to 5-fold increase in NO production after a 24-h incubation (p<0.001; see Figure A6 in
Appendix). Similarly to the RAW 264.7 cells, results with J774A.1 cells also showed no

significant increase in NO concentrations after 24h or 48h incubation with either Co*" or Cr** (data

not shown).
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Figure 5.1: Effects of Co?" (A) and Cr** (B) on nitric oxide (NO) equivalents in RAW 264.7
macrophages after a 24-h exposure. Nitrite (NO2) and nitrate (NO3") concentrations were
measured using a non-enzymatic colorimetric assay based on the Griess reaction. Nitrate and
nitrite concentrations, expressed relative to the nitrate and nitrite concentrations in the negative
control (cells unexposed to Co®" or Cr**; represented by a dashed line), are directly proportional
to the NO equivalents. Data are presented as means + SEM of three independent experiments, each
performed with triplicate samples for each experimental condition. Statistical analysis,
implemented in R v3.5.2, was performed using a linear mixed model followed by Tukey post-hoc
tests. The data were assumed to be normally distributed and meet the assumption of homogeneity
of variance.

78



Overall, these results suggest that NO is not part of the oxidative stress pathway induced
by Co?" and Cr** in macrophages. Interestingly, iNOS has been shown to be regulated by ferrous
ions (Fe?").2%% It is therefore possible that Co®" ions (cations with same valence) are inhibiting the
activity of this enzyme through mismetallation, by competitively binding to the heme sites
regulating the iNOS enzyme activity. Alternatively, the absence of NO production may be
attributable to metal ion interference with the expression of the iNOS mRNA?"°, More importantly,
it is possible that the absence of NO with Co?* may have been caused by the interference of the
ions with one or more of the NO assay components. For example, it was reported that other cations
with the same valence (in particular Fe*") could prevent the azo dye formation (colorimetric
product of the Griess reaction) by interfering with the reaction of N-(1-naphtyl) ethylenediamine
(NED) with the diazo intermediate (sulfanilamide, likely interacting with the ions).?’! Co?*"
interference with this NO assay component could explain the differences between our results and
those of Petit et al.,>® who used a different method to measure NO (immunodetection of nitrated
proteins). Differences between our results and those of Hassoun et al.>*' may be explained by
differences in the cell culture medium, which was supplemented with non-essential amino acids,
in particular arginine, in the study by Hassoun et al. This addition may have influenced the
enzymatic reaction in the cells using arginine, which is a substrate for NO production.

In summary, while some uncertainties remain regarding the potential ion interference with
the NO assay components, results of the present study showed no NO production in macrophages
exposed to Co*" and Cr**, and suggest that NO is not part of the oxidative stress pathway induced

by Co**and Cr*" in RAW 264.7 macrophages.
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5.2 Effects of Co*" and Cr** on lipid peroxidation in macrophages
Previous studies showed no significant difference in the plasma concentration of peroxides

between patients with MM bearings and patients without an implant.2’?

However,
malondialdehyde (MDA), a stable product of lipid peroxidation and a marker of lipid oxidative
damage, was observed in periprosthetic tissues from patients with MPE implants revised for
loosening or high rate of wear.?’? Lipid peroxidation is involved in the oxidative damage to cell
structures and in ROS-mediated cell death.?’* Moreover, lipid peroxidation has been shown to play
a key role in aseptic inflammation such as during drug-induced hepatotoxicity.?’> The
thiobarbituric acid-reactive substances (TBARS) assay, which is based on the quantification of
MDA, was performed in the present study to analyze the effects of Co** or Cr’* on lipid
peroxidation in RAW 264.7 macrophages. Diethyl maleate (DEM) was used as a positive control
to validate the TBARS assay (Figure A7 in Appendix).

Results revealed a Co*" concentration-dependent increase in MDA levels, up to 162% with
24 ppm Co**, after 24h incubation (p<0.001). Results also revealed an increase up to 21% and

45% in MDA levels with 150 ppm Cr**, relative to the negative control, after 24h and 48h

incubation, respectively (p=0.005 and p<0.001, respectively) (Figure 5.2A and B).
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Figure 5.2: Effects of Co?" (A) and Cr** (B) on lipid peroxidation in RAW 264.7 macrophages
after up to a 48-h exposure. Malondialdehyde (MDA) concentrations were measured using the
thiobarbituric acid reactive species (TBARS) assay. MDA concentrations, expressed relative to
the MDA concentration in the negative control (cells unexposed to Co** or Cr**; represented by a
dashed line), are proportional to the level of lipid peroxidation. Data are presented as means =+
SEM of three independent experiments, each performed with triplicate samples per for each
experimental condition. Statistical analysis, implemented in R v3.5.2, was performed using a linear
mixed model followed by Tukey post-hoc tests. The data were assumed to be normally distributed
and meet the assumption of homogeneity of variance. Single (*) and double asterisks (**) indicate
p<0.05 and p<0.001, respectively.

