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Abstract

The most recent regulatory update on metal-on-metal (MoM) hip replacements
(MDA/2017/018, 2017) has resulted in the monitoring of cobalt and chromium levels in
circa 60,000 UK patients for signs of prosthesis failure and local toxicity (Matharu et
al., 2018). Multiple medical reports have implicated cobalt in systemic toxicity in
prosthetic patients. The consequences of elevated levels of cobalt range from severe
cardiac symptoms to diverse neurological complications. In this thesis we have studied
the consequences of systemic cobalt toxicity, aka cobaltism, with specific focus on the
effect of cobalt in the brain through in vitro and in vivo studies.

We compared the effect of cobalt in vitro in neuroblastoma and astrocytoma cells via
MTT and Neutral Red (NR) viability test and BrdU proliferation assay. The 1C50s
obtained indicated that the stalling of DNA synthesis preceded impaired viability.
Cobalt effects in both cell lines was dose-dependent as measured by ICP-MS. Neurons
appeared to be significantly more sensitive than astrocytes to the same cobalt doses.
These investigations revealed cobalt to be toxic at very high concentrations (>100uM)

in vitro after 24-72h treatment.

For in vivo rat dose and time-response experiments, rodents were injected i.p. with
daily cobalt doses. Cobalt significantly accumulated in the hippocampus and pref.
cortex of rats after 28 days treatment with 0.5 and 1m/kg B.W. CoClz. Through
RNA-Seq of brain areas we identified a possible metal homeostasis dysregulation.
Additionally, the transcripts of several metal-binding protein families such as nuclear
receptors, cytochrome P540, carbonic anhydrases and phosphodiesterases were
regulated. Mainly, RNA-Seq data showed choroid plexus transcripts, as well as
changes in hormone and lipid metabolism. However, target protein levels did not follow
gene expression fold change. Our research has found that the choroid plexus is an
important target of cobalt toxicity in the rat brain with cobalt levels in blood similar to
those of some MoM patients (4-38ug/l). Moreover, we developed new hypotheses
about the mechanisms of cobalt toxicity which could be directly investigated in patients
and contribute towards finding biomarkers of cobaltism.
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1. INTRODUCTION

A decade ago consultants and regulatory bodies reported their concerns over the
failures of fourth-generation metal-on-metal (MoM) hip implants. The early failure of
MoM implants requires the continuous monitoring of patients with these prostheses
and has left a burden to the health care system of several countries including the UK.
Moreover, MoM implants made of CoCr alloy release cobalt and chromium ions into
the bloodstream (Goode et al., 2012). In this work we aimed to explore the side effects
of this arthroprosthetic challenge: systemic cobalt poisoning aka cobaltism. We will
describe the origins of this healthcare crisis and our experimental approach to

understand cobalt toxicity in the brain through the following sections.

1.1. Hip implant surgery

Total Hip Replacement (THR) is a successful procedure that has improved the lifespan
and life quality of patients with degenerative bone conditions such as osteoarthritis
(Evans et al., 2019; Learmonth et al., 2007). A THR surgery involves the excision of
the head and neck of the femur and its substitution by a prosthetic ball with a stem that
is fitted into the femur. The surgery is completed with the insertion with or without
cement of a cup in the acetabulum to reproduce the ball-and-socket joint of the femur
head with the hip. A resurfacing hip replacement surgery preserves more femur than
THR since only the femoral head is sculpted to be covered by a ball-shaped prosthesis,
but it also requires of the insertion of an acetabular cup (National Joint Registry, 2020).
These prosthetic procedures lead to reduction of pain and improved mobility in patients
suffering from joint diseases. Indeed, osteoarthritis was cited as the leading cause
behind surgery according to the NJR’s 2020 annual report, which indicated that the
number of primary hip replacement surgeries from 2017 to the end of 2019 was
281,196 in England, Wales, and Northern Ireland (National Joint Registry, 2020). The
median patient age for a primary hip replacement procedure is 69 years old. In this
context, primary hip replacement refers to the first time a joint replacement is

performed, subsequent procedures are referred as revision surgeries.
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New designs and materials have been developed with the increased number of THR,
and today, hip implants are expected to last for at least 15 years, with around half of
hip replacements lasting over 25 years (Evans et al., 2019). The typical combinations
of bearing materials for hip arthroplasty are metal-on-polyethylene (MoP), metal-on-
metal (MoM), ceramic-on-polyethylene (CoP), ceramic-on-ceramic (CoC) and
ceramic-on-metal (CoM), where the first letter indicates the material of the femoral
head and the third of the liner or acetabulum (National Joint Registry, 2020). MoM
implants were developed in response to the osteolysis and high wear rate induced by
metal-on-polyethylene (MoP) prosthesis (Kovochich et al., 2018). However, even
though newer MoM designs showed unmatched performance in the short term, earlier
than expected failure was noted in the late 2000s. Several regulatory bodies raised
concerns with regard to the high failure rate of these implants leading to the recall and
market withdrawal of certain models. The most well-known case is the Articular Surface
Replacement™ (ASR™) hip implant from DePuy Orthopaedics, which was recalled in
2010 after the Australian and the UK National Joint Registry (NJR) reported its poor
performance compared to other prostheses (Cohen, 2011; Meier, 2010). At the time of
the recall, DePuy stated the number of sold prostheses to be around 93,000 worldwide.
Consequentially, DePuy’s parent company, Johnson & Johnson, is facing multiple

litigations in several countries with costs in the billions (Cohen, 2011).

More recently, the 2016 NJR report on implant devices revealed elevated rates of
failure of prostheses and high incident rates of adverse soft tissue reactions for all MoM
implants. Their research observed that patients with MoM implants have a higher risk
of developing aseptic loosening and soft tissue pseudotumors around the prostheses
than patients with other systems (National Joint Registry, 2016). These adverse
reactions are produced in response to cobalt (Co) and chromium (Cr) wear debris from
MoM implants. The debris damages soft and bone tissue, sometimes leading to
irreversible conditions even in asymptomatic patients (Low et al., 2016; Pandit et al.,
2008). Hence, the 2017 Medicines and Healthcare products Regulatory Agency
(MHRA) directive increased the patient coverage from previous directives and over
60,000 patients with MoM hip implants were placed under health surveillance in
England, Wales and Northern Ireland (Matharu et al., 2018; MDA/2017/018, 2017;
National Joint Registry, 2016).
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The problematic nature of these implants has also been reflected in the changing
landscape of employed bearing materials with a drastic decline in the number of
implanted MoM prostheses during the last decade. This effect can be observed in Fig.
1 extracted from the 2020 NJR Annual report, which shows the percentage of bearing

materials employed in the case of uncemented primary hip implants.
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Fig. 1: Percentage of uncemented primary hip replacements by bearing surface
combinations calculated on a yearly basis. Figure reproduced from the National
Joint Registry 17th Annual Report with permission (National Joint Registry, 2020).
MoM primary hip implant procedures are presented in orange. Their use starts
declining after 2007. Abbreviations used: MoP, metal-on-polyethylene; MoM, metal-
on-metal; CoP, ceramic-on-polyethylene; CoC, ceramic-on-ceramic; CoM, ceramic-
on-metal; MoPoM, metal-on-polyethylene-on-metal. The first letter indicates the
material of the femoral head and the third refers to the material of the liner or

acetabulum.
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However, the effect of Co and Cr particles is not limited to the surrounding prothesis
area as debris from failed MoM articulations solubilises readily into the bloodstream in
the form of metal ions (Cheung et al., 2016). The fact that Co and Cr ions have a
systemic distribution through the bloodstream explains the systemic toxicity displayed
by some MoM patients. Studies in animal models have shown that elevated levels of
Co and Cr in blood lead to metal concentration in distant organs (Afolaranmi et al.,
2012; Apostoli et al., 2013). Post-mortem analyses in MoM patients also showed metal
accumulation in heart, spleen, liver, and lymph nodes, which were the only studied
tissues (Abdel-Gadir et al., 2016; Martin et al., 2015; R M Urban et al., 2000; Urban et
al., 2004; Wyles et al., 2017). An additional outcome arose from these studies since
chromium, which was being extensively researched, appeared to be significantly less
mobile than cobalt (Afolaranmi et al., 2012; Goode et al., 2012). Thus, it emerged that
systemic toxicity in patients correlated with high Co levels in blood. The reference value
of cobalt in blood is under 1 pg/l, however case reports of arthroprosthetic patients with
symptoms of neurotoxicity have indicated values of up to 549 pg/l and 625 ugl/l
(Catalani et al., 2012). Another case report exceptionally described a MoP patient with
a cobalt level in blood of 6521 ug/l who subsequently died of complications related to
cobalt poisoning (Zywiel et al., 2013). In addition, the symptomatic similarities between
previous cobalt poisoning cases like the Quebec Beer Drinkers suggest cobalt as the
responsible ion (Cheung et al., 2016). Symptoms of cobaltism can involve a range of
cardiac, nervous and endocrine conditions. The general agreement on the systemic
effects of Co has led scientists and clinicians to coin the term arthroprosthetic cobaltism

for systemic toxicity in MoM patients (Mao et al., 2011; Tower, 2010).

1.2. Motivation of this research

The disparate cobalt levels in blood and the sporadic nature of cobalt toxicity among
patients with MoM implants complicates our understanding of the health risks that
patients with elevated cobalt in blood endure. Cardiac toxicity has received more
attention due to the severe nature of the symptoms, but the neurological consequences
of elevated ions for otherwise healthy patients are still unknown. In addition, the
information we have with regards to the mechanisms of action of cobalt in patients is
still scarce, especially in the nervous system. Our research group is interested in the

effects of Co in the brain. Case reports provide evidence that cobalt can affect cognitive
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and sensory functions (Catalani et al., 2012; Green et al., 2017; Mao et al., 2011;
Tower, 2010), however, even though the number of studies involving Co is slowly
growing, there is little in vivo research at concentrations relevant for MoM patients. In
addition, emerging High-Throughput technologies that have been recently
incorporated into the field of Toxicology have not been applied to the study of cobalt to
this date. In our in vivo study, we used a technique known as RNA-Sequencing (RNA-
Seq) to evaluate the mechanisms of cobalt toxicity in the brain in vivo. This approach
removes the bias of focusing in a specific pathway, as used in previous research
literature by providing a screenshot of detectable transcripts in a given tissue, which
allows for the identification of relevant pathways. Moreover, we coupled this technique
with measurements of cobalt in the brain and in blood by inductively coupled plasma
mass spectrometry (ICP-MS) in order to connect cobalt levels with mechanisms. At the
same time, we also lack information at lower, perhaps more relevant, cobalt
concentrations in vitro. Here, we evaluate the dose-response to cobalt in two CNS cell
types, neurons and astrocytes from the SH-SY5Y neuroblastoma and the U-373
astrocytoma cell lines, respectively. We aim to obtain information about specific cell
susceptibility and possible cobalt toxicity mechanisms in the brain through monitoring
the differences in viability, proliferation, cobalt uptake, and morphology in both cell
types. We hope that these in vitro and in vivo research studies will provide information

about the toxic modes of action of cobalt ions.

In the next sections we will describe the overall symptoms of cobaltism and give a brief
summary of previous in vitro and in vivo cobalt toxicity research. Within the context of
this background we will explain why and how we defined our overall research design.

1.3. Systemic toxicity
1.3.1. A brief history of cobalt exposure

Cobalt utilisation by humans has a long history. Indeed, the word cobalt is derived from
kobold, a spirit said to tease and madden the German miners who separated metals
from the ore (Lindsay and Kerr, 2011). There are traces of cobalt in the hues from blue-
and-white porcelain from 15" century in China, where international trading networks
supported the import of cobalt mineral ores over Eurasia to produce blue dye (Jiang et

al., 2020). However, the isolation and identification of cobalt as an element was not
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accomplished until the eighteenth century by the chemists Georg Brandt and Torbern
Bergman (Lindsay and Kerr, 2011). The decline in cobalt usage as a dying agent
shifted with newer applications developed during the 20" century when cobalt started
to be employed as a catalyst for chemical reactions and to manufacture metal alloys,
although nowadays cobalt is mainly produced to fabricate rechargeable batteries
(Dehaine et al., 2021). Even though the current production of cobalt is the highest in
history, cobalt is a metal rarely found in the earth's crust and its exploitation is limited
to a few countries such as the Democratic Republic of Congo (DRC), which currently
has 70% of the worldwide production (Dehaine et al., 2021).

Cobalt toxicity has been linked to occupational activities previous to the problems
derived from arthroprosthetic cobaltism. For example, Danish pottery makers using
cobalt blue staining showed impaired lung function (Christensen and Poulsen, 1994).
Moreover, asthma related to cobalt dust exposure is well known in welders and other
industry metal workers (Al-abcha et al., 2020; Walters et al., 2014), although
impairment to cardiac function does not appear to be induced in this setting (Linna et
al., 2020). Recent studies in Congolese artisanal mining sites and the communities
nearby have shown elevated levels of cobalt in urine and blood (Banza Lubaba Nkulu
et al., 2018). A higher incidence of birth defects was found around mining areas but
the effect of cobalt might be compounded with other extracted metals and follow up is
required to understand the incidence in the population (Kayembe-Kitenge et al., 2020;
Van Brusselen et al., 2020). In the last years of the 1960s a cardiotoxicity epidemic led
to several fatalities in the city of Quebec as well as in Omaha and Minneapolis, in
addition to Belgium (Seghizzi et al., 1994). It was discovered that cobalt had been
added to stabilise the foam of some beers and was found to be the likely cause of the
observed cardiac symptoms. In addition, the application of cobalt as a treatment for
anaemia during the 1950s led to iatrogenic effects which included thyroid and
neurological toxicity, although cardiotoxicity was not reported as a result (Catalani et
al., 2012; Fisher, 1998; Paustenbach et al., 2013). More recently, concerns over
doping with cobalt in a sport setting to increase red blood cell count have been ignited,
although understandably there is little evidence about its actual use among athletes
(Knoop et al., 2020).
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In summary, humans have been exposed to cobalt through inhalation, ingestion and
directly through the blood such as the case of patients with MoM implants. Different
exposure routes may lead to different levels and types of toxicity. The scientific
literature indicates that the toxicity experienced by patients with MoM implants appears
to parallel that of the Quebec beer drinkers and patients with iatrogenic exposure. In
the following section we will describe the overall systemic symptoms of cobaltism

focusing mainly on patients with MoM implants.

1.3.2. Cobalt systemic symptoms

Overall, haematological, cardiac, thyroid, hepatic, and neuropathic conditions have all
been described and attributed to toxic effects of cobalt in arthroprosthetic patients
(Cheung et al., 2016). For example, cobalt is known to reduce iodine uptake and has
led to hypothyroidism and goitre in patients receiving oral doses of cobalt to treat
anaemia (Paustenbach et al., 2013). The haematological purpose of cobalt in the
treatment of anaemia was ultimately to induce polycythaemia (Paustenbach et al.,
2013). This cobalt-induced increase in red blood cells is thought to be ultimately
mediated by the enhancement of erythropoietin synthesis in the kidney through
cobalt’s ability to elicit the expression of hypoxia-inducible factor (HIF-1a), although
this hypotheses has not been experimentally confirmed (Fisher, 1998; Simonsen et al.,
2012a). Cobalt was only employed to treat anaemia for a few years in the 1950s but
its use was quickly stopped due to the consequences for the thyroid gland (Fisher,
1998). It was substituted by safer and more effective recombinant human
erythropoietin in the last decade of the twentieth century, therefore we do not have
more up to date information of cobalt iatrogenic effects. Unfortunately, both
hypothyroidism and polycythaemia have been reported with poisoning from CoCr hip
implants, although the haematological and thyroid effects of cobalt appear to be
reversible (Allen et al., 2014; Apel et al., 2013; Choi et al., 2019; Gilbert et al., 2013;
Ho et al., 2017; Rizzetti et al., 2009).

Cardiac symptoms are the most prominent systemic symptoms of cobalt toxicity due
to their severity among patients with CoCr implants and also because of the specific
pathology observed in the heart such as the disappearance of myofibrils and loss of
mitochondrial structure (Fung et al., 2018). Intracytoplasmic vacuolisation, lipid
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droplets and lipofuscin accumulation are also a hallmark of cobalt-related pathology in
the heart but, most importantly, interstitial fibrosis is generally described in the majority
of histological reports (Allen et al., 2014; Bonenfant, J.L., Miller, G., Roy, 1967; Choi
et al., 2019; Khan et al., 2015; Martin et al., 2015; Mosier et al., 2016). Fibrosis is a
typical occurrence in cardiomyopathies (Fung et al., 2018), which shows as cardiac
tissue remodelling in response to overproduction of extracellular matrix proteins such
as collagen (Gibb et al., 2020). This process is triggered by injury and carried out
by cardiac fibroblasts, which transdifferentiate and proliferate into myofibroblasts to
assist with wound healing by secreting extracellular matrix proteins. This reactive
environment is set into action by pro-inflammatory mediators like the TGF cytokine
that is released by macrophages responding to injury (Gibb et al., 2020; Tallquist and
Molkentin, 2017). Prolonged activation of fibroblasts into myofibroblasts eventually
leads to excessive deposition of collagen and scaffolding proteins initially provoking
tissue stiffening and further activation of fibroblasts (Distler et al., 2019).

As a whole, all these cobalt-induced microscopic changes observed in the heart
appear to be macroscopically reflected as cardiomegaly or enlarged heart (Choi et al.,
2019; Morin et al., 1969; Stepien et al., 2018; Sullivan et al., 1969), also described as
dilated cardiomyopathy (Allen et al., 2014; Gilbert et al., 2013; Khan et al., 2015; Martin
et al.,, 2015), although there are differences between dilated cardiomyopathy and
cobalt-cardiotoxicity (Packer, 2016). Some other reported symptoms of cobalt
cardiotoxicity involve reduced left ventricular ejection fraction (Gilbert et al., 2013;
Machado et al., 2012; Mosier et al., 2016). Additionally, back in the 1960s, during an
epidemic of cobalt poisoning caused by adulterated beer, several authors
preponderantly reported pericardial effusions (Alexander, 1972; Kesteloot et al., 1968;
Sullivan et al., 1969), which has also been mentioned in recent cases of cobaltism with
arthroprosthetic patients (Choi et al., 2019; Gilbert et al., 2013). Cardiac cobaltism has
been previously studied by one of our colleages (Laovitthayanggoon et al., 2019), and
we will not focus on its study, although we will keep discussing cobalt cardiotoxicity
reports throughout this thesis in the context of cobalt systemic toxicity.

Ultimately, the manifestation of these conditions is far from simple as it tends to show
as a multisystem disease among sporadic patients exposed to variable levels of cobalt
(Zywiel et al., 2016). In their review of the literature, Fung et al. discussed whether
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cobalt was causative of cardiomyopathy or pre-existing factors could have influenced
this etiology, which is difficult to establish given the limited number of reports on cobalt
cardiotoxicity (Fung et al., 2018). They argued that blood cobalt levels under 100ug/|
are unlikely to contribute towards cobalt-induced cardiomyopathy. Paustenbach et al.
set the bar over 300ug/l cobalt in blood for the occurrence of reversible haematological
and thyroid disturbances, and recommended monitoring patients over 100ug/l
(Paustenbach et al., 2013). This 100ug/I cobalt in blood threshold was calculated with
an uncertainty factor of 3 from the cited 300ug/l to account for differences between
individuals. The same authors reiterated their views in a more recent review
(Kovochich et al., 2018), however, the exposure data in which they based their
conclusions was obtained during periods of cobalt exposure that lasted less than a
year as they previously acknowledged (Paustenbach et al., 2013).