These results confirmed that Co*" and Cr** can induce lipid oxidative damage in RAW
264.7 macrophages, albeit to a lower extent with Cr*". Results also suggest that Co®" and Cr’*-
induced lipid peroxidation is time- and ion concentration-dependent, most likely related to
different mechanisms through which Co®" and Cr** enter the cells and target different cellular
components.

The increase in lipid peroxidation in macrophages exposed to Co?" suggests possible
“ferroptosis”, a type of programmed non-apoptotic cell death characterized by the accumulation
of lipid peroxides. Ferroptosis is usually triggered by the presence of free iron ions (Fe*") which

starts cycles of oxidation/reduction through the Fenton reaction leading to oxidative stress.>’® It is

therefore possible that through mismetallation (as described in Chapter 3 — Manuscript 1), Co**
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compete with Fe?" for iron binding sites, leading to Fe*" release in the cytosol. This process would
then start a series of Fenton reactions (catalyzed by Fe?"), thereby decreasing the pool of
antioxidants in the cells and favoring a state of high oxidative stress. Moreover, ferroptosis can
also be triggered by blocking the glutathione peroxidase 4 (GPx4) enzyme antioxidant activity,?’’
which may happen in the presence of ROS, since GSH, which is required for GPx4 function, would
be depleted.?’®2”7 On the other hand, Cr** has been shown to lead to oxidative stress through a
thiol-dependent DNA oxidative damage.!%7® Overall, these results show that Co?" and, to a lower
extent, Cr** can lead to an increase of lipid peroxides, although through different mechanisms, and
may ultimately induce cell death through ferroptosis.

It is important to note some limitations of the TBARS assay, and particularly the fact that
thiobarbituric acid (TBA) can react with substances other than MDA.?’® Therefore, our TBARS
assay results may have overestimated the level of lipid peroxidation. This limitation might explain
the discrepancy between the absence of protein oxidation with Cr** (presented in Chapter 3 —
Manuscript 1) and the presence of a low level of lipid peroxidation observed in macrophages
exposed to Cr’". Interestingly, recent literature points to the need for more specific methods than
spectrophotometry to determine MDA concentrations.?’*?%! For example, MDA concentrations
could be more accurately measured using high-performance liquid chromatography (HPLC) or
liquid chromatography- mass spectrometry (LC-MS) detection systems since these methods allow
the separation as well as the quantification of specific lipid peroxidation products based on
calibrated standards.?”” Nonetheless, both lipid peroxidation assay and protein oxidation results
(presented in Chapter 3) are in agreement and indicate the presence of oxidative stress with Co*"
at 24h. The small increase in lipid peroxidation observed with Cr**, especially after 48h, may have

been caused by the assay limitations, as explained above.
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Overall, the results in the sections 5.1 and 5.2 showed that neither Co?>" nor Cr’* increased
NO production in RAW 264.7 macrophages, suggesting that NO is not part of the oxidative stress
pathway induced by Co?* or Cr*" in these cells. Moreover, the absence of NO production suggests
that Co?’-induced mitochondrial dysfunction is not NO-dependent. Nevertheless, some
uncertainties remain, especially regarding potential ion interference with NO assay components.
On the other hand, both ions induced lipid peroxidation, albeit to a lower extent and after prolonged
incubation with Cr**. These results suggest that both ions can induce oxidative stress, but likely

through different mechanisms.
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6. THESIS DISCUSSION AND CONCLUSION

This thesis investigated the effects of metal ions released from CoCrMo-based implants on
macrophage oxidative stress and energy metabolism, the latter one being currently described as
the guiding force of the immune response.'? Results presented in the first manuscript (Objective
1, Chapter 3) show the presence of oxidative stress as well as a decrease in OXPHOS suggesting
mitochondrial dysfunction in RAW264.7 macrophages exposed to Co®" but not Cr**. Results
presented in the second manuscript (Objective 2, Chapter 4) show that Co®", and to a lower extent
Cr**, increased glycolytic flux. Results also show that Co?*, but not Cr*', induced HIF-la
expression, suggesting that HIF-1a may be contributing to the Co**-induced glycolytic flux and
lactate production. Overall, results presented in both manuscripts indicate that the exposure of
macrophages to Co®" (but not Cr*") can induce a metabolic shift from OXPHOS to aerobic
glycolysis. This metabolic shift, which may be involving HIF-1a, is similar to that associated with
the polarization of macrophages towards a pro-inflammatory phenotype.