Circa 60% of patients can live with well-functioning hip prostheses for 25 years (Evans
et al., 2019), but patients with MoM implants have earlier revision rates than alternative
implants such as MoP or ceramic on ceramic (Hunt et al., 2018; Kovochich et al.,
2018). A brief review of the case reports indicates that the time between first implant
or revision to a CoCr implant and the onset of systemic symptoms due to cobaltism
can range between months (Rizzetti et al., 2009; Zywiel et al., 2013), a year (Choi et
al., 2019; Tower, 2010), and two to six years’ time (Apel et al., 2013; Choi et al., 2019;
Machado et al., 2012; Mao et al., 2011; Steens et al., 2006; Tower, 2010). Some
mechanical and health risks factors could also accelerate cobalt toxicity. For example,
the revision from damaged ceramic implants to CoCr bearings can cause accelerated
fretting of the metal alloys by the microabrasion with small ceramic fragments left at
the implant site, or implants with larger implant heads can lead to increased levels of
cobalt in blood (Zywiel et al., 2016). The switch from ceramic to CoCr head is the
suspected case of systemic toxicity in other case reports (Choi et al., 2019; Gilbert et
al., 2013; Zywiel et al., 2013). Health handicaps discussed as risk factors in the cited
reviews from Zywiel et al. and Paustenbach et al. are a deficient nutrition and renal
impairment that could interfere with the patients ability to excrete and deal with cobalt
(Paustenbach et al., 2013; Zywiel et al., 2016). Zywiel et al. indicated that most cobalt
poisoning reports in patients with CoCr prostheses occurred over 100ug/l and that
toxicity under this threshold was unlikely (Zywiel et al., 2016). However, other papers

have reported systemic symptoms of cobaltism with serum cobalt levels of 23ug/l
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(Tower, 2010) and 24ug/l (Mao et al., 2011), while patients with levels over 100ug/|
can remain asymptomatic (Ho et al., 2017). Thus, despite the careful and thorough
reviews of the literature, we should be cautious when defining thresholds since the

information available is still limited.

1.3.3. Cobalt neurotoxicity

More specifically, neurological symptoms associated with cobaltism include memory
loss, cognitive decline, progressive deafness, atrophy of the optical nerve, retinopathy,
vertigo, peripheral neuropathy (Catalani et al., 2012), fatigue, depression, and ataxia
(Mao et al., 2011). Despite the several medical reports citing neurological symptoms
as a result of high Co levels due to MoM implants (Green et al., 2017; Mao et al., 2011;
Rizzetti et al., 2009; Tower, 2010), a couple of recent observational studies looking for
this association have failed to confirm a relationship between cobaltism and
neurological symptoms in MoM patients (Kavanagh et al., 2018; van Lingen et al.,
2014). They reported difficulties with regards to a low number of patients with high
levels of cobalt in blood (van Lingen et al., 2014), in addition to deficient case
descriptions (Kavanagh et al., 2018). Furthermore, in contrast to cardiac signs,
neurological symptoms are often downplayed or even go unnoticed as they might be
confused with typical signs of ageing.

In summary, there is little information about the actual effects of cobalt in the peripheral
and the central nervous system, and the most appropriate response to diminish
patients’ symptoms to date is to remove the implant as the source of cobalt ions
through a revision surgery (Machado et al., 2012; Paustenbach et al., 2013; Tower,
2010). However, the recovery process from cobaltism is not well documented and
there is no unified action considered appropriate to treat these patients. Our lack of
knowledge on cobalt actions in the body extends further since we also ignore the
implications for asymptomatic patients with high levels of cobalt in blood (Ho et al.,
2017). In the following sections we will describe some of the cobalt neurotoxicity
studies to date, and try to find the gaps of knowledge where we will establish our

research with the aim to answer the questions we have previously formulated.
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1.4. Current status of cobalt toxicity research in the brain

Multiple non-neuronal cell types related to local exposure of MoM hip implants have
been evaluated e.g. osteocytes (Shah et al., 2017), osteoblasts and osteoclasts
(Andrews et al., 2011; Shah et al., 2015), fibroblasts (Sabbioni et al., 2014b, 2014a),
monocytes (Posada et al., 2015, 2014), macrophages (Salloum et al., 2021),
lymphocytes (Akbar et al., 2011), and red blood cells among others (Simonsen et al.,
2011a, 2011b). Our team has also investigated cells affected systemically by cobalt
ions such as hepatocytes (Afolaranmi et al.,, 2011), and heart fibroblasts
(Laovitthayanggoon et al., 2019). Another team did look into the effect of cobalt in lung

epithelial cells as a result of inhalation (Bresson et al., 2013).

The effect of cobalt in central nervous system (CNS) cells has already been
investigated by several authors in vitro. Nevertheless, with few exceptions most studies
have only focused on the effects of cobalt at very high cobalt concentrations (>100uM)
with the aim to induce hypoxia in vitro and have ignored other toxic mechanisms and
doses (Mufioz-Sanchez and Chanez-Cardenas, 2019). Some studies have been
carried out on astrocytes (Karovic et al., 2007; Wang et al., 2016), neurons (Chimeh
et al., 2018; Kikuchi et al., 2018; Li et al., 2015; Naves et al., 2013), and glia (Fung et
al., 2016; Mou et al., 2012). In general, cobalt provokes extensive apoptosis and
necrosis (Karovic et al., 2007), with different studies describing caspase dependent
(Hartwig et al., 2014; Zou et al., 2002) and independent (Karovic et al., 2007) cell
death, and oxidative stress being strongly involved (Kotake-Nara and Saida, 2007).
Apart from that, the protein p53 seems to play a key role in the development of cobalt
toxicity in vitro (M. Lee et al., 2013; Ratinaud, 2011), as it does with other heavy metals
(Phatak and Muller, 2015). Amyloid protein production is also increased by cobalt (Zhu
et al., 2009), which could link with neurodegenerative diseases such as Alzheimer’s
disease (Li et al., 2017). Mitochondria seem to be the main target of cobalt toxicity in
neurons and astrocytes with ATP depletion and loss of transmembrane potential
(Karovic et al., 2007; Ratinaud, 2011). Most of these CNS studies have used cobalt as
a way to elicit hypoxia at high concentrations. Thus, it is difficult to evaluate the
relevance of these studies when it comes to studying the effect of cobalt in MoM

patients. Since it is difficult to equate the in vitro concentrations with the exposure in
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patients with MoM implants, we decided to investigate cobalt across a range of doses

in our studies.

There are fewer in vivo studies, but cobalt has also been applied to animal models
such as rodents and zebrafish. Oral administration of 40 mg/kg BW of CoCl2 led to
increased levels of hypoxia and decreased activity of antioxidant enzymes in the
cerebral cortex of treated mice. Pregnant female rats dosed orally with 350 mg/I also
delivered pups with impaired levels of antioxidant proteins in cerebrum and cerebellum
(Garoui et al., 2013). In zebrafish embryos the application of concentrations over 100
Mg/l led to abnormal morphology, bradycardia and behavioural changes thought to be
caused by increased oxidative stress and apoptosis (Cai et al., 2012). In addition, some
groups have directly injected cobalt into the brain of rats (Caltana et al., 2009) or
applied cobalt dust directly into the dura mater (cobalt epileptic focus model) (Kajiwara
et al., 2008). The latter group discovered elevated expression of transthyretin (TTR)
and phosphoglycerate mutase 1 (PGM) which are involved in thyroid transport and
regulation of glycolysis respectively. Caltana et al. observed that the direct cortical
injection of cobalt leads to histological changes consistent with focal ischemia involving
neuronal and astrocytes morphological changes (Caltana et al., 2009). The cited
papers are a sample of the available literature, and more studies have been described
throughout the discussion sections of the thesis. Nevertheless, as with the previous in
vitro literature, it is difficult to establish the relevance of these studies for patients with
MoM implants and elevated levels of cobalt in blood due to the high dosage of cobalt
used, the different types of cobalt delivery methods, such as oral administration or
direct tissue application, and also due to the missing information on the resulting cobalt
concentrations in blood or plasma. Our research will try to mimic the conditions that
MoM implant patients endure to obtain a better representation of relevant cobalt toxic

mechanisms for them.

Studies that have tried to image brain changes in response to systemic cobalt in MoM
patients are limited by the low number of participants and confounding variables such
as aging (Bridges et al., 2020; Clark et al., 2014). Clark et al. suggested small structural
changes in the visual pathways and the basal ganglia but their observations lack
statistical power, and Bridges et al. found several hypometabolic brain areas such the
inferior temporal cortex of patients with MoM implants. Given that the location of

33



neurotoxicity is difficult to predict (Rao et al., 2014), we selected three neuroanatomical
structures to study within the brain for our in vivo studies, the prefrontal cortex,
hippocampus and cerebellum, which are within the list of brain areas advised by the
Society of Toxicologic Pathology to be screened for clues of neurotoxicity (Morrison et
al., 2015). These brain areas are easy to locate in a rodent brain and yield sufficient
biological material for molecular and protein expression analysis. Most importantly the
correlation between their structure and function could be associated with some of the
symptoms experienced by patients with cobaltism. For example, the cerebellum is
known to control motor coordination (Rao et al., 2014), while the hippocampus is
involved in learning and memory formation, in addition to spatial navigation and
emotional regulation (Strange et al., 2014). The pref. cortex is in charge of the
executive function and integrating connections from other brain parts (Le Merre et al.,
2021). Symptoms from patients with cobaltism such as sensorimotor impairment, hand
tremor, coordination difficulty, depression, and cognitive decline could relate to a
deterioration of these brain functions (Catalani et al., 2012; Green et al., 2017; Mao et
al., 2011; Tower, 2010).

1.5. Experimental approach and model considerations

To better understand the effects of cobalt, we opted for a complementary approach by
studying both human in vitro and rodent in vivo models. Both approaches have their

advantages and disadvantages which will be discussed in the following sections.

1.5.1. In vitro models: neuroblastoma and astrocytoma

In vitro models such as cell lines or dissociated primary cells have the potential to
reveal mechanistic pathways (Barbosa et al., 2015). In this way, the cellular response
to a toxin can be monitored in real time, and there are several cytotoxicity assays
specifically developed for their use in vitro which provide valuable information about
the modes of action of toxins (Astashkina et al., 2012). Moreover, it is possible to use
cells derived from human tissues, which facilitate the extrapolation of results for
therapeutic applications. However, in vitro cell culture has its limitations. Given the lack
of tissue structure and complex environment in cultured in vitro monolayers, in vitro
tests can either underestimate or overestimate the metabolism of xenobiotics (Barbosa

et al,, 2015). Additionally, the blood-brain barrier (BBB) and blood-CSF barrier
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introduce a level of uncertainty about the real toxin concentration that cells in the CNS
endure in an in vivo setting or in patients. This makes the selection of appropriate in
vitro doses even more challenging when attempting to design relevant models for
patients (Barbosa et al., 2015). Thus, we should also be cautious when trying to
extrapolate results obtained from in vitro neurotoxicology models to the clinic.

Our chosen in vitro models are the neuroblastoma SH-SYS5Y and the astrocytoma
U-373 cell lines. Both types are immortalised cell lines of human origin meaning that
they have unlimited capacity to proliferate. SH-SY5Y cells were originally obtained
from a 4-year old female patient through a bone marrow biopsy but have adrenergic
ganglia origin and are considered to have an immature phenotype (Barbosa et al.,
2015; Forster et al., 2016). There are several protocols available to differentiate
SH-SY5Y neuroblastoma cells into growth arrested neuron-like cells (Forster et al.,
2016; Simdes et al., 2021)

U-373 MG astrocytoma cells are less researched than SH-SY5Y cells. However, they
are still a widely used in vitro model. Originally, U-373 MG cells from the European
Collection of Authenticated Cell Cultures (ECACC) were actually misidentified and
were later declared to be U-251 MG cells, another human astrocytoma cell line
(Timerman and Yeung, 2014). ECACC corrected the error and the cells used for the
experiments in this thesis were U-373 MG (Uppsala) directly obtained from the
laboratory of origin in Uppsala (ECACC, 2021). Astrocytes are a type of glial cells with
important support functions for the functioning of neurons, as well as for the endothelial
cells of the blood-brain barrier (BBB) (Barbosa et al., 2015). Similar to SH-SY5Y cells,
U-373 MG astrocytoma cells are neoplastic and therefore, the toxicity observed in
response to cobalt might be different from that of primary cells. However, the use of

cell lines also has its advantages which we will describe.

Immortalised cell line populations can be easily expanded by sub-culturing, which
allows the generation of high number of cells. In this way researchers are able to
perform extensive time and dose-response assays. However, there are disadvantages
when using cell lines. It is not clear whether the phenotype of immortalised cells
represents that of non-cancerous cells from the original tissue since several

differences have been detected with regards to genomic content, cell morphology,

35



contact inhibition behaviour, etc. (Astashkina et al., 2012). Moreover, given that cells
keep dividing during the experiment it also becomes difficult to observe whether the
toxin affects proliferation or cell death first (Barbosa et al., 2015). In spite of these
drawbacks, cell lines are highly reproducible tools due to the homogeneity of cells
obtained through sub-culturing, and both neuroblastoma SH-SY5Y and astrocytoma
U-373 cell lines have a human origin. The latter is important because the results
obtained in vitro through human cells can complement the knowledge obtained by
researching animal models, and contribute towards a better understanding of cobalt

poisoning in humans.

1.5.2. In vivo rodent model: anatomy and function of the rodent brain

Rodents have been the leading in vivo model of research, primarily rats and mice. Rats
are easier to handle and have a larger size which helps with drug administration and
dissection (Ellenbroek and Youn, 2016). There are obvious differences in size and
functional capabilities between human and rodent brains, but they have similar
neuroanatomy thus allowing cross-species extrapolation to an extent (Morrison et al.,
2015). In addition, the structure of blood brain barrier (BBB), and blood-CSF barrier
corresponding to the vascular endothelium and the epithelium of the choroid plexus
respectively is similar between human and rodent studies (Engelhardt et al., 2017).
Moreover, the diffusion of different fluorescent tracers across the BBB and the blood-
CSF barrier shares features in both species, although the obvious brain size
differences leads to reduced trafficking distances. Nevertheless, the correlation
between rodent and human brains is far from ideal. There are important differences in
the gyrification and number of cells in the cortical layers (DeFelipe, 2011), the
orientation and connectivity of the hippocampus (Strange et al., 2014) and the
transcriptional makeup of brain areas (Hodge et al., 2019) among others. Therefore,
caution is needed when attempting to translate findings obtained in rodents to the

clinic.
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1.6. Potential role of chromium in the development of systemic toxicity

Although cobalt is thought to be the main culprit of systemic toxicity in MoM patients,
literature is also accumulating with regards to the synergistic role that chromium could
play. The percentage composition of the most common alloy used in MoM hip
prostheses, the ASTM F75, is 5-7% Molybdenum (Mo) and 27-30% Cr balanced with
Co up to 100%, which forms a metal composite of 2:1 Co:Cr ratio (Fleming et al., 2020).
Thus, chromium is the second most abundant metal in the alloy. However, Cr is less
mobile than Co, which readily solubilises (Goode et al., 2012; Koronfel et al., 2018).
This separation of Co and Cr alloy from the metal debris is thought to follow a
mechanism similar to de-alloying where CoCr particles become structurally porous due
to cobalt solubilisation (Koronfel et al., 2018). In that regard, although solubilised ionic
cobalt distributes easily through the blood stream, it is also rapidly excreted through
urine, while the clearance of chromium from the organism is slower (Daniel et al., 2009;
Newton et al., 2012) with Co excretion peaking six months and Cr one to two years
after the patients received MoM resurfacing implants (Daniel et al., 2009). Our team
also confirmed the faster mobility of Co in comparison to Cr by assessing the metal
content in tissues from a rodent air pouch model injected with MoM wear (Afolaranmi
et al., 2012). The lower mobility of Cr in contrast to Co is reflected in the higher
concentration of chromium in synovial fluid and soft tissues of MoM hip implant
patients. Chromium concentration is much higher than cobalt around the prostheses
despite the 2:1 Co:Cr original ratio of the ASTM F75, while this relationship is inverted
in blood, meaning that chromium is preferentially retained in local tissues (Nousiainen
et al., 2020). Thus, it is possible that, once transported in blood, chromium stays in
organs distant from the prosthesis for longer periods of time, and with unknown
consequences for the host. CoCr particles were found co-localised within
macrophages in the liver of a patient with a failed hip implant and very high metal levels
in blood through micro X-ray fluorescencence, but there were not isolated Cr or Co
particles detected (Abdel-Gadir et al., 2016). Cr has also potentially been found in
macrophages of prosthetic patients within the liver and spleen in the portal tracts
and lymphatic sheaths respectively, although the composition of the particles was not
confirmed analytically, and they tended to appear in patients with failed prostheses
(R.M. Urban et al., 2000; Urban et al., 2004). However, contrary to this hypothesis,

myocardial Cr levels were not elevated in postmortem tissue of patients with THR CoCr

37



components after six years post-implantation (median) with a couple of exceptions,
while average Co levels were (Wyles et al.,, 2017). Similar results were found by
Swiatkowska et al. in postmortem cardiac samples from CoCr MoP patient samples
(Swiatkowska et al., 2018). These are few studies and further metal analyses of tissues
distant from the prosthesis will be necessary to determine whether chromium ions
accumulate long-term in other vital organs such as the brain and the heart, and if Cr

could play a role in systemic toxicity together with Co.

In addition to metal distribution, the chemistry of metal ions should also be considered,
particularly in the case of chromium. While cobalt tends to dissolve from its metallic
form to be released into the medium as divalent ions, the chemical form of chromium
is more diverse as it can still be found in its metallic form but also as trivalent, Cr(lll),
and hexavalent, Cr(VI), ions (Swiatkowska et al., 2018). The clinical research on the
speciation of chromium to date has established that most chromium found around the
prostheses is in the form of Cr Ill phosphate (CrPOa) (Hart et al., 2010, 2009; Morrell
et al., 2019; Swiatkowska et al., 2018). Fortunately, the trivalent state of chromium is
not particularly toxic and is thought to be a nutritionally valuable element while
hexavalent chromium is, instead, a known carcinogen (Zhu and Costa, 2020). A higher
amount of chromium detected in erythrocytes than in plasma is a concerning
implication for patients because Cr(VI) crosses the cell membranes of red blood cells,
while Cr(lll) accumulates in the serum fraction. Thus, a few studies on CoCr implants
have investigated the partition of chromium in blood (Finley et al., 2017; Langton et al.,
2019; Merritt and Brown, 1995; Sidaginamale et al., 2013). In effect, in vitro spiking of
samples with trivalent and hexavalent chromium demonstrated that a higher portion of
hexavalent chromium was bound to erythrocytes while trivalent chromium had affinity
for serum (Sidaginamale et al., 2013). In patients with CoCr implants, a couple of
analysis of samples found chromium preferentially bound to serum indicating ionic
chromium was likely trivalent (Finley et al., 2017; Sidaginamale et al., 2013). However,
early research by Merritt and Brown et al. found hexavalent chromium in the blood of
patients with CoCr corroded wear originating from implants (Merritt and Brown, 1995).
More recently, Langton et al. revisited this topic and worryingly detected more
chromium in blood than in serum samples in some of their MoM patients, and these
cases were associated with failed head-stem taper junctions (Langton et al., 2019).
Other studies have been able to directly study the ionic form of chromium in patients.
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In 2010, Hart et al. reported no evidence of hexavalent chromium in the soft tissue
surrounding MoM prostheses when evaluated by advanced elemental analysis
with X-ray spectroscopy (Hart et al., 2010). However, more recently, Swiatkowska et
al. found the presence of hexavalent chromium ions in a couple of diabetic patients
with CoCr implants (Swiatkowska et al., 2018). The authors suggested that, rather than
the generation of Cr(VI) from the implant, the oxidative cellular environment generated
by diabetes could lead to re-oxidation of trivalent chromium leading to the generation
of hexavalent chromium. The reports by Swiatkowska et al. in periprosthetic tissue and
Langton et al. in blood have worrying implications for patients with co-morbidities as
well as patients with failed CoCr implants due to corrosion (Langton et al., 2019;
Swiatkowska et al., 2018). Despite the limited evidence of the presence of hexavalent
chromium in patients with CoCr implants, further research is needed to understand the
concentrations of Cr(VI) that some at-risk patients could be exposed to. To date, no
association between cancer and MoM implants has been found (Brewster et al., 2013;
Hailer et al., 2022), however, the results by Langton et al. and Swiatkowska et al.
(Langton et al., 2019; Swiatkowska et al., 2018) point towards increased risk of only
certain patients. Thus, patient-wide studies of cancer incidence should perhaps be
reviewed to take into account co-morbidities and the corrosion state of current or

previous prostheses that an implant patient has been exposed to.

A particular consideration with regards to resulting chromium chemistry and Co:Cr
ratios should also be given to modular junctions, such is the case of the taper junctions
of THR prostheses. A taper junction is a part of MoM THRs formed by a CoCr adapter
sleeve, and resurfacing implants lack this interface. Therefore, THR prostheses have
an additional metallic surface that is a source of metallic debris and ions. Recent
research has shown that prostheses with stem-taper junctions have a higher Co:Cr
ratio in blood than resurfacing implants (llo et al., 2021), 2.3:1 compared with 1.3:1
Co:Cr ratio. This relationship is inverted in the synovial fluid, where the concentration
of Cr is expected to be higher than cobalt (Langton et al., 2019). Moreover, a CoCr
joint fluid ratio > 1 is indicative of reduced Co clearance from the synovial compartment
and taper failure. In addition, samples obtained from patients with MoM total hip
replacements have revealed an additional chromium chemical form, Cr(lll) oxide
(Cr203), in the soft tissue around taper junctions (Di Laura et al., 2017). Itis also known
that a larger number of heterogeneous particles are generated in this interface by
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corrosion, which is aggravated by the abrasive action of titanium particles (Di Laura et
al., 2017; Xia et al., 2017), and this has been associated with more severe immunologic
reactions (Xia et al., 2017). The authors speculated that macrophages present in the
taper junction interface could generate higher oxidative stress due to the exfoliation of
necrotic macrophages in the interface. The generation of oxidative stress in these
conditions is particularly concerning since, as previously explained, it has been
suggested that oxidative conditions induced by the corrosion in the taper junction could
give rise to hexavalent chromium ions (Langton et al., 2019).

Our current knowledge about the distribution or the chemistry of chromium do suggest
an important role around the prostheses, where it concentrates (Nousiainen et al.,
2020), rather than in distant tissues such as the heart (Swiatkowska et al., 2018; Wyles
et al., 2017). Thus, we have focused on cobalt to explain systemic toxicity in patients
with MoM implants and consider that the topic of systemic chromium toxicity needs to
be developed before implications for MoM implants can be drawn. A vast body of
research has focused on the effects of metal debris around the prostheses but, further
investigating the local concentrations of chromium on tissues affected by systemic
toxicities such as the heart, brain or thyroid could help us define the impact of
chromium species in these tissues. Deposition of chromium in these organs could
potentially trigger damage. In this regard, the multiple previous studies about the
detrimental effect of the local immune response to metal debris surrounding the
prostheses are particularly relevant and could also shed light into systemic reactions

to both cobalt and chromium.

1.7. Immunogenic reactions to metal debris

In patients with malfunctioning implants, periprosthetic metallic particles induce local
innate and adaptive immune reactions that lead to severe inflammation and eventually
aseptic implant failure (Hallab and Jacobs, 2017). Macrophages are considered to
initiate the immune cascade by engulfing the metallic particles which, when
phagocytosed, damage lysosomes releasing reactive oxygen species and triggering
danger signals such as the inflammasome (Hallab and Jacobs, 2017). Specifically,
CoCr alloy debris has been demonstrated to elicit inflammasome activity in

macrophages both in vitro and in vivo (Samelko et al., 2016). Samelko et al. further
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discovered that the NLRP3 inflammasome and caspase-1 danger signals induced by
metal sensitization with cobalt ions activate T-cells in vitro and in vivo after
re-exposure, and showed that the blockade of these danger signals reduced human
lymphocyte activation (Samelko et al., 2019). The authors hypothesised that T-cell
activation by inflammasome/caspase danger signals was the cause of metal induced
delayed-type hypersensitivity (DTH) responses in implant patients. Moreover,
metal-DTH responses, aka metal sensitivity or metal allergy, are thought to accelerate
implant failure over macrophage-induced osteolysis (Hallab, 2017).

Adverse reactions to metal debris (ARMD) in an umbrella term that encompasses all
inflammatory reactions derived from implant metallic debris from the perspective of the
patient. This pathology includes pseudotumors, presence of metallic wear debris
(metallosis), as well as aseptic lymphocyte-dominated vasculitis-associated lesion
(ALVAL) aka perivascular lymphocytic cuffing (Natu et al., 2012; Perino et al., 2021).
ALVAL is a specific immune response within periprosthetic tissues from metal implant
patients that is histologically defined by lymphocytic cell neogenesis and infiltration.
This lymphoid histological feature is consistent with metal induced DTH defined in the
previous paragraph (Campbell and Takamura, 2020; Hallab, 2017), and its occurrence
and severity appears to depend on the individual sensitivity to metal of a patient’s
immune system. For example, Ebramzadeh et al. observed that the level of wear is not
proportional to the severity of ALVAL reactions, thus they suspected individual metal-
DTH in patients (Ebramzadeh et al., 2015). Moreover, an study of bilateral MoM hip
implant patients found symmetry of ARMD pathology despite differences in implant
wear volume between hip sides, thus confirming intrinsic host factors that condition the
inflammatory response (Lehtovirta et al., 2019). If systemic symptoms such as the
cognitive decline reported in patients affected by cobaltism were to be related to an

immune response it might explain the lack of dose response to cobalt levels in blood.

We should take into account that the referenced studies mainly refer to the micro- and
nano-particulate metallic debris found in periprosthetic tissues, and that the debris is
different from that detected in organs distant from the hip implant, which are divalent
ions transported by the bloodstream (Simonsen et al., 2012b). The immune response
elicited by debris with different size and shape will differ (Zare et al., 2021), thus the

local and the systemic immune reactivity scenarios require individual assessment.
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Langton et al. studied the reason behind why in spite of lower wear rates in the THR
group, patients with THR implants showed higher metal concentrations in the synovial
fluid (Langton et al., 2018). The increased Cr and Co concentrations in synovial fluid
were associated with large fluid collection and worse ALVAL outcomes. From these
results, the authors suggested that poor clearance of metal ions from the synovial fluid
led to severe immunogenic reactions due to protein leakage from the synovial
membrane. The authors also speculated that an increase in the amount of metal ions
bound to proteins such as albumin and transferrin would delay the clearance of metal
ions from the synovial fluid and work as haptens triggering the immune system. The
excretion of ionic Cr through urine has been suggested to be slower than that of Co
due to Cr higher affinity for proteins (Newton et al., 2012), while the hypothesis of
protein-bound ions acting as haptens and inducing an immune response has also been
mentioned in the MoM literature (Hallab, 2017). However, there is still little research
with regards to the binding of Co and Cr ions and how it associates with the type of
immune reaction or overall toxicity. In this thesis we will hypothesise about the potential
implications of protein metal bonding aka metalation but, due to our research
limitations it will not be possible for us to confirm these hypotheses.

Immunological responses related to cobalt exposure have also been observed in hard
metal lung disease (HMLD). Hard metal, not to be confused with heavy metal, has a
specific composition of 90% tungsten carbide and 10% cobalt powders, and it is a
composite found in certain occupational industrial settings (Zheng et al., 2020). People
affected breathe in the dust, and the metallic particles are pushed towards the alveoli.
HMLD is also considered to be a rare disease, with symptoms ranging from
occupational asthma to fibrosis in the most severe cases (Zheng et al., 2020). Cobalt
has also been indicated as the culprit of toxicity in HMLD (Cirla, 1994). Pathological
examinations in patients have found a predominant activation of lymphocytes
and multinucleated giant cells showing emperipolesis, which is why they have also
been named cannibalistic giant cells (Adams et al., 2017; Zheng et al., 2020). An in
vivo study in rodents found cytokine release in response to cobalt inhalation, which
was further accentuated by cobalt dermal application (Tsui et al., 2020). Similarly to
what has been found in the cobalt literature, the authors reported that individual mice
responses varied widely to cobalt application. Microarray analysis of in vitro epithelial
cells exposed to cobalt showed altered expression of a number of immune-related
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genes (Verstraelen et al., 2014). However, the authors did not extend their research to
other cells relevant for the immunity within the lungs and there is little research with

regards to the transcriptional response elicited by cobalt in this organ.

1.8. Objectives of the present research

The symptoms of cobalt neurotoxicity are varied and cobalt poisoning might remain an
elusive diagnosis in patients with MoM implants as there is not a linear association
between cobalt ions in blood and symptoms. Given the lack of knowledge about the
effects of cobalt on the CNS, our main objective is to increase our understanding about
the cellular and molecular systems by which cobalt could interfere with CNS function
in patients with MoM implants. This aim was divided into the following sub-objectives:

e Obtain cell viability and proliferation profiles in vitro for main CNS cell types,
neurons and astrocytes, through neuroblastoma and astrocytoma cell lines
treated with cobalt.

e Establish a comparison between cellular cobalt uptake levels through ICP-MS
in astrocytoma and neuroblastoma cell lines and viability profiles.

e Estimate metal content for main organs and brain parts with relevant
concentrations of cobalt in blood for MoM patients via extrapolation from time
and dose-response experiments in vivo with a Sprague Dawley rat model.

e |dentify mechanisms of cobalt toxicity in vivo through RNA-Seq technology
and validate results via gene and protein expression analyses using RT-qPCR
and western blot techniques.

e Establish new avenues for research of cobalt poisoning effects on the CNS

for patients with MoM implants.

43



1.9.

Thesis structure

This thesis is divided into seven chapters:

Chapter 2 and Chapter 3 describe the methods followed for the in vitro and the

in vivo experiments respectively.

Chapter 4 contains the results and discussion from the in vitro experiments
using neuroblastoma and astrocytoma cell lines.

In Chapter 5 we present the results from an in vivo time-response experiment.
Main results refer to gene expression analyses through RNA-Seq and
RT-gPCR, as well as organ and blood cobalt metal content obtained via ICP-MS
analyses.

In Chapter 6 we show the results from the in vivo dose-response experiment.
Results also involve RNA-Seq in addition to validation of gene expression
through RT-gPCR and investigation of target proteins through western blot.
Finally, in Chapter 7 we summarise the main results obtained throughout this

project and propose new avenues for research.
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2. IN VITRO METHODS

2.1. Cell cultures

Human U-373 MG (Uppsala) astrocytoma cells and SH-SYS5Y neuroblastoma cells
(Culture Collections of Public Health England, UK) were cultured in either Dulbecco's
Modified Eagle Medium (DMEM; Lonza, UK) supplemented with 10% (v/v) foetal
bovine serum (FBS) (Biosera, UK) or DMEM/F-12 (GIBCO, Life Technologies, UK)
with 15% (v/v) FBS in astrocytes or neurons respectively, as well as 5ml of antibiotics
to a final media concentration of 501U penicillin and 50ug streptomycin (Sigma-Aldrich,
UK) and 1X non-essential amino acids (NEAA; Lonza, UK). Cells were incubated at
37°C and in a 5% (v/v) CO2 air atmosphere. Cells were subcultured when reaching 70-
80% confluency. Old medium was removed and cells were washed with 10 ml of
versene twice in a T75 flask, then 2ml of 0.05% (w/v) trypsin in versine were added for
cell detachment. After 2 minutes, 5ml medium was mixed in to inhibit trypsin, and cells
were centrifuged at 800rpm for 5 min (MSE Mistral 2000; Fisher Scientific, UK) to
remove media solution. Then, cells were resuspended in 6ml of complete media and
passaged in a 1:2 or 1:4 ratio every 2 or 3 days depending on confluency. All reagents

were prewarmed beforehand. Passage number did not exceed 30.

2.2. MTT viability assay

Cell viabilty was assessed by both 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) and Neutral Red (NR) assays. Cells were grown in 96-well
plates (Thermo Fisher Scientific, UK) at a density of 5x10* cells/cm? in 200l of the
appropriate complete medium for the cell type. After an incubation period of 24h, the
medium was removed and newly prepared 0-500uM dilutions of cobalt (ll) chloride
hexahydrate (CoClz; Sigma-Aldrich, UK) in 200ul corresponding medium were added.
After 24h, 48h, or 72h of Co treatment, 50ul of 10mM MTT (Sigma-Aldrich, UK) were
added to each well and the cells were incubated for 4h at 37°C and 5% CO>. The
liquids were then removed, and 200ul DMSO per well were applied, and absorbance
was measured at 540nm using the Multiskan GO Microplate spectrophotometer
(Thermo Fisher Scientific, UK).
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2.3. Neutral Red (NR) viability assay

Cells were grown as described before, and in this case 200ul of 0.4mg/ml NR (Sigma-
Aldrich, UK) was added for 3h. The wells were then washed with phosphate-buffered
saline (PBS), followed by 100ul NR destain (50% (v/v) ethanol, 1% (v/v) glacial acetic

acid, and 49% (v/v) distilled water all mixed), with the absorbance recorded at 540nm.

2.4. Proliferation assay

The Cell Proliferation ELISA, BrdU (colorimetric) kit (Roche, Germany) was used to
identify cell proliferation changes after 72h exposure to cobalt. BrdU labelling solution
(20pl/well) was added and cells were incubated for 4 hours at 37°C to allow
incorporation of BrdU. The cells were fixed and their DNA denatured after the 4h
incubation period by removing the medium and incubating the cells with a
fixative/denaturing reagent supplied for 30 minutes. An anti-BrdU antibody solution
(100ul/well) was added for 90 minutes. After washing with PBS buffer and adding the
tetramethyl-benzidine (TMB) chromogenic substrate solution (100ul/well), the final
absorbance was detected at 370nm in the plate reader spectrophotometer (the
reference wavelength used was 492nm).

2.5. Calculation of IC50 values

A sigmoidal function was considered to be the most adequate mathematical model to
fit the experimental MTT, NR, and BrdU curves. The following 4-parameter Hill formula
(Gadagkar and Call, 2015) was used to fit the data to estimate the cobalt dosage at
which there is 50% viability or proliferation:
B—A
Y= AT Ty ]

Where x is the cobalt concentration, y is the Hill function value, A and B are respectively
the minimum and maximum values of the Hill function, C is the calculated IC50 and D
reflects the steepest slope of the function. A least-squares Matlab software fitting
function was used for solving the process after an initial estimation of the parameters
(Isqcurvefit.m; Matlab R2017b, The MathWorks Inc.). The hormetic responses interfere

46



with the matching process and because of that, the lowest concentrations of cobalt
have been excluded to obtain suitable curve fittings.

2.6. Livel/dead staining assay

Propidium iodide (Pl) and carboxyfluorescein diacetate (CFDA) dyes (Molecular
Probes, Life Technologies, UK) were used as markers for dead cells (red) and viable
cells (green) respectively. The medium was removed and cells washed twice with PBS,
after which 1ml (20ug/ml) of Pl was added to the Falcon® 35mm? petri dishes (Corning,
UK). After a one-minute incubation, Pl was discarded and the dishes were rinsed again
with PBS three times to remove the excessive dye. Finally, the cultures were incubated
at room temperature with 1ml of CFDA (25uM in PBS pH 6.75) for 5 minutes. CFDA
was removed and the dishes were washed a further three times (PBS pH 6.75). After
adding 2ml PBS, pictures were taken with a Carl Zeiss Axio Imager microscope using
a water lens (x20) together with the AxioVision software (Zeiss, UK).

2.7. Brightfield microscopy

Morphology of viable and dying cells was also assessed through brightfield imaging
with the ZOE™ Fluorescent Cell Imager with a x20 objective (Bio-Rad, UK).

2.8. Cellular cobalt uptake measured by ICP-MS

To avoid metal contamination during cobalt uptake analysis, all the equipment was
soaked in 1% (v/v) nitric acid (HNOs3) (TraceSELECT® Ultra; Fluka, Sigma-Aldrich, UK)
overnight and then rinsed twice with HPLC grade water (Thermo Fisher Scientific, UK)
to be finally dried in a 37°C incubator.

The cells were seeded in 35 mm? Falcon® Petri dishes (Corning, UK) with 2ml of their
corresponding complete media at a density of 5x10* cells/cm?. After a 24h period that
allows cells to reach 70% confluency, the medium was substituted by 500uM, 200uM,
100uM, 50uM, 25uM, and OuM Co concentrations.

At the 24h, 48h, and 72h time-points the Petri dishes were washed with PBS (1ml/Petri
dish), and the cells scraped and centrifuged for 5 minutes at 350xg, after which the

47



supernatants were discarded and the pellets sonicated to obtain the cobalt content of
the cells. The lysates were then resuspended in 1ml of HPLC grade water and stored
at -20°C.

The samples were thawed on the day of the ICP-MS analysis and then centrifuged
during 15 minutes at 13,200rpm. The supernatant was then diluted 5-fold in 1% (v/v)
nitric acid. The Agilent 7700x octopole collision system ICP-MS (Agilent Technologies;
Wokingham, UK) in helium gas mode using scandium (Sc) as internal standard
processed the samples taking the maximum signal (peak height) as quantification

mode.