Additional results regarding the effects of Co®" or Cr** on other oxidative markers, NO
production and lipid peroxidation, are presented in Chapter 5. These results show that neither Co?**
nor Cr** induced NO production in RAW 264.7 macrophages at any time point tested, suggesting
that NO is not part of the oxidative stress induced by Co*". Nevertheless, some uncertainties remain
regarding potential ion interference with the NO assay components that may have impacted the
results. In addition, results show that macrophages exposed to Co®" at all concentrations analyzed,
and to high Cr’" concentrations for an extended incubation period (48h), exhibited lipid
peroxidation, albeit to a lower extent with Cr*". There results suggest that both ions may induce

oxidative stress, although through different mechanisms. Nevertheless, since lipid peroxidation
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may have been overestimated when using TBARS assay (as explained in Chapter 5), the results
with Cr** should be cautiously interpreted.

The present chapter will present the main contributions of this thesis, provide a discussion
on some of the main technical limitations and considerations, and offer suggestions for future

research.

6.1 Significant contributions of the thesis
6.1.1 Evidence of Co**-induced oxidative stress and decrease in OXPHOS in RAW 264.7
macrophages
This study analyzed the effects of Co** and Cr**, metal ions released from CoCrMo-based
implants, on energy metabolism in macrophages, the predominant immune cells in periprosthetic
tissues'%-2!°, To the best of our knowledge, this is the first study looking into the effects of Co*"
and Cr*" on mitochondrial respiration parameters in macrophages in cellula. Results showed that
Co*", but not Cr’", can increase oxidative stress and decrease OXPHOS in RAW 264.7
macrophages (Manuscript 1; Chapter 3). The decrease in OXPHOS, which indicates a decrease in
mitochondrial ATP production, may reflect the repurposing of the mitochondria to ROS

production, potentially contributing to the macrophage pro-inflammatory response.>*?

6.1.2 Evidence of Co?*- and Cr**- induced increase in glycolytic flux and of Co**- induced
HIF-1a stabilization in RAW 264.7 macrophages
This study showed that the exposure of RAW 264.7 macrophages to Co?* or Cr** increased
glycolytic flux, albeit to a lower extent with Cr** (Manuscript 2, Chapter 4). Moreover, results
showed that the increase in PER observed in the presence of Co*" or Cr** was almost exclusively
due to an increase in aerobic glycolysis. Finally, results showed that only Co*" stabilized HIF-1a,
suggesting that HIF-1a is involved in the Co?*-induced increase in glycolytic flux. These results,
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together with our previous results, showing that Co?* can increase oxidative stress and decrease
OXPHOS in RAW 264.7 macrophages (Manuscript 1, Chapter 3), indicate that Co?* (but not Cr**)
can induce a metabolic shift from OXPHOS to aerobic glycolysis. This metabolic shift, which may
be involving HIF-1a, is similar to that associated with the polarization of macrophages towards a
pro-inflammatory phenotype.

Overall, our results in macrophages showing Co**-induced glycolytic activity are in
agreement with studies reporting Co*" increases glucose uptake and activity of glycolytic enzymes
in non-immune cells.'® On the other hand, the Cr**-induced glycolytic activity (albeit to a lower
extent than Co*") in the absence of a decrease in OXPHOS suggest that these ions may indirectly
upregulate the glycolytic flux in macrophages through the activation of regulatory mechanism(s)
or through homeostatic control mechanisms due to a demand for certain carbon compounds.
Moreover, the exposure of macrophages to Co?" stabilized HIF-1a, suggesting that the HIF-1
transcription factor is involved in the Co**-induced increase in glycolytic flux. In contrast, Cr**
did not induce HIF-1a stabilization, in agreement with studies showing that Cr**, unlike Co*" and
Ni**, does not stabilize HIF-la in human airway epithelial cells.>* Given that HIF-la
accumulation has been reported to be significantly higher in the periprosthetic tissues of patients
with a MM hip implant than in patients with a MPE hip implant, > our results suggest a key role

for Co*"-induced HIF-la stabilization in regulating macrophage inflammatory response to

CoCrMo-based implants.

6.1.3 Current model
The findings of this thesis on the effects of Co®" on energy metabolism in macrophages are
summarized in Figure 6. Overall, our results suggest a potential Co?-induced metabolic shift in

macrophages that may be mediated by HIF-1a. This metabolic shift may contribute to the pro-
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inflammatory response observed in periprosthetic tissues, which could also lead to lymphocyte

recruitment and activation, and thereby further adverse local tissue reactions to CoCrMo-based

implants.
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Figure 6.1: Current model on the effects of Co?" on energy metabolism in macrophages. Co*'-
induced ROS production, mitochondrial dysfunction, glycolytic flux activation and HIF-la
stabilization are pointed out with red arrows. Other lines of investigation to pursue in future studies
are marked with grey arrows/lines.

These findings bring new insights into molecular mechanisms involved in the macrophage
response to metal ions. The current model points towards future studies including: 1. Determining
if HIF-1a is involved in the metabolic shift, specifically in the increase of glycolytic flux; 2.
Determining if members of the PHD family of enzymes are involved in ROS-mediated HIF-1a
stabilization following macrophage exposure to Co?‘; 3. Determining if mitochondrial ROS
production is increased in parallel with mitochondrial downregulation; and 4. Determining if PPP
flux is increased in conjunction with the increase in glycolytic flux. These future studies, and

others, will be further developed in Section 6.3.
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6.2  Technical considerations and limitations
6.2.1 Use of RAW 264.7 mouse macrophage cell line

The RAW 264.7 mouse macrophage cell line was used as the experimental model. This
cell line is a common model for in vitro studies of molecular pathways activated by implant wear

114,224,225

particles or metal ions as well as oxidative stress and mitochondrial function.??

Limitations of the RAW 264.7 macrophage model include its murine origin,?’

as well as higher
metabolic rates and OCR than primary murine macrophages.??® However, immortalized cells, as

opposed to primary cells, were selected to avoid potential inter-donor variability.

6.2.2 ROS detection

ROS levels were measured after a 6-h incubation with metal ions because the kinetics of
ROS production was determined in preliminary experiments and indicated that the levels peaked
around 6h of incubation with Co*" (data not shown).

The fluorogenic probe DCFH-DA, which is part of the commercial ROS detection kit
(OxiSelect™ Intracellular ROS assay kit; Cell Biolabs, San Diego, CA) used to detect cytosolic
ROS, revealed several challenges. For example, DCFH-DA and the non-fluorescent DCFH>
(resulting from the intracellular esterase activity on DCFH-DA) have been shown to react with
solutions containing bicarbonate, in addition to some metal ions (iron, cupper) generating the
fluorescent DCF compound.?** Moreover, DCFH-DA is prone to photo-oxidation.?** Therefore, in
order to counteract these issues and more accurately measure the background level, the probe
should be prepared in a FBS-free (since FBS may contain esterase) and bicarbonate-free medium
(e.g. Hank’s buffered saline solution [HBSS]) (see details in Manuscript 1, Chapter 3). Our results

showed an increase in DCF concentration in presence of Co?’, suggesting an increase in ROS
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levels, and thereby the presence of oxidative stress in response to Co**, which was confirmed by

protein oxidation.

6.2.3 Protein oxidation

Protein oxidation was measured after a 24-h incubation with metal ions based on a previous
study by Petit et al.?'*, Sample preparation to determine the effects of metal ions on protein
oxidation revealed that macrophage exposure to high Cr** concentrations caused cell lysis
resistance when using non-ionic detergents. Cell lysis required ionic detergents such as SDS at
high concentrations, which resulted in the formation of a DNA hydrogel necessitating sonication.

282 cell lysis was instead performed

Since sonication may increase the background oxidation levels,
using a nitrogen cavitation chamber under pressurized pure-grade nitrogen (99.9%). Of note is that
reducing agents should not be added at any stage during sample preparation since they have been
shown to increase the protein oxidation background levels and therefore add a confounding factor
that could increase the risk of false negative results.??® Finally, it is possible that the use of a

fluorescence detection system, as opposed to enhanced chemiluminescence (ECL) method, may

have increased the signal to noise ratio and optimized the detection.

6.2.4 Seahorse experiments
Mitochondrial activity was measured after a 6-h incubation with metal ions based on the
assumption that mitochondrial dysfunction is an important source of metal ion-induced ROS, and
because ROS levels peaked after a 6-h incubation with Co?*. Glycolytic flux was also measured
after a 6-h incubation with metal ions to complement the mitochondrial activity measurements.
The potential of the Seahorse technology lies in monitoring, in real-time, the cell response
to a pre-treatment or to a stimulant/drug injected into intact (non-permeabilized) cells. OCR reflect

mitochondrial function, while ECAR are indicators of glycolytic function. Seahorse experiments