2.9. Statistics

All the analyses were performed using one-way analysis of variance (ANOVA) followed
by Dunnett's multiple comparison post-hoc test. Normality was assessed by the
Shapiro-Wilk test, and homogeneity of variances was tested by Levene's test. For
comparison between only two groups, an independent two-sample t test was used.
Results were considered to have a significant level at p<0.05. Statistical analyses were
performed using IBM SPSS Statistics 25.
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3. IN VIVO MATERIALS AND METHODS

3.1. Experimental animals and housing

Experiments were performed in adult male Sprague Dawley (SD; body weight range
at the start of the experiments: 210-280g) rats obtained from Charles River (UK). All
animal procedures were conducted in accordance with the United Kingdom Animal
(Scientific Procedures) Act 1986 under valid UK Home Office project licenses, 60/4341
and PDES5626B67, and took place at the University of Strathclyde Biological
Procedures Unit (BPU). Rats were randomly housed in groups of 2 or 3 with food and
water provided ad libitum. Their body weight and general aspects of health were
monitored daily during the length of the treatment to guarantee that they remained in
good health conditions.

3.2. Experimental design: control, treatment groups and sample sizes

Two separate in vivo experiments were performed successively. The first experiment
was a time-response experiment in which we sought to compare a 7-day cobalt
treatment against a 28-day treatment at a fixed cobalt dose. Animals were treated with
either 1ml/kg body weight distilled water (controls) or 1mg/kg body weight (BW) CoCl2
injected i.p. (treated groups). Six groups were arranged, each with n=3 rats, and 3
groups were allocated to each time point, one destined to be a control and the other
two to be cobalt-treated groups. Fig. 2 depicts this information diagrammatically. The
second in vivo experiment was a dose-response experiment. The animals were given
1ml/kg distilled water i.p., in the case of the control group, or a range of cobalt
solutions- 0.1, 0.5 or 1mg/kg BW i.p. injections. Each of the four groups had n=4 rats
and the total duration of this procedure was 28 days for all animals.
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Fig. 2: Design of in vivo time- and dose-response experiments showing group
distribution and sample size. All injections, both control and Co treated rats, were
carried out intraperitonially.

3.3. Preparation of cobalt solutions and treatment of rats

Cobalt chloride hexahydrate (CoCl2.6H20; Sigma-Aldrich, UK) was dissolved in
distilled water (dH20) to a concentration of 0.1, 0.5 and 1 mg/ml for the intraperitoneal
0.1, 0.5 or 1mg/kg BW injections, respectively. Cobalt solutions and deionised water
were sterilised into separate vials for each day through a 0.22um syringe-driven filter
(Merck Millipore, UK). The solutions were freshly made every week and the vials kept
at 4°C until the day of the injection, when they were pre-warmed to room temperature
before being injected. The injections were performed by trained staff from the BPU and
opened individual vials were discarded after being used for the one daily set of

injections.
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3.4. Sacrifice of animals and tissue harvest

At the end of the exposure time, animals were killed by carbon dioxide (CO-)
asphyxiation in a CO2 chamber to obtain the tissues, which were quickly extracted after
death. Blood samples were collected through cardiac puncture immediately before
death with the help of a BPU licensed technician and mixed with 200ul heparin (1000
IU/mL diluted 1:10; Sigma- Aldrich; UK) to avoid clotting. The dissection and collection
of tissues was carried out rapidly by a small team of BME colleagues and the student
according to the experimental plan presented in Fig. 3, prioritising the organs of
interest, i.e. brain and heart. From the brain, prefrontal cortex, cerebellum and
hippocampus were identified and dissected separately. Each organ was weighed and
sections of tissue stored appropriately until its corresponding further analysis to
preserve its metal content, molecular RNAs or proteins (Fig. 4). The processing of

samples is described later in each dedicated Methods section.
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Anaesthesia # Cardiac Puncture (C.P.) » Terminal anaesthesia (CO:)

a) Add blood from the C.P. to tube with 200uL heparin.

b) Mix blood up and down with heparin gently 10 times to
prevent clotting.

c) Place 500pL heparinised blood in two separate tubes
(500uL each) for ICP-MS analysis.

Room temperature procedure.

Place onice «— ©Organs to universals Dissection (follow order shown below)
with cold PBS -
1. Prefrontal cortex 7. Kidney
2. Cerebellum 8. Lung
:‘—7 3. Hippocampus 9. Spleen -
| | 4Heart 10. Testes Cut pieces of tissue
PBS 6. Liver : .
)S | , Weigh ___ | and weigh
Blot organ dry on filter paper each organ 1. Metal content: use 100mg
Transfer organ to Petri dish. 2. Molecular RNA: use 100mg or 50mg
Rinse blood away with PBS. 3. Western Blot: use 200mg or what remains

Fig. 3: Cardiac puncture, dissection and harvest of tissue for metal content, protein and gene expression analysis.
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Fig. 4: Processing of harvested tissue for long-term storage and further analysis.
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3.5. Tissue cobalt content measured by ICP-MS

Quantification of cobalt content in the prefrontal cortex, cerebellum and hippocampus
was obtained via ICP-MS analysis. For that, 100mg of tissue from each brain part were
taken and stored at -80°C until further sample digestion. To obtain a liquid solution of
the samples suitable for metal detection 0.5ml concentrated nitric acid was used per
sample (HNOs; TraceSELECT™ Ultra, Sigma-Aldrich (Fluka), UK) followed by 0.25ml
30% hydrogen peroxide (w/w) (H202; Sigma-Aldrich, UK). Each reagent was left to act
for 20 minutes at 100°C in a hot block to ensure that the decomposition of the matrix
was complete. A quantity of 0.25mL was transferred together with 9.75mL ultrapure
water into acid-washed tubes to avoid trace metal contamination (see section 2.8 for
details of material decontamination). Standard dilutions were prepared from Cobalt
Standard for atomic absorption spectrometry stock (TraceCERT®, Sigma-Aldrich
(Fluka), UK). The 1:40 dilution samples were serially introduced to the Agilent 7700x
octopole collision ICP-MS system (Agilent Technologies, UK). Scandium or Indium
were used as internal standards and data were obtained from the maximum signal with
the ICP-MS operating in the Helium mode. The analysis by the ICP-MS equipment is
a service provided by the Department of Pure and Applied Chemistry of the University
of Strathclyde.

3.6. RNA extraction and preparation for RNA-Seq and RT-qPCR analyses
3.6.1. Isolation of RNA

For the sample preparation, 50 or 100mg from specific segments of brain tissue were
dissected and placed in RNAse-free tubes with 0.5ml of RNAlater (Ambion, UK) to
stabilise the RNA content and reduce degradation. RNase-free aerosol-resistant filter
tips were used for all pipetting steps in the RNA work. The tissue was further cut into
thin pieces and completely submerged on the stabilization solution for overnight
storage at 4°C. The next day, the RNAlater reagent was removed from each of the
tubes and the tissues were frozen at -80°C until the RNA extraction took place.

On the day of the RNA isolation, the tissue was resuspended in 1ml QIAzol lysis
reagent (QIAGEN, UK) and a cone ball steel bead was placed inside the tube. The
tissue was disrupted with a horizontal Retsch MM200 Mixer Mill (Retsch GmbH,
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Germany) set at 30Hz, for 1 minute intervals, which shook the conical bead inside the
tube. The process was repeated up to three times until complete tissue
homogenisation was achieved, then the lysate was transferred to another tube with
4ml of QIAzol lysis reagent and the contents were mixed by vortexing. The pre-
processed samples were further prepared according to the protocol RNeasy Plus
Universal Midi Kit (Qiagen, UK) provided by the manufacturer.

3.6.2. Quality check of RNA samples

After RNA isolation, a 5pl aliquot was taken to quantify the nucleic acid concentration
with the Nanodrop-2000c spectrophotometer (Labtech International, UK). RNA purity
was characterised by the absorbance at 260 nm and the ratio of the absorbances
260/280nm using the same equipment. The integrity of the sample was assessed with
another 5ul aliquot through microfluidic chip-based analysis (Experion RNA
StdSensChip; Bio-Rad, UK) in the Experion Automated Electrophoresis System (Bio-
Rad, UK). This last analysis calculates the RNA Quality Indicator (RQI) number, a
standard index score ranging from 0 to 10, formulated to indicate the degradation of
RNA in a sample (Denisov et al., 2008). The results of these analyses for all the

samples are displayed in Appendix A.

3.7. RNA Sequencing (RNA-Seq)
3.7.1. Sample pooling for RNA-sequencing

In order to reduce the RNA-Sequencing cost, three (time-response exp.) or four (dose-
response exp.) biological samples for each comparison group were pooled into a single
sample. The RNA concentration of the individual samples may vary depending on the
type and amount of tissue from which the RNA was isolated e.g. 100mg were used in
the time-response experiment while only 50 mg were used in the dose-response
experiment. Therefore, the necessary volume from each sample was adjusted to
obtain an RNA quantity of 5-20ug depending on the brain area yield. At this stage, the
individual sample volumes were pooled into the corresponding RNAse-free tubes for
each group and the final contents were briefly vortexed. Purity and integrity of pooled
samples were analysed by the Nanodrop and Experion equipment as previously

described in section 3.6.2. Finally, 20-25uL aliquots of the pooled samples were sent
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to BGI Tech Solutions (Hong Kong), who were entrusted with the RNA-sequencing
analysis. The remainder of the pooled samples were retained for further in-house

analysis.

3.7.2. RNA-Sequencing analysis by BGI

RNA-sequencing of the pooled samples was performed by BGI Tech Solutions
(Hongkong) Co. Ltd. using a BGISEQ-500 sequencing platform with depth of 20 million
base pairs (Mb) clean reads per sample and 50 single-end bases (50SE) read length.
Filtering of clean reads and their mapping to the UCSC rn6 rat reference genome were
carried out by BGl, in addition to the quantification of gene fold-change.

3.7.3. Gene Ontology (GO) and KEGG Pathway enrichment analysis

The software tool Cytoscape and its plugin ClueGO were used to conduct the Gene
ontology analysis of the DEGs. Enrichment analysis on the transcriptome was
performed to connect gene expression data with functional activity of the specific
genes that could point towards cobalt toxicity induced pathologies. ClueGO allowed
the comparison to different reference ontology sets, such as Molecular Function (GO
MF; 08/04/2016), Biological Process (GO BP; 08/04/2016), Cellular Component (GO
CC; 08/04/2016), which describe specific gene function and cellular location aspects
of gene activity, as well as the Kyoto Encyclopedia of Genes and Genomes (KEGG;
14/06/2016) for the specific enrichment of known pathways. The DEGs were mapped
to the symbols (Symbol ID) of the Rattus norvegicus gene list to generate the
enrichment with the different GO or KEGG sets.

Additionally, two other online software programmes were used to complement
enrichment analyses: STRING (https://string-db.org/) and PathView Web
(https://pathview.uncc.edu/). STRING creates protein-protein interaction (PPI)

networks of gene-protein products (Szklarczyk et al., 2021), while PathView Web
creates graphs with enriched KEGG pathways and marks the represented DEGs on
the pathway (Luo et al., 2017).
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3.7.4. Identification of Differentially Expressed Genes (DEGs) and hierarchical
clustering

Further bioinformatic analyses were performed in Matlab software. Different fold
change and p-value threshold criteria were considered for the selection of DEGs, since
too stringent or permissive conditions can alter the interpretation of transcriptomic
results (Dalman et al., 2012). The fold change is a description of the difference of
expression level in a certain gene between control and treatment samples. The ratio is
scaled using the binary logarithm, i.e. log> Ratio (Treatment/Control gene expression
level), and the absolute value is taken (Zhao et al., 2018). This is used as a way to
measure the change in the expression levels of a gene. The Matlab clustergram
toolbox was used to perform the hierarchical clustering of the selected DEGs with the
corresponding dendrogram. The genes were clustered following the Euclidean
distance metric and complete linkage over the DEGs’ fold change.

3.8. Quantitative real-time polymerase chain reaction (RT-qPCR)

RT-gPCR was used to obtain the expression of genes of interest in individual samples
in order to validate RNA-Seq results. RT-gPCR is a molecular technique that uses the
DNA-based technique of polymerase chain reaction (PCR) to amplify complementary
DNA (cDNA) created from the mRNA transcripts in the samples. In this workflow, cDNA
is synthesised from the mRNA templates through a first-strand synthesis reaction with
reverse transcriptase enzyme, therefore the cDNA becomes a proxy for mRNA
amplification. We are interested in mRNA as gene expression levels will directly impact
the expression of proteins that might respond under cobalt poisoning. To assess the
gene expression, we employed quantitative PCR (qPCR), a technique that
incorporates a fluorescent reporter through the thermal cycling that allows us to track
the fluorescence levels during the amplification process making possible to quantify

gene expression.

All RT-gPCR experiments were performed in accordance with the minimum
information for publication of quantitative real-time PCR experiments (MIQE)
guidelines. The MIQE guidelines specify a list with 85 items that should be provided
when publishing, with the aim of increasing reproducibility and evaluating the validity
of published quantitative PCR assays (Bustin et al., 2009; Taylor et al., 2010). It
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accounts for topics such as research design, sample procurement, storage, RNA
extraction, quality control, reverse transcription protocol details, primer design,
selection of reference genes and validation of RT-gPCR results. The guidelines
indicate essential or desirable technical information that should be included with the
submission of manuscripts to journals in order to improve the quality of publications.
We have worked accordingly with the MIQE guidelines and followed the
recommendations. The checklist for RT-gPCR assays performed with samples from

our in vivo experiments is fully displayed in Appendix C.

3.8.1. cDNA synthesis

In order to obtain cDNA from our RNA samples we used the Tetro cDNA Synthesis Kit
(Bioline, UK) for the in vivo time-response experiment. Following the pack instructions,
RT+ and RT- solutions for each sample were made with 4ul 5x RT buffer, 1ul of a mix
of primer Oligo(dT)+s, 1ul of 10mM deoxynucleoside triphosphates (ANTPs) for cDNA
synthesis material and 1ul of RNAse inhibitor protein (10u/ul). RT- samples are
established ‘no reverse transcriptase’ controls generated to detect genomic DNA
(gDNA) contamination of the isolated RNA that could lead to overestimation of mMRNA
expression. Therefore, 1ul reverse transcriptase (200u/ul) was added only to the RT+
tubes, and the same volume was substituted by DEPC water in the RT- solutions. In
the tube for each sample, 1ug RNA concentration in DEPC water was added, as well
as RT- or RT+ solutions to a final volume of 20ul. A thermal cycler (Model 480, Perkin
Elmer, UK) was set to 45°C for 30 minutes to catalyse the reverse transcription reaction
in the sample tubes, and to 85°C for 5 minutes to inactivate the RT enzyme. After
cooling down the samples, they were diluted with x1 RT buffer and vortexed to obtain
100uL total volume. The cDNA samples were stored at -20°C until further use for RT-
gPCR reactions.

For ease of use and supplier issues, the LunaScript RT SuperMix Kit (New England
Biolabs, UK) was utilised to generate cDNA for the dose-response experiment samples
instead of the Tetro cDNA Synthesis Kit. The RT SuperMix and the No-RT control mix
already contain dNTPs, RNase inhibitor, and a combination of Oligo (dT) and random
hexamer primers to improve annealing. The RT SuperMix additionally includes reverse
transcriptase. The reagent concentrations are not provided by the company. To each
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RT+ or RT- reaction, 4uL of RT SuperMix and the No-RT control mix were respectively
added, in addition to enough volume of each sample to attain 1ug RNA, and RNAse-
free water to make up 20uL in each tube. The cycler was pre-heated at 25°C, and
primers were allowed to anneal for 2 minutes at this temperature, continuing at 55°C
for cDNA synthesis during 10 minutes, and the final RT inactivation at 95°C for 1

minute.

3.8.2. Gene primer design

The primer sequences were designed to span an intron or exon-exon junction through
the NCBI Primer-BLAST tool (https://blast.ncbi.nim.nih.gov/Blast.cqi) to selectively
amplify cDNA and not contaminant genomic DNA (gDNA) which may give a false

positive signal. The primer design criteria followed is in displayed in Table 1.

Table 1: Criteria for the design of the primers selected through NCBI Primer-

BLAST tool. Bp refers to base pairs.

Primer design condition Design criteria
PCR primer size (bp) 130-150
Primer melting temperature (Tm) 59-61°C

Max. melting temperature difference | <1°C

between forward and reverse primer

Stability at 3' primer end Max. 3 Gs or Cs bases in the last 5bp

Long runs of repeated bases Max. 4 contiguous repeated bases

Conditions for genomic DNA exclusion Exon junction span (forward primer or
reverse primer) or intron inclusion

GC content (%) 40-60%

Specificity Specific to targets, only predicted

transcript variants of targets allowed

when no option.
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Oligos were synthesised and purchased from Integrated DNA Technologies (IDT,
Belgium). The genes with their accession number and primer sequence, amplicon
length and melting temperature are presented in the tables below (Table 2, Table 3
and Table 4). Table 2 shows the primers selected for the time-dose response
experiment, while Table 3 and Table 4 refer to the designs for the dose-response
experiment, Table 3 presents the primers selected for the pref. cortex and Table 4 for

hippocampus respectively.

Table 2: Primer sequences of prefrontal cortex and cerebellum-targeted genes

designed for the in vivo time-response experiment. Gene symbol, accession

number, amplicon length and calculated primer melting temperature (Tm) are supplied
as obtained from NCBI Primer-BLAST.

Pref. Cortex and Cerebellum primers — Cobalt time-response experiment primers

Gene Accession no. Primer sequence (5'-3") Length | Tm
(bp)
Nos1 NM_052799.1 F | TGACCCAAGGTCTTTCCAATGT 131 59.82
R | CTGATTCCCGTTGGTGTGGA 59.96
Car2 NM_019291.1 F | GCTGCAGAGCTTCACTTGGT 149 60.89
R | TGCAGTGCTTCAGTGATTTTCTG 60.00
Car4 NM_019174.3 F | ATGCAGCTCCTTCTTGCTCT 133 59.38
R | AGTCTCCAGTCCATTGTTCAGG 59.70
Car5b | NM_001005551.2 | F | GTTTTGAGGATGCAGCACTGG 132 60.07
R | CCAGGGTATCCTTGTGCTTAATTG 59.66
Pde2a | NM_031079.2 F | GACACGCAAGTGCTGGTCATA 135 60.94
R | CACCAGAGCATGCTTCTCCA 60.04
Pde5a | NM_133584.1 F | TGGAGCCCGCTGATCTAATG 132 59.61
R | GCAGGGGCAAACAGTCTTCT 60.54
Pde8b | NM_199268.1 F | AAGCCGTGTGCAGGTCAAT 134 60.23
R | TCTCCGGTTAAAGCCTGCAT 59.38
Prkg1 NM_001105731.3 | F | CACCTTTCTCAGGCCCAGAT 137 59.38
(Pkg) R | TTCTGATGGGTTGTCCCTGC 59.96
Prkar2b | NM_001030020.1 | F | ACCCCCAGTAAGGGTGTCAA 144 60.40
(Pka) R | TTCTGCACATACCGAGGCAC 60.39
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Table 3: Primer sequences of prefrontal cortex-targeted genes designed for the
in vivo dose-response experiment. Gene symbol, accession number, amplicon
length and calculated primer melting temperature (Tm) are supplied as obtained from
NCBI Primer-BLAST.