&9



were implemented based on literature from Seahorse Bioscience (now part of Agilent
Technologies) and publications from Mookerjee et al.?>2%, Technical considerations for these
experiments included: 1. The cell seeding density and HEPES (buffer) concentration in the
medium for the glycolysis stress test were tested. A cell seeding density of 80,000 cells/well is
recommended by the manufacturer (Seahorse Bioscience) for the RAW 264.7 macrophage cell
line. However, this seeding density led to a retroinhibition of the glycolytic pathway because of
high concentrations of protons (H") being released, likely due to the high intrinsic metabolic rate
of these cells in addition to the metal ion-induced increase in glycolytic flux. The pH trace must
be monitored to ensure the linearity of the pH change over time at each individual measurement
during the glycolysis assay. To maintain linearity, the pH variation (ApH) must be < ca. 0.2 pH
units per minute. In order to fulfill this requirement, it was determined that a cell seeding density
0f 40,000 cells/well and 5 mM HEPES were optimum; 2. The drug concentrations were titrated in
order to avoid any secondary side effects (common with the conventional assay); 3. Rotenone and
antimycin A were injected to inhibit the ETC, thereby preventing ECAR measurements from being
affected by the mitochondrial acidification; 4. The maximal glycolytic acidification was measured
by maximizing the cellular ATP demand (through monensin injection) to evaluate if regulatory
mechanisms are involved in the activation of the glycolytic flux. 5. The buffering factor (BF) of
the glycolysis assay medium was measured by titration with cumulative HCI concentrations, as
previously decribed.?>® The BF is needed for the PER calculations and should be independent of
the volume of the microchamber; 6. The scaling factor (Kvol) provided by the manufacturer
(Seahorse BioScience) was used for the PER calculations. The Kvol represents the geometric

measurement chamber volume based on the microplates format used.?>
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6.2.5 Protocol optimization for the detection of HIF-1a protein

In HeLa and vascular smooth muscle cells, HIF-1a stabilization peaked between 4h and 8h
of incubation with metal ions in vitro.">*** In RAW 264.7 macrophages, HIF-1a stabilization
peaked around 6h of incubation with Co** (data not shown).

Previous studies have shown that HIF-10 can accumulate in the cytosol in response to metal
ions, even under normoxic conditions, due to lack of hydroxylase, which usually targets HIF-1a
for degradation.! It has also been suggested that the cell type, cell density, and cell culture
conditions (media with or without FBS) may have a significant impact on basal HIF-1a protein
levels. 285287 Two different cell seeding densities (200,000 and 400,000 cells/cm?) were therefore
tested in the context of this thesis. Results showed that using the lower density increased the signal
from 25% to almost 50% with Co?". In addition, the choice of antibody as well as the choice of
detection system (ECL vs. fluorescence detection) for HIF-1a immunoblotting play a significant
role in detecting the presence and the signal of HIF-1a. The expression of the full-length HIF-1a
was verified using commercial HeLa cell lysates from untreated and CoClz-treated cells (negative
and positive HIF-1a controls, respectively). A primary antibody targeting the C-terminus of the
HIF-1a combined with a fluorescent IRDye (InfraRed Dye) secondary antibody allowed for the
detection of the full-size (non-degraded) HIF-1a protein in RAW 264.7 macrophages after

exposure to Co** or Cr**.

6.2.6 Other considerations

Noteworthily, additional observations from this study should be taken into account. First,
the use of the bicinchoninic acid (BCA) assay for protein quantification during the lactate
production measurements, likely overestimated protein concentration in presence of metal ions,

especially with high Cr** concentrations. Since the assay is based on metal ion reduction (Cu*")
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by specific amino acid residues, it is possible that the ions remaining in the whole cell lysates
interfere with the assay signal, thereby potentially overestimating protein concentration Protein
quantification using the Bradford assay for protein quantification during the Seahorse experiments
and HIF-1a immunoblotting, on the other hand, revealed more consistent protein concentrations

between the samples analyzed with high metal ions concentration analyzed.

6.3 Future directions
6.3.1 Determining if HIF-1a is involved in the metabolic shift

To determine if HIF-1a is involved in the metabolic shift, specifically in the increase of
glycolytic flux, HIF-la expression, stabilization or activity could be targeted using
pharmacological approaches. For example, the heat shock protein 90 (HSP90) inhibitor, 17-N-
allylamino-17-demethoxygeldanamycin (17-AAG) has been commonly used as a HIF-1 inhibitor.
This drug interferes with HIF-1 dimer interaction with HSP90, leading to the inhibition of HIF-1
nuclear translocation, therefore targeting HIF-la for proteasomal degradation. An alternative
strategy could involve the use of macrophages derived from conditional HIF-1a-knock out mice.
Determining if members of the PHD family of enzymes are involved in ROS mediated HIF-1a
stabilization

PHD are redox-regulated enzymes and their activity is dependent on the presence of Fe?*
and ascorbate, in addition to O2. Therefore, it would be interesting to determine if members of the
PHD family of enzymes are involved in ROS-mediated HIF-la stabilization following

1.2%8 showed

macrophage exposure to Co>" under normoxic conditions. Interestingly, Guentsch et a
that PHD2, a member of the PHD family of enzymes, is a regulator of metabolic reprogramming

in macrophages. This study also showed that regulation of PDH2 activity is critical for macrophage
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immune function, which suggests a role of PHD enzymes in modulating the metal ion-induced

inflammatory response in macrophages.??