Pref. Cortex - Cobalt dose response in vivo experiment primers

Gene Accession no. Primer sequence (5'-3") Length | Tm
(bp)

Ttr NM_012681.2 | F | GGCTCACCACAGATGAGAAGT | 149 59.72
R | GGTGTAGTGGCGATGACCAG 60.46

Tnf NM_012675.3 | F | ACGTCGTAGCAAACCACCAA 132 60.18
R | AGATAAGGTACAGCCCATCTGC 59.63

Akap14 | NM_021703.1 | F | TCAGTTTGTGGAAGAAGCCAGA | 141 59.83
R | GCATAGTACACCCAGCGGTT 60.11

Spata18 | NM_199374.2 | F | CCCAGGTTCAAGACGATCTGAC | 139 60.68
R | TCCTCCTGGGCTTGAAGAGAT 60.27

Table 4: Primer sequences of Hippocampus-targeted genes designed for the in
vivo dose-response experiment. Gene symbol, accession number, amplicon length
and calculated primer melting temperature (Tm) are supplied as obtained from NCBI
Primer-BLAST.

Hippocampus - Cobalt dose response in vivo experiment primers

Gene | Accession no. Primer sequence (5'-3") Length | Tm
(bp)

Ki NM_031336.1 F | TCCCTGTGACTTTGCTTGGG 141 60.18
R | TTGGCTACAACCCCGTCTAC 59.39

Cxcl13 | NM_001017496.1 | F | TGTAGGTGTTCCAAGGTGAGC | 150 59.93
R | TCTGGCAGTAGGATTCACACAT 59.16

Sry NM_012772.1 F | TCATCGAAGGGTTAAAGTGCCA | 133 59.96
R | AGCTCTAGCCCAGTCCTGTC 60.69

Trov5 | NM_053787.2 F | ACGAACTCTGGAGAGCACAG 138 59.40
R | GGTGTTCAACCCGTAAGAACC 59.12
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3.8.3. Performing PCR

PCR experiments were performed with triplicate RT+ per sample, one no-reverse
transcriptase control (RT-) per sample and one no-template control (NTC) per gene
and with the corresponding reference gene controls. The SYBR green detection
method was used for the detection of amplification with the kit PowerUp™ SYBR™
Green Master Mix (Applied Biosystems, Thermo Fisher Scientific, UK). This kit already
contains an optimised mix of Taqg DNA polymerase, SYBR™ Green Dye, dNTPs,
Uracil-DNA Glycosylase (UDG) to remove carryover PCR amplicon contaminants, and
ROX™ passive dye as a reference to normalise the SYBR Green fluorescent signal,
in addition to optimised buffers. To avoid PCR contamination, we used RNase-free
aerosol-resistant tips throughout all the process.

The forward and reverse primers (10pM/uL) and molecular grade water were mixed
with Master Mix (2X). Samples consisting of 1uL cDNA were pipetted in MicroAmp
Fast Optical 96-well reaction Plates (Applied Biosystems, UK) and the previous mix
was added up to a final volume of 20uL per well. The plate was covered with MicroAmp
Optical Adhesive Film Kit (Applied Biosystems, UK) to avoid contamination and
evaporation during the PCR process. After a short centrifugation, the plate was
introduced in the StepOnePlus Real-Time PCR system (Applied Biosystems, UK). The
specific thermal cycling parameters were set according to the optimised PowerUp™
SYBR™ Green Master Mix for Fast cycling mode in the StepOnePlus Real-Time PCR
system (Table 5). The initial holding steps shown in the Table 5 allow for the activation
of UDG and Taq polymerase. This is followed by the cyclical denaturation and
annealing of cDNA. During denaturation the RNA-cDNA hybrid separates in the first
cycle, once cDNA is in the form of single strands the temperature drops allowing for
the annealing of the primers of interest to their complementary sequences in the single
cDNA strands, and then the polymerase proceeds to extend the sequences. The cDNA
region from our gene of interest that is located between the primers is therefore
duplicated over the cycle and SYBR™ Green can bind to the double stranded DNA
giving a fluorescent signal. This cycling process is repeated 40 times. At the end of the
cycling process, a melt curve was produced and inspected for the occurrence of primer
dimers and possible contamination of reagents or genomic DNA.
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Table 5: Fast PCR thermal cycling steps based on PowerUp™ SYBR™ Green
Master Mix instructions for StepOnePlus Real-Time PCR system.

‘ Step ‘ T (°C) Duration ‘ Cycles
Holding stage | UDG activation 50 2 minutes Hold
Dual-Lock DNA polymerase 95 2 minutes Hold
Cycling stage | Denature 95 3 seconds
Anneal/extend (data 60 30 seconds 40
collection)
Melting curve | Denature 95 15 seconds
Anneal/extend 60 1 minute 1
Denature (data collection) 95 15 seconds

3.8.4. Relative gene expression calculations

The method used to calculate the fold-change is the comparative Ct method
(Schmittgen and Livak, 2008), C+ (or Ct) being the threshold cycle detected over the
40 run cycles. The threshold cycles of target genes are normalised to the Cts of the
chosen reference gene from Table 6, which is used as an internal control. The following
formula shows how the relative mRNA expression change between treatment and

control samples has been calculated:
Fold change= 2-AACT

Where AACt =

[(Ct gene of interest — Ct internal reference gene) treatment sample

— (Cr gene of interest — Cr internal reference gene) control sample]

For gene normalization, we studied the expression of typical brain reference genes
Ywhaz, Tbp, and Pes1. Primer sequences are shown in Table 6. After quantification

the RefFinder web-based tool: https://www.heartcure.com.au/reffinder/ (Xie et al.,

2012) was used to define the most stable reference gene for each tissue. Full results

of RefFinder analyses for each tissue are shown in Appendix B.
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Table 6: Primer sequences of control genes, with gene symbol, accession
number, amplicon length and calculated primer melting temperature (Tm) as
supplied by NCBI Primer-BLAST.

Primers of Control genes for both dose and time-response in vivo experiments

Gene | Accession no. Primer sequence (5'-3") Length | Tm
(bp)

Ywhaz | NM_013011.3 F | GAGTCGTACAAAGACAGCACG | 131 59.29
R | AAAGGTTGGAAGGCCGGTTA 59.52

Tbp NM_001004198.1 | F | ACTTCGTGCCAGAAATGCTGA | 140 60.54
R | TGGATTGTTCTTCACTCTTGGCT 60.18

Pes1 | NM_001044228.1 | F | GTACAAGGTGTTTGTCCGGAAG | 148 59.45
R | GTCACGCAACGCATCGATAA 59.36

3.9. Protein immunoblotting
3.9.1. Lowry assay for determination of protein content

Immediately after dissecting tissue destined for blotting, 200mg tissue samples were
homogenised with 1mL sodium phosphate buffer (NasPOa4; 0. 1 M Sodium Phosphate
buffer pH 7. 6), or 5 proportional volumes of sodium phosphate buffer if less tissue is
available with a T8 Ultra Turrax hand-held homogeniser (IKA, UK). In order to quantify
protein concentration in the homogenised samples, the Lowry protocol was used
(Lowry et al., 1951). Bovine Serum Albumin (BSA) was utilised as standard. Aliquots
of homogenised brain samples were diluted 1:10 in sodium phosphate buffer and
briefly vortexed. From that 50uL were taken and mixed with 950ul of 0.5M NaOH.
Solution A was made of 2% (w/v) NaCOs, 1% (v/w) CuSO4 and 2% NaK (w/v) Tartrate
following a 98:1:1 ratio. For the solution B, Folin was diluted at 1:4 with dH20. Reagents
for solutions A and B were all purchased from Sigma-Aldrich. In each tube, 5 mL of
solution A were added to each tube and well mixed with the sample protein solutions.
After 10 minutes, 0.5mL solution B was mixed in the tubes. Thirty minutes later, the
resulting solutions were measured at a wavelength of 725nm against a water blank in
the UV-2401PC spectrophotometer (Shimadzu, UK).
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3.9.2. Protein sample preparation

Homogenised tissue samples were prepared at a final protein concentration of 1mg/mL
in 2x Laemmli buffer (Sigma-Aldrich, UK) following the results from the Lowry assay.
A 1:10 dilution with sodium phosphate buffer was carried out first and the solution was
aliquoted into Eppendorf safe-lock tubes. The amount of 2X Laemmli buffer needed to
attain 1mg/mL per tube was added and mixed with the diluted sample solution.

Samples were then boiled for three minutes and later frozen at -20°C for preservation.

3.9.3. SDS- Polyacrylamide Gel Electrophoresis (PAGE)

To create gel stacks, short and long glass plates were clipped and assembled on the
casting chamber from the Mini Protean Tetra Cell (Bio-Rad, UK). After checking for
leaks, 12.5% (acrylamide) resolving gel and stacking gel were made. The proportions
of 40% acrylamide, 1.5% APS, and TEMED needed are presented in Table 7 (all
Sigma-Aldrich, UK). The resolving buffer was poured, in addition to some water on top
of the gel to avoid drying. After 15 minutes, water was dried with filter paper and the
newly made stacking gel was poured on top. The combs were inserted into the stacking

gels to create the lanes.

The plate-gel sandwiches were taken from the chamber and securely positioned into
the electrode from the Mini Protean System. The chambers were filled with 1X
Tris/Glycine/SDS Buffer (Sigma-Aldrich, UK). Then, the combs were removed from the
stacking gel and the remaining wells were loaded with 10pug Laemmli sample per well
with gel-loading tips (Thermo Fisher Scientific, UK). One of the wells was reserved to
the Novex Sharp pre-stained marker standard (Thermo Fisher Scientific, UK). The
electrode cores were filled with running buffer and placed inside the Mini Protean Tetra
buffer tank. Similarly, the space between the cores and the tank borders was filled with
running buffer up to the manufacturers’ indicated levels. The cabled lid was placed on
the tank and the voltage was set at 150V with the highest current (initially 400mA). The

gels were run for an hour and 10 minutes.
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Table 7: Resolving and stacking gel volumes for SDS-PAGE.

Solutions Resolving Gel | Stacking gel
(12.5%)

Stacking gel buffer (0.5M Tris (pH 6.8)) - 2.5ml

Resolving gel buffer (1.5m Tris buffer pH | 5.625ml -

8.8)

Acrylamide (40%) 7.03ml 1ml

1.5% Ammonium persulfate (APS) 1.125ml 0.5ml

Distilled water 8.72ml oml

TEMED* 17.5pl 10pl

3.9.4. Western blotting

Gels were lifted from the glass plates at the end of the run and positioned appropriately
in between the Trans-Blot Turbo Mini 0.2 ym PVDF Transfer Packs from Bio-Rad (UK),
the membrane of which has a pore size more convenient for transfer of lower molecular
weight protein. The sandwich was placed on top of the cassette from the Trans-Blot
Turbo Transfer System (Bio-Rad, UK) and the transfer of proteins was carried out
through the Mixed MW (Turbo) program (7 minutes up to 25V).

The membrane was removed and soaked in blocking buffer made with 5% BSA
(Sigma-Aldrich and Fisher Scientific, UK) in TBST (20 mM Tris, 150 mM NaCl and 0.1%
(w/v) Tween-20 (pH 7.5); all Sigma-Aldrich, UK) for 2 hours at room temperature. Then
it was washed for 5 minutes in TBST. The primary antibody (Table 8) was diluted in
0.5% BSA in TBST. The membrane was left submerged in the antibody dilution
overnight at 4°C. The next morning it was washed with TBST 3 times for 5 minutes and
finally placed in the orbital shaker covered with diluted HRP-conjugated goat anti-
rabbit secondary antibody (Table 8) for 90 minutes at room temperature. The antibody
was collected and the membrane washed 3 times in TBST. In the dark room, washing
buffer was discarded and Enhanced chemiluminescent (ECL) reagents were added
(all Sigma-Aldrich, UK) to the membrane in the same proportions and mixed for 2
minutes to detect immunoreactivity. The membrane was transferred to the
autoradiography cassette (Fujifilm), covered with cling film and the X-ray film on top

(Santa Cruz Biotechnology, Inc., UK) leaving it enough time for signal detection.
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Finally, the films were inserted into the JP-33 X-ray Film Processor for automatic

development (JPI Healthcare, Korea).

Some of the primary antibodies had similar molecular weight to beta-actin (ACTB), the
loading control. In these cases, rather than cutting the membrane and separating the
incubation of target and loading control primary antibodies, the blot membrane was
first incubated with the primary antibody of interest following the same protocol
presented before. Then, the blot membrane was submerged in 15mL stripping solution
(206.5mM Tris-HCI and 87mM SDS in 0.4L of dH2O (pH 6.7), later adding 0.5L dH-20)
with 105uL B-mercaptoethanol. The membrane was placed in the orbital shaker at
60°C during 30 minutes. Then it was washed with TBST four times, and was re-probed

with beta-actin.

Table 8: Antibodies used and their characteristics (biological host, supplying

company, clonality), as well as their dilution and predicted band size (kDa).

Name Hosts | Supplier Clonality Dilution | Expected size
(Cat. #) (KDa)
SPATA18 Rabbit | Abcam Monoclonal | 1/1000 61
(ab180154)
TTR Rabbit | ThermoFisher | Polyclonal | 1/1000 Homotetramer:
(PA5-80196) 14, 30 and 55
AKAP14 Rabbit | Abcam Monoclonal | 1/1000 23
(ab180160)
TNF Rabbit | Bio-Rad Polyclonal | 1/1000 17
(AAR33)
Angiogenin Rabbit | Abcam Polyclonal | 1/1000 17
(ANG) (ab189207)
Actin (ACTB) | Rabbit | Abcam Polyclonal | 1/20000 | 42
(ab227387)
HRP-anti- Goat | Sigma-Aldrich | Polyclonal | 1/5000 -
Rabbit (A6154)
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3.9.5. Western blot band signal analysis

Autoradiography films were scanned at 600 dpi resolution in TIFF format. The band of
interest was identified for each primary antibody based on the source information and
the Novex marker stains. All bands were quantified through the image analysis
software FIJI by densitometry analysis, subtracting background and normalising to

beta-actin.

3.10. Statistics

As described for the in vitro methods (see section 2.9 for details).
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4. AN IN VITRO STUDY INTO COBALT
TOXICITY IN BRAIN CELLS

4.1. Introduction

Cobalt is very soluble in blood and tends to travel systemically reaching organs far
from the originating MoM prosthesis (Bijukumar et al., 2018), such as the brain. Several
studies have looked into its toxic effects on the CNS, however, the information we have
is still scarce with regards to the mechanisms of action. Although in vitro conditions do
not replicate the complexity of the brain, in vitro models of neurotoxicity are a valuable
tool to observe cellular processes and determine the mechanisms of action of toxins
(Barbosa et al., 2015).

The main purpose of the work detailed in this section is to characterise cobalt toxicity
in brain cell lines across a wide range of concentrations and time-points. In particular,
to observe how cobalt affects the viability, proliferation, and morphology of neuronal
cells, as well as to see how much cobalt they are able to assimilate. To better
encompass the complexity of the brain, we inspected the similarities and differences
between two human brain cell lines of different origins, neuroblastoma SH-SY5Y and
astrocytoma U-373, which we used as representatives of neurons and astrocytes
respectively. Neurons are specialised in the transfer of information, while astrocytes
have a supportive and defensive function. As we previously mentioned in the
Introduction, cobalt has been frequently used at high concentrations (>100uM) to
induce hypoxia in vitro (Mufioz-Sanchez and Chanez-Cardenas, 2019), but we lack
information at lower cobalt doses, which perhaps may better correspond with the levels
found in MoM patients. In order to model the release of a high number of cobalt ions
we used cell medium as an in vitro proxy for plasma and neural cell lines to understand
how cobalt may impact cells in the brain directly. Although 1uM equates to 58.93 ug/l
(Co MW = 58.93), which could correspond to a very elevated level of cobalt in blood in
patients with a MoM implant, the composition of plasma and cell medium differs
considerably (Ackermann and Tardito, 2019). It is known that free cobalt ions are not
made available to cells cultured in DMEM until 40uM Co due to the complexation of

cobalt with albumin and histidine in the media (Sabbioni et al., 2014b). Thus, the dose
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range selected covered between 25uM and 500uM to account for situations in which
cobalt ions would be bound to these proteins, as well as free, in addition to also
involving doses known to induce hypoxia and further toxicity (>100uM). The
information we aim to obtain about cell susceptibility and possible cobalt toxicity
mechanisms in the brain could give insights into the modes of action of cobalt toxicity.
In addition, it could provide a future model to explore the susceptibility of other cells to

the harmful effects of cobalt associated with systemic conditions in MoM patients.

The techniques used in this study were presented and described in Chapter 2. In brief,
cells were cultured and treated with cobalt concentrations ranging from 0 to 500uM.
MTT and NR assays were applied to evaluate viability, and BrdU to measure
proliferation. Changes in morphology through cobalt addition were observed by
brightfield and fluorescence microscopy. Inductively coupled plasma mass
spectrometry (ICP-MS) was employed to detect the metal content of the cells. The
results to these tests are presented in the next section and have been published
(Gémez-Arnaiz et al., 2020).
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4.2. Results
4.2.1. Cobalt is toxic at high concentrations in in vitro viability tests

MTT and Neutral Red (NR) viability tests were used to investigate the metabolic
and lysosomal activity of neurons and astrocytes. Fig. 5 shows the viability results
across 24, 48, and 72h time points at different cobalt concentrations, revealing a
decrease in cellular activity in response to cobalt ions across time points. It can be
observed that in vitro cobalt treatment leads to dose- and time- dependent toxicity in
both astrocytes and neurons. Post-hoc tests show that cobalt significantly impairs
viability at high concentrations compared to the control groups (p<0.05). Moreover,
neurons show greater susceptibility to cobalt as they follow a steeper trend towards

cell death than astrocytes.

There is also an increase in viability at the lowest cobalt concentrations, though only
significant in certain cases (Fig. 5a, b, f). Interestingly, the doses at which these
increases appear are inconsistent across time points and between cell lines. It is
possible that this effect is part of a homeostatic reaction to mild cobalt toxicity, however,
we cannot conclude whether it is fully representative of the cobalt response due to its
variable presence across the cobalt concentrations and time points studied.
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Fig. 5: Cell viability determined by the MTT (a-c) and NR (d-f) assays (n=3) in the
astrocytoma U-373 (blue) and the neuroblastoma SH-SY5Y (green) cell lines after
24 (a, d), 48 (b, e), and 72h (c, f) treatment with cobalt at different concentrations.
* significantly different from control groups (OuM cobalt) by one-way ANOVA with
Dunnett's multiple comparison (p<0.05).