6.3.2 Determining if mitochondrial ROS production is increased in parallel with
mitochondrial downregulation
In this thesis, protein oxidative damage as well as cytosolic ROS showed that Co®* but not
Cr** induces oxidative stress in macrophages in vitro. In addition, another important finding was
that Co?* but not Cr*" induces a decrease in OXPHOS suggesting mitochondrial repurposing from
ATP production to ROS production in presence of Co**. Therefore, future studies could include
the measurements of mitochondrial ROS in macrophages exposed to Co**, and determine if

mitochondrial ROS production is increased as a consequence of mitochondrial downregulation.

6.3.3 Determining if PPP flux is increased in conjunction with the increase in glycolytic flux

In order to determine if PPP flux is increased in conjunction with the increase in glycolytic
flux, PPP flux could be quantified by measuring the levels of PPP metabolites (such as ribose and
ribulose 5-phosphate), as well as the enzymatic activity and the level of expression of rate-limiting

enzymes, such as 6- phosphogluconate dehydrogenase (6-PGDH).

6.3.4 Modulating the inflammatory response in vitro

This thesis looked at the effects of metal ions, specifically Co?" and Cr**, on oxidative stress
and the energy metabolism in macrophages. Strategies to mitigate the effects of wear and corrosion
products on macrophage inflammatory response could include decreasing metal ion-induced
oxidative stress by using antioxidants, and inhibiting HIF-1a expression, stabilization or activity,

as explained below.
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6.3.4.1 Decreasing metal ion-induced oxidative stress

To modulate metal ion-induced oxidative stress, non-enzymatic antioxidants have been
used to reduce ROS production and thereby decrease the inflammatory response. For example, a
recent study from our lab recently showed that ascorbic acid (a ROS scavenger) can prevent
caspase-1 activation and IL-1B release in macrophages exposed to Cr’*.2%% However,
pharmacologic ascorbate has been shown to lead to preferential formation of ascorbate radicals
and hydrogen peroxide in the presence of protein-bound metal ions in the extracellular space in
vivo.?*? Therefore, ascorbic acid should be used with caution for the potential treatment of metal
ion-induced oxidative stress. Another strategy could be to target oxidative stress by using an
antioxidant that would also serve as a metal ion chelator, such as N-acetyl-cysteine (NAC).?*

Interestingly, NAC has recently been reported to decrease Co and Cr ion levels in two patients

with MM hip implants after oral administration.?*

6.3.4.2 Inhibiting HIF-1a expression, stabilization or activity

HIF-1a has been shown to be essential for myeloid cell-mediated inflammation.!? To
modulate the inflammatory response of macrophages to metal ions, HIF-la expression,
stabilization or activity could be inhibited by using pharmacological approaches or genetic
approaches, as described in Section 6.3.1, especially if the causal relationship between the increase

in HIF-1a and glycolytic flux suggested in Manuscript 2 (chapter 4) is confirmed.

6.3.5 Analyzing the effects of additional metal ions and metal particles

The present research project focused on the effects of Co?>" and Cr** on pathways involved
in macrophage energy metabolism. The effects of other metal ions could be considered in future

studies. For example, although the amount of molybdenum and nickel ions released from CoCrMo
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alloys is much lower than that of cobalt and chromium ions,!” molybdenum and nickel ions could
be considered in future studies. Of note is that Mo>" and Ni** have previously been shown to induce
oxidative stress in various cell types.'3>2°1-22 Finally, the effect of metal particles such as CoCrMo
alloy particles (1-7 um range) could also be included in future studies. Indeed, although previous
studies did not report ROS production in human peripheral blood monocytes (PBMC), human
MM-6 or Jurkat cell lines exposed to CoCrMo alloy particles,”? their effects of cellular energy

metabolism remain largely unknown.

6.3.6 Analyzing the effects of metal ions and particles on energy metabolism of other cell
types
Previous studies showed that Co?" but not Cr’* induces ROS-dependent fibrotic
response.?”* Other studies showed that fibroblasts contribute to the metal ion-induce inflammatory
response.®?%> However, to the best of our knowledge, the effects of metal ions on fibroblast energy
metabolism remain unknown and could therefore represent a future line of investigation, since
fibroblasts have been shown to play an active role in the inflammatory response in the
periprosthetic tissues.302%°
Analyzing lymphocyte energy metabolism in the presence of metal ions could be
considered in the context of hypersensitivity reactions since their energy metabolism has been
shown to be a reliable indicator of their level of activation.””® However, since lymphocytes are
non-adherent cells, careful considerations would need to be taken into account when choosing the
assay conditions to study these cells using Seahorse technology (designed for adherent cells). For

example, poly-L-lysine, fibronectin could be used to coat the Seahorse tissue culture-treated

microplates in order to enhance lymphocytes adherence during the Seahorse assays.
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6.4  Conclusion of the thesis

This thesis investigated molecular pathways activated in macrophages exposed to metal
ions, specifically Co®>" and Cr**, released from CoCrMo-based implants, and leading to an
inflammatory response. This in vitro study confirmed the presence of oxidative stress with Co**
but not Cr*" in the murine RAW 264.7 macrophage cell line. This study also showed that Co?" is
likely inducing a metabolic shift from OXPHOS towards glycolysis which may play a critical role
in Co**-induced pro-inflammatory (M1) macrophage phenotype. An efficient strategy to mitigate
the effects of wear and corrosion products could be to prevent Co**-induced oxidative stress and,
if the causal relationship between the increase in HIF-1a and glycolytic flux is confirmed, to inhibit
Co**-induced HIF-1a stabilization. Ultimately, the goal is to modulate the chronic inflammatory
reaction, and re-establish immune homeostasis around the implant in order to increase metal

implant longevity.
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APPENDIX
VALIDATION OF THE BIOCHEMICAL ASSAYS

Positive controls not included in the manuscripts are presented in this section.

1.  H:20: for the ROS detection assay
H202, a known ROS, was used as positive control to validate the cytosolic ROS detection
assay. Macrophages were exposed to H202 (100 uM) for 6h (Figure Al). The magnitude of the

increase observed with H2O: is similar to that reported in the literature.>’
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Figure Al: Effects of H2O2 (100 nM) on cytosolic reactive oxygen species (ROS) levels in
RAW 264.7 macrophages after a 6-h incubation. ROS were assayed using the redox sensitive
probe 2',7'-dichlorodihydrofluorescein diacetate. 2',7'-dichlorofluorescein (DCF) concentration,
expressed relative to the DCF concentration in the negative control (cells unexposed to Co** or
Cr*"), is directly proportional to the level of cytosolic ROS. Data are presented as means + SEM
of three independent experiments, each performed with 5-6 replicate samples per condition.
Statistical analysis was performed using a t-test. The data were assumed to be normally distributed
and meet the assumption of homogeneity of variance. p<0.05 was considered significant. A single
asterisk (*) indicates p<0.001 compared to the negative control.
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2. LPS for the mitochondrial stress assay (OCR measurements)

LPS is a known pro-inflammatory stimulus inducing mitochondrial dysfunction, as
previously reported.?’’*® Therefore, LPS was used as positive control to validate the
mitochondrial stress assay. Macrophages were exposed to LPS (1 ug/mL) for 6h (Figure A2).
Because maximal respiration is the mitochondrial parameter expected to be the most significantly
inhibited by LPS,*® LPS effects on this parameter are presented in Figure A2, along with the
resting respiration. The magnitude of the decrease in maximal respiration observed with LPS is

similar to that reported in the literature.?*¢2%
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Figure A2: Effects of LPS (1 pg/mL) on resting and maximal respiration of RAW 264.7
macrophages after a 6-h incubation. OCR (measured using an extracellular flux analyzer) were
normalized to protein content (determined using a colorimetric assay). Data are presented as
means £ SEM of three independent experiments, each performed with 7-8 replicate samples per
condition. Statistical analysis was performed using a t-test. The data were assumed to be normally
distributed and meet the assumption of homogeneity of variance. p<0.05 was considered
significant. A single asterisk (*) indicates p<0.001 compared to the negative control.
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3. LPS for the improved glycolysis stress assay (ECAR measurements)

Since LPS is known to increase glycolytic flux,'””*

it was used as positive control to
validate the improved glycolysis stress assay. Macrophages were exposed to LPS (1 pg/mL) for
6h (Figure A3). Interestingly, the glycolytic capacity and the maximal glycolytic capacity in the
presence of LPS were similar, suggesting that the macrophages had reached their maximal
glycolytic activity. The magnitude of the increase observed in glycolysis with LPS is similar to
that reported in the literature.?”® Notably, the increase with LPS was lower than that observed with