As mentioned in the in vitro methods section 2.5 , the Hill function was chosen to model

the dose-response curves and calculate the IC50s. Fig. 6 and Fig. 7 show the fitted
Hill curves and the calculated IC50s. In some cases, it was not possible to calculate
these concentrations as there were no viability values recorded beyond a 50% viability
drop. Table 9 shows the final IC50 values from MTT and NR assays, significantly
different at 72h between SH-SYS5Y and U-373 (p=0.001), which suggests that neurons
are more vulnerable to cobalt than astrocytes.
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Fig. 6: IC50s calculations for MTT (upper panel) and NR (lower panel) assays in U-373 astrocytoma at 24, 48 and 72h. Data
fit was achieved through the Hill function (NaN stands for ‘Not a Number’, and shows in cases where it was not possible to retrieve a
solution for the IC50 calculations).
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Fig. 7: IC50s calculations for MTT (upper panel) and NR (lower panel) assays in SH-SY5Y neuroblastoma at 24, 48 and 72h.
Data fit was achieved through the Hill function.
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IC50s (uM)

MTT | Astrocytoma - - 333.15 + 22.88
(U-373)
Neuroblastoma 301.63 + 3.63 180.18 £ 14.11 100.01 £5.91*
(SH-SY5Y)
NR | Astrocytoma - = =
(U-373)
Neuroblastoma - 95.24 +6.18 145.52+ 7.18
(SH-SY5Y)

Table 9: IC50s of MTT and NR assays calculated as 50% of the control from trend-
line equations at 24h, 48h, and 72h. Results are cobalt concentration values
expressed in yM (mean + SEM, n = 3). * Significant difference between the two cell
lines at that time-point calculated by two sample t-test (p=0.001).

MTT appears to be a more sensitive viability assay than Neutral Red, but the latter
could be more robust. Sample screening under the brightfield microscope during the
MTT and NR assays showed important changes of morphology during MTT tests and
large needle-shaped formazan crystals in SH-SYS5Y cells (Fig. 8) suggesting that MTT
could be especially toxic for this cell type in comparison to astrocytes (Fig. 9). While
Fig. 9 shows that astrocytes maintain their structure throughout the assay, neurons
have lost their elongated morphology and become rounded. MTT has been reported
to produce this effect specifically in SH-SY5Y neurons (LU et al., 2012). The NR assay
does not interfere with morphology in any case. Therefore, viability comparisons
between SH-SY5Y neurons and U-373 astrocytes will be made carefully.
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Fig. 8: Brightfield of control SH-SY5Y neuroblastoma cells after 24h plating
under MTT and NR treatments.
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Fig. 9: Brightfield of control U-373 astrocytoma cells after 24h plating under MTT

and NR treatments.
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4.2.2. Proliferative activity is affected prior to MTT and NR viability

Cell proliferation under cobalt exposure was measured by BrdU incorporation into the
cells after 72 hours treatment with cobalt. As seen in Fig. 10, cobalt significantly
reduced the proportion of proliferating cells compared to the controls from 50uM for
the neuroblastoma cells (p=0.012) and from 200uM for the astrocytoma (p=0.005). The
IC50s resulting from BrdU incorporation were also significantly different (p=0.004):
88.86+19.03uM and 212.89+9.84uM for the neuroblastoma and astrocytoma,

respectively (see Fig. 11 for IC50s curve fitting).

As for the viability results, a slight increase in proliferation (not significant) can be
observed for astrocytes at 25uM, and not for neurons. Incidentally, this could have
been related to the viability increase previously mentioned. Therefore, we searched to
evaluate the effect of cobalt at lower concentrations to see whether the increase in

metabolism could be due to an increase in proliferation.

Fig. 12 shows the changes in proliferation at low cobalt doses after 72h treatment in
SH-SY5Y. We could not establish an increase of proliferation at low concentrations
after long term treatment with cobalt. Nevertheless, more in depth experiments at all
time points would be needed to determine the frequency and the underlying cause of

the increase in metabolism and its real relevance for humans.
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Fig. 10: Cell proliferation measured by BrdU at 72h time-point. Values are
represented as percentage of the control (100%), which corresponds to
untreated cells (OpM). Data are presented as mean + SEM of n = 3 samples.
*Significantly different from the control group for SH-SY5Y neuroblastoma (p=0.012)
and for U-373 astrocytoma (p=0.005) by one-way ANOVA with Dunnett's multiple

comparison.
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Fig. 11: IC50s calculations for BrdU proliferation assay in both U-373 astrocytoma (left) and SH-SY5Y neuroblastoma
(right) at 72 hours. Fit to data was achieved through the Hill function.
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Fig. 12: BrdU proliferation of SH-SY5Y neuroblastoma cells at 72h after treatment
with low cobalt doses (0-25uM). Percentage values are calculated with respect to
the control (OuM) as mean £ SEM (n = 3).
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4.2.3. Cobalt induces vacuolisation of cytoplasm and cell death

Samples exposed to 250uM CoCl, after 48 hours were imaged under the
epifluorescence microscope to observe live and dead cells with CFDA and PI
fluorescent dyes, respectively. Cobalt elicits morphological changes, mainly
intracytoplasmic vacuoles and cell membrane fragmentation (blebbing), in addition to
progressive cell shrinking (Fig. 13). There is a noticeable decrease in cell density at
this concentration, especially in neuroblastoma cells. SH-SY5Y inherently tended to
grow in cell clumps as shown in Fig. 13b.

The cell washes necessary for the procedure appear to wash away most dead cells,
which explain why Pl stained cells rarely appear. However, brightfield images at 24h
reveal massive blebbing in neuroblastoma cell groups after treatment with 250 and
500uM cobalt (Fig. 14d, f), which are indicative of cell death. Vacuoles can also be
observed (Fig. 14e).
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Astrocytes (U-373) Neurons (SH-SY5Y)

Control (OuM)

250uM CoClz

500uM CoClz

Fig. 13: Fluorescence microscopy micrographs of the U-373 (left) and the SH-
SY5Y (right) cell lines after 48h exposure to OuM (upper panels), 250uM (middle
panels) and 500uM (lower panels) cobalt. Results of dead/live staining (live cells,
green and dead cells, red). Lower cell density is observed after exposure, with the
presence of membrane fragmentation (red arrow), vacuolization of the cytosol (white

arrows), and cell death (yellow arrows). Scale bars represent 100um.
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Fig. 14: Brightfield images at 24h exposure to cobalt of U-373 astrocytoma (a, c,
e) and SH-SY5Y neuroblastoma (b, d, f) with cobalt concentrations of OuM (a, b),
250uM (b, c) and 500uM (d, e). There is vacuolisation of some cells (white arrows)

and SH-SY5Y show extensive cell blebbing (black arrows).
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4.2.4. Cobalt uptake is dose-dependent

ICP-MS analysis after 24, 48, and 72-hours exposure to cobalt reveals accumulation
of cobalt in both neurons and astrocytes (Fig. 15). Metal uptake is dose-dependent
and it appears that at higher cobalt concentrations astrocytes are more capable of
metal uptake than neurons. From the results we have collected, it cannot be concluded
that astrocytes have an inherently higher capacity for assimilating cobalt than neurons.
Neurons, being more sensitive to cobalt, undergo cell death more intensively and
therefore the neuronal culture could lose uptake ability. Thus, the astrocytes innate

resistance to toxicants such as cobalt could confer them with higher uptake capability.

The uptake of cobalt is significant in neurons and astrocytes after 100uM compared to
controls (p<0.05), however, cobalt content is inconsistent across time points, most
likely due to cell viability interference in the two cell lines. This deviant decrease in Co
cellular incorporation across time points is especially noticeable in SH-SY5Y
neuroblastoma cells, although the decremental change can also be observed between
the 48 and the 72 hour time points in astrocytes.
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Fig. 15: Cobalt ion uptake (ug/l) into U-373 MG human astrocytoma and SH-SY5Y
neuroblastoma cell lines at 24, 48 and 72 h exposed to OpM, 25uM, 50puM, 100uM,
and 200uM CoCl2. ICP-MS was used to measure cobalt content. Results correspond
to the mean + SEM, with n = 3 samples. * significantly different from that of a control

group by one-way ANOVA with Dunnett's multiple comparison post-tests (p<0.05).
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4.3. Discussion

Our aim through these experiments was to investigate and identify toxic cobalt
concentrations in vitro, as well as to understand the mechanisms of cobalt toxicity in
the brain by exposing neuroblastoma and astrocytoma cell lines to different cobalt
doses. Changes in viability, proliferative activity, morphology, and uptake under cobalt
exposure will be discussed in this section to evaluate cellular susceptibility to cobalt.

4.3.1. ROS and Hypoxia: partners in crime in cobalt toxicity

Reports on systemic cobalt toxicity caused by MoM implants are relatively recent,
however, many in vitro studies have previously published the effects of cobalt to cause
hypoxia in cells (J.-H. Lee et al., 2013; Mufoz-Sanchez and Chanez-Cardenas, 2019).
Cobalt induces chemical hypoxia through stabilising hypoxia-inducible factor a
(HIF-1a) in a concentration and extent of exposure dependent manner (Muhoz-
Sanchez and Chanez-Cardenas, 2019). Our results show a dose- and time- dependent
loss of viability in both neurons and astrocytes (Fig. 5 and Table 9), which is consistent
with other toxicological studies on cobalt (Chimeh et al., 2018; Fung et al., 2016;
Kikuchi et al., 2018). In mice, cobalt induced HIF-1a. gene and protein expression in
the cerebral cortex of mouse at different high CoCl2 oral dosing concentrations (10-50
mg/kg BW) for 15 days (Rani and Prasad, 2014). Antioxidant proteins superoxide
dismutase and catalase were significantly reduced indicating ROS involvement.
However, the protein expression of hypoxia diminished after 50 mg/kg BW.
Unfortunately, this study did not report external changes on the health of the animals
or directly evaluated the effect of cobalt in tissues, therefore, the reduction on hypoxia

at high concentrations remains unexplained.

Nonetheless, not only hypoxia, but also other factors such as the generation of reactive
oxygen species (ROS) contribute significantly to induction of cell death following cobalt
treatment at high concentrations (Chimeh et al., 2018; Li et al., 2015). A colleague
tentatively studied the correlation between ROS and cobalt in the neuroblastoma and
astrocytoma cell lines through the use of the oxidative stress indicator, Carboxy-
H2DCFDA (unpublished PhD thesis, I. M. Alanazi, 2019, University of Strathclyde).
Cobalt concentration was above 200uM at 24h for ROS to be significant. This goes in

line with other work in primary astrocytes (Karovic et al., 2007), in which application of
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different antioxidants did not rescue the ATP loss induced by cobalt. There is a general
agreement in the literature about the contribution of ROS to cobalt toxicity, however,
its role in the initiation of cell death is still ambiguous. According to a number of studies,
the cytotoxic effects of either hypoxia or cobalt addition seem to begin around 200-
300uM depending on the distinct sensitivity of different cell types to cobalt (Muhoz-
Sanchez and Chanez-Cardenas, 2019). In our study, SH-SY5Y neuroblastoma cells
appear to be more vulnerable to cobalt than U-373 astrocytoma cells in the viability
assays (Table 9) and under cell microscopic observation (Fig. 13 and Fig. 14), but the
observed IC50s in both cell types approximate the known range of toxic concentrations
previously mentioned: 200-300uM. Cobalt has been reported to mimic hypoxia by the
inhibition of prolyl-hydroxylases (Mufioz-Sanchez and Chéanez-Cardenas, 2019),
however, in the case of cobalt, hypoxia can also be concomitantly enhanced through
the action of ROS by a mitochondrial independent mechanism (Chandel et al., 1998).
Therefore, the double activation of ROS and stabilisation of HIF-1a could be closely
interconnected in cobalt cytotoxicity.

4.3.2. Cobalt alters metabolism. Implications for a demanding brain

Early mitochondrial damage in cobalt toxicity has also been reported in vitro and is
among the first reports of cobalt toxicity (Alexander, 1972). Recent research on
neurons exposed to cobalt revealed disruption of mitochondrial fusion and fission
dynamics (Chimeh et al., 2018), as well as a significant dose-dependent decrease in
the number of motile mitochondria in axons together with fragmentation and
destruction of mitochondrial inner membrane and cristae (Kikuchi et al., 2018).
Although the MTT assay has been commonly used as a tool for measuring
mitochondria metabolic activity, new studies have refuted the notion of the
mitochondrial reduction of MTT. It is now understood that the endoplasmic reticulum
and cytoplasm are the sites that produce the formazan product. Indeed, glycolytic
enzymes such as NADH or NADPH in these cellular locations are responsible for MTT
reduction (Stockert et al., 2018). Taken together, the MTT assay could act as an overall
measurement of cell metabolism, particularly of glycolysis, appearing to be more
sensitive to cobalt toxicity than the NR assay, an estimate of lysosomal integrity

(Repetto et al., 2008) (Table 9). However, MTT might not be able to pick up early
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mitochondrial damage due to the reasons previously explained and therefore cobalt
toxic effects could possibly start at lower concentrations in a subtle manner.

In contrast, cobalt effects at lower concentrations appear to mildly increase viability in
MTT and NR results (Fig. 5a, b, f). This viability boost as part of a biphasic response
has been observed before in a study where primary astrocytes were both cobalt treated
and deprived of oxygen, thus the authors attributed the cobalt outcome to a reactive
response to mild hypoxia (Fang et al., 2008). However, given that MTT is a measure
of glycolytic metabolism, this effect might reflect an increase in aerobic glycolysis
rather than increased cell populations. Indeed, we should be careful with the
interpretation of these results as cancer cells preferentially employ this type of energy
production, aka the Warburg effect (Liberti and Locasale, 2016), which refers to the
generation of ATP in the cytoplasm through glycolysis resulting in lactate in the
presence of oxygen, rather than utilising mitochondrial respiration. Aerobic glycolysis
occurs naturally when ATP is required rapidly and energy requirements exceed oxygen
reserves as happens during exercise. Our cells were cultured in conditions of abundant
media and with adequate levels of oxygen, therefore this increase in glycolysis might
reflect a homeostatic reaction to either the induction of hypoxia by cobalt or a failure in
cellular respiration involving the citric acid cycle or oxidative phosphorylation.
Macrophages exposed to cobalt at similar concentrations as in our studies switched
from cellular respiration to lactate-producing glycolysis, and this process was thought
to be mediated by HIF-1a (Salloum et al., 2021). In our experiments this increase in

glycolysis precedes the reduction of cell viability.

Cobalt at low concentrations has also been used as a pre-treatment to protect neurons
and astrocytes against further ischemic insults, in an adaptive process thought to be
mediated by erythropoietin (EPO) (Jones et al., 2013). Fairly recently, cobalt doping
has been suspected in athletes and illicitly used in equine sport to stimulate
erythropoiesis, but evidence is lacking to support its use (Mobasheri and Proudman,
2015). It is unknown whether the activation of aerobic glycolysis is enhanced under
these circumstances. However, fifty years ago several cases of lactic acidosis were
seen in Quebec Beer Drinkers (Alexander, 1972), where tissue microscopy showed
damaged mitochondria indicative of a possible link between injured mitochondria and
increased rates of lactate production. This pathology was thought to be produced by
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cobalt, which had been added to the beer as a foam stabiliser. Nevertheless, these
patients drank high quantities of alcohol, which can lead to other metabolic problems
such as thiamine deficiency (Berg et al., 2015). The possibility that cobalt could
exacerbate problems of alcohol drinkers who could be metabolically challenged
already was discussed at the time (Alexander, 1972). In any case, the concentration
or exposure threshold between hormetic and deleterious responses has yet to be
determined and, as it can be observed, the increase in MTT metabolisms is
inconsistent across time points. Any energy-generating process occurs within each cell
and therefore a heterogenous cellular response is expected. Transient metabolic
variations might not be detected in a set time-point by an averaging assay e.g. MTT,
NR or BrdU, which are used to detect overall population changes and drastic estimates
such as IC50s. Live cell imaging techniques with GFP reporters or other protein tags
able to resolve time dynamics at the single cell level could be useful to determine the
early effects of cobalt in metabolism (Reyes and Lahav, 2018). There is also a long-
standing debate in Toxicology regarding the frequency and meaning of hormetic
events, and whether they are a relevant part of the toxic profile of a substance
(Mushak, 2013). New targeted studies in this area might settle the controversy
regarding hormesis, however it is important to consider that the underlying motives for

adaptive homeostatic mechanisms might not necessarily be beneficial or long-lasting.

Brain energy requirements are said to be around 20% of total body glucose reserves
(Magistretti and Allaman, 2015). The interference of cobalt with energy metabolism is
therefore expected to have a relevant impact on brain function. Symptoms like fatigue
and anorexia have been reported through cobalt poisoning (Mao et al., 2011)
(Kesteloot et al., 1968; Zywiel et al., 2013). Cerebrospinal fluid (CSF) collected from
three individuals with cobalt-related neurological symptoms had cobalt levels of 2.2
(Tower, 2010), 3.2 (Steens et al., 2006), and 4.4ug/l (Rizzetti et al., 2009), which are
more than 20 - 40 times higher than reference CSF levels for cobalt (Gerhardsson et
al., 2008), thus indicating that cobalt had most likely passed through the blood-CSF
barrier. Consequently, cell populations in close proximity with the CSF could be at risk
of cobalt toxicity. The optic nerve, whose atrophy has been reported in cobalt poisoning
(Limetal., 2015), is also surrounded and permeated by the CSF (Mathieu et al., 2017),
and as a matter of fact, cobalt was found in the vitreous and aqueous eye humor of
rabbits dosed with high concentrations of cobalt (Apostoli et al., 2013).
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Moreover, tanycytes, a special glial cell in direct contact with both the CSF and blood
vessels, transfers metabolic signals such as glucose levels from the CSF to the
hypothalamic neurons. These hypothalamic cells have been seen to directly influence
appetite and body weight (Langlet, 2014), and are able to self-renew after damage.
Could cobalt interfere with body energy balance by hindering tanycyte metabolism? It
is possible that tanycytes glucosensing function could predispose them to toxicity due
to higher exposure to chemicals. Indeed, anorexia was thought to have triggered some
of the symptoms in Quebec beer drinkers (Kesteloot et al., 1968). If cobalt already
interferes with metabolism, limiting glucose pools through anorexia could have
accelerated some of the symptoms. Similarly, brain circumventricular organs have
fenestrated capillaries that allow for sensing of blood or CSF molecules. These
capillaries are surrounded by subsequent layers of astrocytic feet and neuronal
dendrites with the neuronal somas at a farther distance (Morita et al., 2016). Border
cells such as the glia limitans allow the passage of CSF solutes through the astrocytic
feet forming the CNS-barriers around the meninges and blood vessels, therefore cobalt
could, in principle, cross these barriers and reach neurons in the parenchyma
(Engelhardt et al., 2017).

Astrocytes not only act as a barrier with blood and CSF through their astrocytic feet,
they also play an active role in metabolism through both the neurovascular and the
astrocyte-neuron metabolic coupling. The process of neurovascular coupling involves
the release of chemicals by the wrapping astrocytes to alter the tone of the capillaries
and increase blood flow to support increased neural activity. It is also known that
astrocytes, through their own glycolysis, are able to fuel neurons with lactate, a process
known as astrocyte-neuron metabolic coupling. In addition, only glial cells are able to
transfer glucose to glycogen stores for later mobilisation in glycolysis when neuronal
activity increases metabolic requirements. The importance of the astrocyte-neuron
metabolic coupling has been debated as neurons are also able to use glycolysis to
support activity (Diaz-Garcia et al., 2017), which has been confirmed by the high
turnover of glycolytic proteins in neurons (Ddérrbaum et al., 2018). Regardless,
astrocyte metabolism is important for brain functioning and cobalt interference with
energy metabolism could lead to serious impairment of neurological functions.