Co*" (Figure 4.1A), in agreement with the known difference in the kinetics of these two stimuli.!”’
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Figure A3: Effects of LPS (1 ng/mL) on glycolytic flux parameters and basal acidification of
RAW 264.7 macrophages after a 6-h incubation. Extracellular acidification rates (ECAR;
measured using an extracellular flux analyzer) were normalized to protein content (determined
using a colorimetric assay). Data are presented as means + SEM of 4-5 independent experiments,
each performed with 5-8 replicate samples per condition. Statistical analysis was performed using
a t-test, treating each parameter as a separate dataset. The data were assumed to be normally
distributed and meet the assumption of homogeneity of variance. p<0.05 was considered
significant. A single asterisk (*) indicates p<0.001 compared to the negative control.
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PER were calculated from ECAR data to illustrate that the ECAR increases are mostly

attributed to an increase in glycolysis (Figure A4).
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Figure A4: Effects of LPS (1 pg/mL) exposure (6h) on the proton efflux rates (PER) from
RAW 264.7 macrophages incubated with glucose. Glycolytic (black) and mitochondrial (white)
PER, normalized to protein concentration, are presented. Inserts show mitochondrial PER at a
different scale. PER were calculated as described in Section 4.4.4) Statistical analysis was
performed using a t-test. The data were assumed to be normally distributed and meet the
assumption of homogeneity of variance. p<0.05 was considered significant. A single asterisk (*)
indicates p<0.001 compared to the negative control.

4.  LPS for the lactate production assay

Since LPS is known to increase lactate production,'’® it was used as positive control to
validate the lactate production assay. Macrophages were exposed to LPS (1 pg/mL) for 6h, then
cells were washed incubated again with glucose for 30 minutes to mimic the Seahorse assay setup
(Figure AS5). The magnitude of the increase in lactate production observed with LPS is similar to

that reported in the literature for RAW 264.7 macrophages.'’®
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Figure AS: Effects of LPS (1 pg/mL) exposure (6h) on the average lactate production rates
in RAW 264.7 macrophages during a 30-min incubation with glucose. Lactate production
rates, normalized to protein content, were measured enzymatically. Data are presented as means +
SEM of 4 independent experiments, each performed with 3-4 replicate samples per condition.
Statistical analysis was performed using a t-test. The data were assumed to be normally distributed
and meet the assumption of homogeneity of variance. p<0.05 was considered significant. A single
asterisk (*) indicates p<0.001 compared to the negative control.

5.  LPS for the NO production assay

LPS is a known inducer of NO production in RAW 264.7 macrophages, as previously
reported.?®”-26® Therefore, LPS was used as positive control to validate the NO production assay.
Macrophages were exposed to LPS (1 pg/mL) for 24h (Figure A6). The magnitude of the increase
in NO production observed with LPS is similar to that reported in the literature for RAW 264.7

macrophages.¢’
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Figure A6: Effects of LPS (1 pg/mL) on nitric oxide (NO) equivalents in RAW 264.7
macrophages after a 24-h incubation. NO equivalents were measured using a non-enzymatic
colorimetric assay followed by the Griess reaction. Nitrate and nitrite concentrations, expressed
relative to the nitrate and nitrite concentrations in the negative control (cells unexposed to Co** or
Cr*"), are directly proportional to the NO equivalents. Data are presented as means + SEM of three
independent experiments, each performed with triplicate samples for each condition. Statistical
analysis was performed using a t-test. The data were assumed to be normally distributed and meet
the assumption of homogeneity of variance. p<0.05 was considered significant. A single asterisk
(*) indicates p<0.001 compared to the negative control.

6.  Diethyl maleate (DEM) for the lipid peroxidation assay (TBARS)

DEM is a known inducer of lipid peroxidation in macrophages, as previously reported.>®
Therefore, DEM was used as positive control to validate the TBARS assay. Macrophages were
exposed to LPS (1 pg/mL) for 24h and 48h (Figure A7). The magnitude of the increase observed
with DEM at 24h is similar to that reported in the literature.**® The magnitude of the increase in
lipid peroxidation observed at 48h was lower than that observed at 24h (likely due to cytotoxicity),

but remained significant.
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Figure A7: Effects of DEM (5 mM) on lipid peroxidation in RAW 264.7 macrophages after
a 24- or 48-h incubation. Malondialdehyde (MDA) concentrations were measured using the
thiobarbituric acid reactive species (TBARS) assay. MDA concentrations, expressed relative to
the MDA concentration in the negative control (cells unexposed to Co** or Cr**), are proportional
to the level of lipid peroxidation. Data are presented as means £ SEM of three independent
experiments, each performed with triplicate samples per for each condition. Statistical analysis
was performed using a t-test. The data were assumed to be normally distributed and meet the
assumption of homogeneity of variance. p<0.05 was considered significant. A single asterisk (*)
indicates p<0.001 compared to the negative control.
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