Consequently, the relevance of energy metabolism in brain functional cells could make
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them susceptible to cobalt toxicity. Indeed, energy metabolism and apoptosis are
intrinsically associated through the glucokinase protein, and therefore, a metabolic

failure could lead to cell death (Danial et al., 2003; Jensen et al., 2006).

4.3.3. Cobalt-induced DNA damage

Nevertheless, cell proliferation, as measured by BrdU, appears to be affected before
MTT reduction at 72h suggesting that other toxic mechanisms such as DNA or
mitochondrial damage could be involved earlier on in cobalt toxicity. The genotoxic
effect of cobalt has been extensively investigated, and although in principle it does not
generate mutations, there is a general agreement that cobalt induces
micronuclei, chromosomal aberrations, and DNA-damage in vitro, although these
results have not been observed in vivo (Kirkland et al., 2015). In addition, cobalt
accumulation in osteoblast (Shah et al., 2015), keratinocytes (Ortega et al., 2009), and
lung epithelial cells (Bresson et al., 2013) occurs mainly in the nucleus, also presenting
a homogeneous distribution within the cytosol with exception of the perinuclear area.
Ortega et al. compared cobalt content in keratinocytes and found perinuclear cobalt-
rich areas in half of the cells, with their cobalt content almost doubling that of the
nucleus (Ortega et al., 2009). The authors ventured that these cobalt-rich perinuclear
areas could be colocalised with the endoplasmic reticulum and the Golgi apparatus,
although mitochondria have also been seen to surround the nucleus under hypoxic
conditions (Al-Mehdi et al., 2012). Indeed, in rats dosed with very high cobalt doses,
the myofibrils from myocytes had been displaced from the perinuclear area and nuclei
were deformed (Zadnipryany et al., 2017). The perinuclear cytoplasm of cortical cells
was also found edematous and distinct indentations appeared in nuclei after
intracerebral cobalt injections (Caltana et al., 2009). Nevertheless, divalent cobalt does
not significantly associate with DNA in fibroblasts (Sabbioni et al., 2014b), thus it is still

unclear how cobalt interferes with cell nucleus functions.

It is difficult to translate our proliferation findings to mature neurons and astrocytes.
Whether cobalt induces DNA repair stalling or chromatin reorganization in post-mitotic
cells is unknown, and it would be necessary to establish the pathological effects of
these changes in vivo and in patients. With regard to proliferating cells in the human

CNS, a few stem cells are still able to proliferate through adulthood. In rats exposed to
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toxic levels of glucokinase inhibitor, hypothalamic tanycytes, which retain self-renewal
capacities, were able to repopulate and restore feeding behaviour and body weight
following almost complete depletion 14 days after treatment (Sanders et al., 2004).
Hence, under cobalt exposure, stalling of proliferation in neural stem cells may further

impact recovery after cellular toxicity.

In our results, lowered proliferation and increased fractional cell death are the likely
reason behind the drop in glycolytic metabolism at higher concentrations (Fig. 5, Fig.
10, and Fig. 13). However, in neuroblastoma cells, lower cobalt doses at 72h exposure
did not induce any consistent or significant proliferation increase that could result in
incremental aerobic glycolysis (Fig. 12). It is not known whether the increased viability
of the biphasic response corresponds to early disturbances of cellular respiration,
which could ultimately lead to cell cycle arrest and prevent cell proliferation, or if earlier
nuclear damage could influence energy metabolism resulting in increased glycolytic

rates. Further research is needed to identify the toxicity initiating events of cobalt.

4.3.4. Cobalt-induced cell death and calcium buffering - cobalt as a Trojan Horse

Under the microscope, cobalt treated neurons and astrocytes revealed cell body
retraction, vacuolisation of the cytosol, and ultimately blebbing before cell death (Fig.
13 and Fig. 14). We know from in vivo studies that high doses of cobalt in rabbits
induce depletion of retinal and cochlear ganglion cells (Apostoli et al., 2013) and that
intracerebral injection of cobalt leads to necrosis of brain tissue (Caltana et al., 2009).
Mentions of cobalt-induced cell death in humans are limited to central vein necrosis in
livers of Quebec Beer Drinkers (Alexander, 1972), and recent reports of cobalt
poisoning in patients with hip prostheses have solely investigated the effects of cobalt
on the heart, where cell death does not seem to occur. Hence, we still ignore whether
cobalt cell death in vivo and in vitro follow similar mechanisms, and if these

mechanisms are relevant for patients.

In summary phenotypic changes in cardiac cells include hypertrophic myocytes
together with interstitial fibrosis and damaged contractile elements, as well as
abnormal mitochondria, lipofuscin deposits and cytoplasmic vacuolation (Gilbert et al.,

2013; Martin et al., 2015). In our results, vacuolisation of the cytoplasm occurred both
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in neurons and astrocytes (Fig. 13 and Fig. 14), and cobalt toxicity reports have linked
it with autophagy, which appears to be a rescuing mechanism under stress, but can
also participate in cell death (Chimeh et al., 2018; Fung et al., 2016). A number of
commercial autophagy detection kits are available and could be used, in combination
with immunoblot analysis of LC3-I/ll conversion or Beclin-1 increase over time to
observe autophagic flux (Klionsky et al., 2016). However, these experiments, are very
time-consuming and beyond the scope of our work. Whether the cytoplasmic
vacuolization phenotype corresponds to autophagy (Aki et al., 2012), and the potential
cytoprotective effects of inhibiting or enhancing autophagy under our specific
experimental conditions will remain to be established.

Apoptosis has already been reported as cobalt induces cell death in vitro, possibly
triggered through mitochondria. Previous studies in SH-SY5Y cells and mouse
embryonic stem cells with cobalt confirmed mitochondrial-triggered apoptosis through
the tumour suppressor protein p53 associated with the loss of mitochondrial
transmembrane potential (J.-H. Lee et al., 2013; Ratinaud, 2011). Karovic et al. also
blamed cobalt toxicity on the loss of mitochondrial membrane potential, as well as the
disruption of calcium signalling in a hypoxia model of primary astrocytes. The
prevention of cobalt-induced ROS by antioxidants did not limit ATP depletion, and
HIF-1a stabilisation did not induce apoptosis when using the hypoxia inducer DMOG
(Karovic et al., 2007). Thus, the authors suspected that other mechanisms different
from ROS and hypoxia led to cobalt-induced apoptosis. Calcium is implicated in energy
metabolism in the mitochondria, and dysregulation of mitochondrial calcium can lead
to cell death (Giorgi et al., 2018). Indeed, calcium raises are necessary for
glycogenolysis through the activation of glycogen phosphorylase (Berg et al., 2015). If
cobalt was impersonating calcium, cells might fail to elicit calcium transients and be
unable to breakdown glycogen, thus explaining the glycogen deposits in heart muscle
of Quebec beer drinkers (Alexander, 1972; Bonenfant, J.L., Miller, G., Roy, 1967).
Other enzymes in energy pathways such as glucokinase (Markwardt et al., 2016) and
pyruvate dehydrogenase (Berg et al., 2015) are also regulated by calcium dynamics.
A paired failure of oxidative respiration and glycogenolysis would oblige cells to
continuously rely in aerobic glycolysis, leading to increased levels of lactate. In

addition, calcium acts as a second messenger in signalling cascades through many
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calcium-dependent kinases, phosphatases, and other intracellular messengers (Berg
et al., 2015). This theme will be explored further in Chapter 5.

4.3.5. Cobalt uptake in CNS cells and differential resistance of neurons and
astrocytes.

While astrocytes seemed to be less susceptible to the toxic effects of cobalt, their
cobalt content was, in general, higher than in neurons (Fig. 15). The differential
resistance of astrocytes in comparison to neurons under low oxygen conditions has
already been reported and is thought to be necessary to protect neurons in the face of
hypoxia (Jones et al., 2013). Fang et al. showed that upon exposure to either cobalt or
hypoxia, astrocytes can transform into reactive cells as assessed by the increased
expression of bystin protein (Fang et al., 2008). This reactive gliosis was also detected
in vivo through glial fibrillary acidic protein (GFAP) expression in a rat model of
ischemic brain injury that used intracerebral injections of cobalt (Caltana et al., 2009).
Both increased viability and cobalt uptake lead us to believe that astrocytes may
assume a neuroprotective role against cobalt toxicity. Reactive astrocytes are able to
increase their iron uptake by quenching excess ions and therefore maintain the
extracellular homeostasis for neurons (Pelizzoni et al., 2013), and it is possible that

this mechanism may have been activated under our experimental conditions.

Diminished viability is associated with increased cellular cobalt content (Fig. 5 and Fig.
15). Recent reports comparing astrocytes of different origin indicate that intracellular
labile zinc is a burden that increases the vulnerability to oxidative stress, and that cells
that are able to maintain lower zinc levels under stress remained viable (Furuta et al.,
2019). In our research, neurons had a lower cobalt content than astrocytes but the
latter might be innately more resistant for the reasons mentioned in the previous
paragraph. To our knowledge no study has yet specifically researched cobalt uptake
in neurons and astrocytes. The few in vitro published examples have quantified cobalt
accumulation in fibroblast (Sabbioni et al., 2014b), bone (Shah et al., 2015) and red
blood cells (Simonsen et al., 2011b), revealing some interesting findings in the context
of cellular cobalt toxicity. For example, cobalt irreversibly accumulates through calcium
channels in red blood cells (Simonsen et al., 2011b), and osteoblast influx partially
traverses through a P2X7R-dependent transporter, while osteoclast cobalt uptake

likely relies on endocytosis (Shah et al., 2015). Moreover, a cobalt-labelling technique
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has been in use for years to study calcium-permeable AMPA receptors in neurons and
certain TRP channels (Aurousseau et al., 2012). Although this protocol is a general
divalent cation permeability test, it cannot be used to observe all divalent channels e.g.
NMDA and voltage-gated calcium channels because they are impervious to cobalt. It
appears that cobalt uptake depends on the actions of specific transporters, making
some cell-types more vulnerable than others. Careful election of cell models should be
undertaken in future in vitro studies of cobalt toxicity, since certain subpopulations in
the nervous system could be more sensitive, e.g. retinal ganglion cells (Apostoli et al.,
2013), due to either a higher uptake of cobalt or a reduced ability to eliminate it.

As mentioned before, cobalt gathers in the nuclear and perinuclear areas in osteoblast
(Shah et al., 2015), keratinocytes (Ortega et al., 2009) and lung epithelial cells
(Bresson et al., 2013), although cobalt is also homogeneously dispersed in the cytosol.
Instead, in fibroblasts treated with low cobalt concentrations (<50uM) accumulation
occurred mainly in cytoplasm, followed by nucleus and mitochondria (Sabbioni et al.,
2014b), while cobalt localisation in osteoclast was found near the basolateral
membrane (Shah et al., 2015). Electron-dense material thought to be cobalt was found
within the mitochondria with electron microscopy techniques (Alexander, 1972; Rona,
1971; Zadnipryany et al., 2017). Shah et al. suggested that the differential distribution
of cobalt in osteoblast and osteoclast could be related to the mode of cobalt transport
from the extracellular medium to the cell (Shah et al., 2015), however, this hypothesis
still needs to be researched.

Similar to what has been noted in other in vitro studies (Kikuchi et al., 2018; Li et al.,
2015), the cobalt concentrations needed to elicit a toxic response in astrocytoma and
neuroblastoma are very high compared with the blood and serum content of MoM
patients. The range 25 to 500uM equates to 1,473-29,465 ug/l (Co MW = 58.93). To
our knowledge the highest level of measured cobalt in patients’ blood is 6,521ug/|
(Zywiel et al., 2013), equivalent to 110uM cobalt concentration, similar to some of the
IC50s obtained in this study. However, the level of 300ug/l Co in blood equates to 5uM
and is above which systemic toxicity usually develops (Kovochich et al., 2018). While
this last concentration seems low, translational challenges exist as cell culture medium
and conditions do not properly model the human physiological environment. Previous
research has established that cobalt ions bind to albumin and histidine, and that free
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cobalt is not made available to cells until protein saturation is achieved at around 40uM
Co (Sabbioni et al., 2014b). This could influence the amount of free ions available and
the associated impact on cytotoxicity. Indeed, this is the concentration treatment level
after which cobalt uptake is significant in our results (Fig. 15). In addition, our time
points only extend to 72h cobalt-exposure while MoM implants reside in patient for
months to years, leading to a cumulative effect. Nevertheless, we ensured our Co
concentration range was also similar to other in vitro models (Kikuchi et al., 2018).
Cobalt is transported into the neurons and astrocytes (Fig. 15), and the intracellular
content may increase with exposure duration. Cobalt may slowly accumulate in cells
and tissues for an extended period of exposure until its toxic effects become evident
and affect cell function or viability. Then it may cause the neurological symptoms
observed in patients with prostheses. Our research offers new clues into the modes of
action of cobalt and supports previous investigations. However, more research is
needed to identify what underlines these symptomatic manifestations, and further in
vivo and in vitro work should carefully choose cell models, assays, and cobalt

concentrations.

4.3.6. Limitations and recommendations for future research

The biological materials and research methods used in this study were selected for its
ease of standardisation, high-throughput yield, as well as to establish comparisons
with the available literature. We are satisfied with the results obtained, however, these
protocols have their own limitations that impede us reaching further conclusions
regarding cobalt toxicity in the CNS. Our methods have been able to identify major
toxicological modes of action, but the details of cobalt toxicity are still evasive. Protein
or gene expression experiments would be valuable to identify the precise metabolic
cues that are being impacted by cobalt before irreversible cell death.

Calcium appears to be a key player in cobalt toxicity, and it would be interesting to see
how cobalt concentrations within cells impact calcium intracytoplasmic levels.
Especially interesting would be to pair cobalt uptake with functional studies of action
potential firing or mitochondria respiration. Neuroblastoma SH-SY5Y cells are
proliferating cells of immature phenotype (Pezzini et al., 2017), therefore they do not
fully present the functions or phenotypic characteristics of specialised neurons, which

limits our ability to fully understand the consequences of cobalt toxicity for mature CNS
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cells. Other methods requiring fewer cells could substitute cancer cell lines for primary
cells to perform functional studies and research the antagonistic effect of cobalt over

other ions such as calcium in the mitochondria or the nucleus.

Regarding the calcium/cobalt ratio, it is possible to characterise two different ions
simultaneously through ICP-MS, however, it requires finely tuned equipment. The
instruments used here were too exposed to variations from other experiments, which
made cobalt quantification challenging even with the specialised help of the UoS
Chemistry technicians. As discussed previously, cobalt transport seems to be
dependent on cell type and coupled with the array of transporters the cell uses to
function. Questions about the number of metal ion transporters contributing to cobalt
uptake in different cell types, as well as whether cobalt accumulation in different
cellular compartments is related to the form of uptake remain to be explored. Cobalt
uptake and intracellular accumulation could explain the sensitivity disparities between
different cell types, and perhaps further research would help identify therapies to block
cobalt entry in vulnerable cells.

Techniques such as ICP-MS could become useful to quantify differences in
intracellular cobalt uptake after application of the drugs of interest. Our work analysing
cobalt uptake in different cell types via ICP-MS could be easily extended by screening
various uptake inhibitors such as calcium channel blockers or other suppressors of
cellular transport systems such as endocytosis, the latter of which has been previously
done with gold nanoparticles (Ng et al., 2015). However, some important factors must
be considered to improve the accuracy of such assays. We evaluated the viability of
the cells under cobalt exposure, however, we did not perform normalisation of ICP-MS
cobalt levels with the number of live cells. Although cells were seeded at the same
density, cell viability appears to modulate cobalt uptake (Fig. 15) and, in hindsight, our
work would have greatly contributed from normalisation to the number of viable cells
through imaging or protein quantification. Both ICP-MS and fluorescence experiments
required a number of washes in the procedure. In our conditions, high concentrations
of cobalt induce cell death, and washes detach weakly attached cells or apoptotic
membrane blebs, which could impact the results. Disparities between cell proliferation
rates in U-373 and SH-SYS5Y cells, as well as their different sensitivity to cobalt could
bias uptake levels. Our approach would be more suitable for sub-lethal cobalt
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concentrations. Future research would benefit either from normalisation or the use of

other techniques that do not require washes.

In addition, due to time and cost limitations, we only compared a couple of CNS cell
lines, i.e. neurons and astrocytes, which represent the brain functional constituents.
However, other less known brain cells that form CNS barriers could be in contact with
cobalt and be affected by its toxicity. For example, cells from the choroid plexus, which
form the CSF-blood barrier, or endothelial and pericyte cells that wrap the capillaries
of the BBB could be considered a route of entry of heavy metals (Schmitt et al., 2011).
The functional significance of cobalt toxicity over these cells would be less clear but
their roles as routes of access to the CNS make them crucial to understand cobalt
toxicity in the brain. Other groups have investigated the effect of cobalt on visual and
auditory organs (Apostoli et al., 2013) as cobalt patients report vision and hearing
related problems (Catalani et al., 2012), however, sensory tissues are incredibly
complex and out with the scope of our work. To date, the extend of cobalt toxicity in
the brain is still unclear. Patients’ symptoms offer clues as to which systems could be
affected by cobalt, however we are still ignorant of the full extent of cobalt poisoning.
Advance imaging techniques that combine ICP-MS technology or silver staining of
brain tissue sections or explants would be valuable to detect cell populations at risk of
enduring cobalt toxicity. Although challenging, this work would clearly benefit patients,
and help focus the attention towards more relevant hypothesis.
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4.4,

Summary of Results

In this chapter, we investigated the effects of cobalt on viability, proliferation,

morphology and uptake in CNS cell lines. The following conclusions resulted from this

research:

MTT and NR assays show that cobalt ions are toxic at high concentrations in vitro.
IC50s demonstrate that neurons are more susceptible to cobalt than astrocytes.
Viability increase in biphasic response might indicate a compensatory response
related to aerobic glycolysis and early disruption of metabolism by cobalt. This
response is inconsistent across time points and requires further validation.

MTT and BrdU sensitivity suggests that Co impedes metabolism and DNA
synthesis at high concentrations. Although proliferation is impacted by cobalt, our
methods cannot determine the mechanism and extent of mitochondrial damage.
Further research will be needed to elucidate if mitochondrial disruption precedes or
follows nuclear damage.

Cobalt metal uptake is dose-dependent in neuroblastoma and astrocytoma cells.

Astrocytoma exhibit greater resistance to cobalt toxicity despite a higher uptake.

The results of this chapter have been recently published in Toxicology in Vitro (Gomez-
Arnaiz et al., 2020)
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5. IN VIVO TIME-RESPONSE
INVESTIGATION INTO COBALT TOXICITY

5.1. Introduction

Neurological conditions caused by high levels of cobalt ions in blood have been
demonstrated in several clinical reports in relation to patients with MoM implants (Mao
et al., 2011; Tower, 2010). As highly soluble cobalt disseminates from the CoCr debris
in periprosthetic tissues through the blood stream, patients with elevated levels of
cobalt in blood might display a plethora of systemic conditions (Bijukumar et al., 2018).
Symptoms appear to cease once the patient has a revision surgery and the blood metal
levels reduce (Catalani et al., 2012). Nevertheless, revision surgeries are not always
to be recommended for every patient and health concerns regarding the safety of
patients with Metal-on-Metal (MoM) hip implants have increased in the last 10 years.
The lack of understanding about cobalt toxicity and its treatments, suggest that
research is needed to find better medical care for patients.

In vitro models such as the human cell lines used in the previous experiments are
valuable tools to understand the modes of action of cobalt toxicity in the brain. In vitro
research is used to study individual cells or groups of cells under controlled
experimental conditions, and this can diminish an organism’'s complexity.
Previous toxicogenomic analyses have demonstrated that in vitro systems fail to fully
represent relevant processes occurring in rat liver tissues after exposure to toxic
compounds (McMullen et al., 2019). Molecular and functional events occurring in vivo
at tissue and organ levels could be crucial mechanisms in the physiological response
to cobalt. We search to integrate both in vitro and in vivo studies to uncover
mechanisms of cobalt-induced toxicity and progress towards the clinical translation of
results to MoM patients.

The aim of this in vivo work was to identify how cobalt accumulated in tissues after
long-term systemic circulation, and specifically answer whether cobalt concentration
increased in the brain. We also sought to understand the underlying molecular

changes in the brain at the transcriptional level in laboratory rats after the
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aforementioned exposure. Research on MoM cobalt-induced systemic toxicity is
scarce and to our knowledge, there are few publications addressing neurological
manifestations in vivo. We hope to generate and test hypotheses through
RNA-sequencing (RNA-Seq) to gain mechanistic insights into the modes of action of
cobalt. This high-throughput technique quantifies changes in mRNA production in
tissue samples and is able to identify genes or pathways with altered expression
compared to the controls. Transcriptomic applications have already been proven
effective to toxicology, not only by understanding mechanisms but also, by finding early
end-points for detection of toxicity and identification of biomarkers (Joseph, 2017).

Male SD rats were treated with sub-toxic intraperitoneal doses of cobalt (1mg/kg B.W.)
for 7 and 28 days. After animals were sacrificed, organs were dissected, weighed and
pieces of tissue were appropriately preserved for experiments. The prefrontal (pref.)
cortex, cerebellum and hippocampus were taken separately from the brain. Tissue
cobalt content was analysed through ICP-MS. RNA was isolated from the pref. cortex
and cerebellum and RNA-Seq was performed. RT-gPCR was used to validate

RNA-Seq results (refer to in vivo methods in Chapter 3 for more details on these

methods).
5.2. Results

5.2.1. Body weight in control and treatment groups may vary with cobalt
treatment

Rat weights were monitored during the duration of the treatment as an indicator of
general health. Fig. 16 shows the recorded weights in control and treatment groups
throughout the 7- or 28-day treatments. Body weight increases constantly across time
points, and both control and treatment growth trends are a priori undistinguishable.
However, when the weight is presented as a percentage of the rat body weight before
the start of treatments, a difference in growth rate emerges (Fig. 17). At 7 days, there
is an average 2.22% weight gain difference (median; range: 0.67 - 2.96%), which
increases up to 6.77% (median; range: 0.46 - 11.57%) at 28 days. Statistical analysis
reported significance only at certain time points (p<0.05) that have been indicated in
Fig. 17. Therefore, cobalt-treated rats may possibly have been affected by the
treatment and have reduced growth rates. Given that rats were fed ad libitum, it is

possible that either the student or the BPU technicians failed to notice changes in food
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consumption. Nevertheless, the rats’ general aspect was good, and as Fig. 18 shows,
organ weight did not indicate noticeable differences between controls and treatment.
The prefrontal cortex is an exception in this regard. We are certain that the reason
behind the decrease in weight of the prefrontal cortex across experimental doses and
time points is the difficulty involved in the dissection of individual isocortical areas
rather than a consequence of cobalt toxicity.

Rat weights - Time-response experiment
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Fig. 16: Body weight gain (mean * SEM) of male SD rats during the course of 1
mg/kg B.W. CoCl: injection treatment during 7 and 28 days in control and
treatment groups. Daily i.p. injections of dH20 were given to control rats (n=3) and 1
mg/kg B.W. CoCl> to the treatment groups (n=6). The markers used are squares for
the control group at 28 days, and rhombus for the treatment, while at 7 days the circles
represent the control and the stars the treatment, colour details are presented on the
figure legend.
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Rat weights - Time-response experiment
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Fig. 17: Percentage of body weight gain (mean £ SEM) of male SD rats in relation
to their weight before the start of the i.p. injections. Daily i.p. injections of dH-O
were given to control rats (n=3) and 1 mg/kg B.W. CoClz to the treatment groups (n=6).
*Significantly different from the control groups at that time-point calculated by two
sample t-test (p<0.05). The figure legend indicates the colour of the markers. Marker
shapes are squares and rhombus for the control and treatment groups respectively at
28 days, circles and stars represent the control and the treatment respectively at 7
days.
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Fig. 18: Organ weights after dissection of rats given daily i.p. injections of 1
mg/kg B.W. CoCl: (treatment) and dH20 (control) after 7 and 28 days of treatment.
The weights of rats’ organs were recorded and are displayed separately according to
control (n=3) and treatment groups (n=6) at 7 and 28 days of treatment. Weights were
presented individually to display data variability. No incremental or detrimental trends

with cobalt treatment are observed in organ weight data.

5.2.2. Cobalt accumulates in organs and in different brain structures

Our ICP-MS results reveal that kidney, liver and heart incorporated the highest Co
content among the rats’ organs in that order: Table 10 presents cobalt concentration
values, and Fig. 19 displays cobalt accumulation in all tissues tested and blood after
7- and 28-days treatments. ICP-MS measurements of the 28-day cobalt-treated rats
(Fig. 20) demonstrate that the pref. cortex, cerebellum and hippocampus assimilated
lower but significant amounts of cobalt (p<0.01, compared with control rats). This was
not the case at 7-days treatment (Table 11). Co levels detected in blood from the
treated rats by ICP-MS were within the range found in MoM patients. Co detected in
rat blood was 27.14+2.70ug/l, compared with the average levels, 1-2ug/l
(Sidaginamale et al., 2013), and the maximum concentrations found in patients with
CoCr prostheses, 6521ug/l (Zywiel et al., 2013). For reference, the MHRA has
indicated in medical device alerts that patients with cobalt blood levels over 7ugl/l
should be further evaluated for peri-prosthetic adverse tissue reactions to metal debris
(MDA/2010/033, 2010; MDA/2017/018, 2017).

Several tissues in Fig. 19 present increased cobalt accumulation from 7 to 28-days,
indicating possible cobalt time-dependent accumulation in heart, liver, kidney, spleen,
pref. cortex and blood. However, almost all of the control samples at 7-days treatment
indicate high levels of cobalt (heart, liver, kidney, lung, spleen, testes, pref. cortex and
cerebellum). This augmentation is likely an artefact of ICP-MS measurements.,
probably leading to a lack of differential statistical significance with respect to the
treatment group in some tissues at 7-days cobalt treatment. Cobalt levels measured
here are very low compared with other experimental set-ups applied to the ICP-MS
system from the University of Strathclyde Chemistry Department e.g. elemental

analysis in soil samples. This makes instrument calibration difficult and, in this case,
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the first samples to be introduced to the ICP-MS could have deviated values from the
internal standards recovery (0-500 ppb). For values closer to the Co detection limit, it
could mean that cobalt content is slightly pushed to higher values. The metal content
values obtained from the controls at 28 days are similar to those obtained by a previous
study conducted by our team using the same research design (Laovitthayanggoon et
al., 2019). In this study cobalt accumulation in all tissues tested at 7 days was
significant, i.e. in heart, liver, kidney, lung, spleen, testes, brain and blood.
Consequently, the build-up of cobalt at 7 days in the organs we studied is also

expected to be relevant, and should not be dismissed in future investigations.

Table 10: Cobalt content values (ng/g) in heart, liver, kidney, lung, spleen and
testes, as well as blood (ug/l) obtained from ICP-MS analysis. Mean + SEM are
calculated for n = 3 samples in control groups and n=6 in 1 mg/kg B.W. CoCl2 groups
for both 7- and 28-days treatment duration. * significantly different between control and

treatment group as assessed by independent-samples t-test (p<0.05).

Duration 7 days cobalt content (ng/g) 28 days cobalt content (ng/g)
Treatment Control 1 mg/kg B.W. Control 1 mg/kg B.W.
Heart 152.4 + 60.8 182.5+ 31.1 54.1+6.9 341.3 £ 25.6*
Liver 121.8 + 33.8 525.8 £ 67.2* 57.8+2.38 785.9 £ 97 .4*
Kidney 2529+ 36.8 768.9 + 62.3* 229.8 £ 30.4 1144.2 £ 74.7*
Lung 80.9+17.3 104.6 £ 23.2 30.6+4.4 123.3 +11.9*
Spleen 48.0 £ 8.8 123.1 £ 19.8* 284+54 179.5 +16.7*
Testes 66.8 £ 16.7 30.6+4.3 6.8+1.4 39.3+2.1*

‘ 7 days cobalt content (ug/l) ‘ 28 days cobalt content (ug/l)
Blood 1.0+ 0.1 13.8 +2.9* 09+0.0 272+ 2.7
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Table 11: Cobalt content values (ng/g) in pref. cortex, cerebellum and
hippocampus obtained from ICP-MS analysis. Results are presented as mean +

SEM, with n = 3 samples in control groups and n=6 in 1 mg/kg B.W. CoCl> treatment

groups. Treatments were 7 or 28 days long. * significantly different from control group
by independent-samples t-test (p<0.01).

Duration 28 days cobalt content (ng/g)
Treatment Control 1 mg/kg B.W. Control 1 mg/kg B.W.
Pref. Cortex 446+ 24.6 42.7+5.2 14.5+0.1 57.5+3.7*
Cerebellum 20.1+14.4 36.4+5.5 14.8+0.8 442 +5.2*
Hippocampus 6.0+1.6 46.9+21.6 54+0.8 38.7 £ 1.8*
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Fig. 19: Cobalt content in SD male rats’ tissues (ng/g) and blood (ng/l) at 7- and 28-days of daily i.p. CoCl. injection
treatment as assessed by ICP-MS analysis. Control groups were instead injected with distilled water following the same
procedures. Figure presents mean + SEM calculated from n = 3 samples in control groups (dH20) and n=6 in treatment groups (1
mg/kg B.W. CoCl2). * significantly different between control group and treatment group at a given time-point as assessed by two
sample t-test (p<0.05).
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Fig. 20: Cobalt content in pref. cortex, cerebellum, hippocampus (ng/g) and
blood (ug/l) at 28 days of 1 mg/kg B.W. CoCl. treatment in SD male rats analysed
by ICP-MS analysis. Mean + SEM shown are calculated from control groups (n = 3),
which were treated with dH20, and CoCl> treatment groups (n=6 unless stated).
*significantly different between control and treatment group at 28 days by two sample
t-test statistical analysis (p<0.01).

5.2.3. Accumulated cobalt induces a genetic response

To observe changes in gene expression, RNA-Seq analysis was performed in pref.
cortex and cerebellum from the 28 days-treatment groups, which were the ones
reporting significant cobalt tissue accumulation. Unfortunately, there was not enough
tissue to research the hippocampus due to its small size. Fig. 21 shows the number
and distribution of differentially expressed genes (DEGs) with p-value <0.05. The
number of significantly expressed messenger RNA (mRNA) transcripts is higher in the
pref. cortex (3564 up-regulated genes, 2694 down-regulated) than in the cerebellum
(2037 up, 1568 down). A fold-change threshold is an arbitrary condition commonly set
at |logz2(Ratio)| > 2 to filter only the most highly up-regulated or down-regulated genes
with respect to the control (ratio), which are supposed to be more meaningful in the

transcriptomic response to a drug (see section 3.7.4. from the in vivo methods chapter

for a description of the fold change). The number of DEGs over this boundary is still
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more for the pref. cortex (264 up, 84 down) than for the cerebellum (254 up, 37 down).
From the distribution of gene expression in Fig. 21, it can be appreciated that most

genes have low expression values (|logz Ratio| <2).

Pref. Cortex gene expression (p < 0.05) Cerebellum gene expression (p < 0.05)
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Fig. 21: Number and distribution of Differentially Expressed Genes (DEGs)
obtained through RNA-Seq in the pref. cortex and cerebellum of cobalt-treated
SD male rats compared with controls. Treated rats (n’=1 of n=3 pooled samples)
were dosed during 28 days with 1 mg/kg B.W. Cobalt Chloride (CoCl2), and controls
with dH20 (n’=1 of n=3 pooled samples). The DEGs considered were those with
p-value <0.05, and the threshold condition applied to capture highly expressed genes

was |logz(Ratio)| > 2.
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5.2.4. Transcriptional changes in the cortex and cerebellum demonstrate a
tissue-specific response

In order to observe gene expression patterns, which could unveil functional gene
groups in both pref. cortex and cerebellum, a hierarchical clustering of the DEGs was
performed. The hierarchical clustering of DEGs (|logz Ratio| > 2, p<0.05) from the
cerebellum and the pref. cortex presents only 16 coinciding genes between the two
gene expression sets. The heatmap (Fig. 22) shows the name of these genes and its
fold-change expression value as indicated by the colour bar. The hierarchical
classification of genes performed through the dendrogram returned three groups: C1,
which are genes up-regulated in the cerebellum and in the pref. cortex, C2 refers to
gene transcripts that are down-regulated in the cerebellum and up-regulated in the
pref. cortex, and finally C3 formed by most genes, which are up-regulated in the

cerebellum and down-regulated in the pref. cortex.

The Gene Ontology (GO) enrichment analysis of the 16 hits through the Cytoscape
software did not return any functional aspect. This could be explained by the low
number of genes used to perform the analysis, as well as the fact that some of these
genes have only been superficially researched and are poorly annotated as a result.
The main functions of each specific gene are commented on Table 12 with information
found in the scientific literature, the NCBI Entrez Gene (Gene [Internet]. NCBI Entrez
Gene Database, 2004) and UniProtKB (The UniProt Consortium, 2017) databases. It
can be appreciated that a priori there is no obvious functional relationship between
them, and none of the genes seem particularly critical for the development of cobalt
toxicity. However, very little research has been carried out in most of these genes and

perhaps future investigations will uncover functional relationships.
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Fig. 22: Hierarchical clustering of Differentially Expressed Genes (DEGs) in rats’
pref. cortex and cerebellum after 28 days of i.p. CoCl. treatment (log:Ratio> 2
and p<0.05). On the left side, the colour bar reflects the fold-change expression and
the dendrogram heights display the Euclidean distance between pref. cortex and
cerebellum DEGs pairs. On the right, three brackets have been used to denote the
DEGs’ groups categorised by the hierarchical clustering. The clustergram function from
MATLAB software was used to produce the hierarchical clustering and the graphic.
DEGs were obtained through RNA-Seq by comparing the gene expression of pref.
cortex and cerebellum of 1 mg/kg B.W. CoClx-treated rats (n'’=1 of n=3 pooled

samples), against that of the controls dosed with dH20 (n’=1 of n=3 pooled samples).
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Table 12: List with common DEGs between pref. cortex and cerebellum

classified through hierarchical

clustering (|logz2Ratio|> 2 and p<0.05).

Descriptions were obtained from NCBI Entrez Gene (Gene [Internet]. NCBI Entrez
Gene Database, 2004) and UniProtKB (The UniProt Consortium, 2017) databases

unless otherwise cited.

Cluster | Gene [/ protein | Fold change Comments
name }CrT’CrT{
LOC259246 6.555 |6.672 | Male rat-specific protein that
alpha-2u globulin accumulates in kidneys causing
PGCL1 toxicity (Hamamura et al., 2017).
Cdhr1  cadherin- | 3.794 | 2.003 | Role in the structure of
related family photoreceptor cells in the outer
C1 member 1 segment disc. Belongs to cadherin
family, which is calcium dependent.
It is involved in retinopathies.
LOC102551365 3.638 | 2.070 | Unreviewed.
stress  response
protein nst-1-like
Slcoba1 solute | -2.536 | 3.561 | Its function is still not well known but
carrier organic appears to play a role in cell shape
C2 anion transporter reorganization and migration
family,  member (Sebastian et al., 2013).
5A1
Hmgnb high | 6.977 | -8.109 | Modifies chromatin and nucleosome
mobility group architecture influencing transcription
nucleosome and RNA polymerase Il activity.
binding domain 5 Oncogene.
o3 RIn1 relaxin 1 6.728 | -3.126 | Involved in stress and depressive

disorders in the brain. Activates G-
Also

involved in collagen turnover and

protein coupled receptors.

insulin regulation (Bathgate et al.,
2003).
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Six3 SIX| 7.180 | -2.205 | Transcription factor associated with

homeobox 3 eye and brain  development.
Disruption leads to
holoprosencephaly.

Isl1 ISL LIM | 6.794 | -2.116 | RNA polymerase Il transcription

homeobox 1 factor. Regulates insulin gene
expression. Essential for retinal and
heart cells development.

Gng7 G protein | 4133 |-2.141 | Signal transmembrane transductor

subunit gamma 7 involved in adenylyl cyclase activity
and cAMP in certain regions of the
brain. Influences mice fear response
(Schwindinger et al., 2003).

Col9a1 collagen | 3.426 | -3.400 | Encodes part of  structural

type IX alpha 1 constituent type IX collagen. Linked

chain to ophthalmic, sensorineural and
heart defects. Disrupted in Stickler
syndrome. Metal ion binding.

Syndig1! synapse | 3.442 | -2.902 | Downregulated in rodent models of

differentiation Huntington Disease. Very limited

inducing 1-like research.

Lrrc10b leucine | 3.097 | -2.404 | Found as a marker for poor

rich repeat prognosis in lung carcinoma.

containing 10B

Cd163 CD163 | 2.716 | -2.555 | The encoded protein protects from

molecule free haemoglobin oxidative damage.
It is secreted in macrophages and
can be found in plasma.

Traf3ip3 TRAF3 | 2.176 |-2.022 | Activates JNK signalling system that

interacting protein
3

controls several cell functions. Also
regulates T cell differentiation (Zou
et al.,, 2015).
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Osgin1 oxidative | 2.277 | -3.000 | Regulates cell death by responding
stress induced to oxidative stress together with p53.
growth inhibitor 1 It can regulate mitochondrial
structure (Hu et al., 2012).

Itk IL2-inducible | 2.399 | -4.358 | Adaptive immune response.
T-cell kinase Controls T-cell differentiation. Binds

to zinc.

5.2.5. Common metal homeostasis dysregulation at the molecular level might
underlie changes in biological processes

In order to find potential toxic mechanisms, GO enrichment analysis of both pref. cortex
and cerebellum DEGs (p<0.05; no fold change threshold considered) were performed
against the Molecular Function reference ontology set (GO MF; 08/04/2016). Fig. 23
shows a graphical representation of this classification with the GOs organised from
highest to lowest populated terms. The GO term that comprised most DEGs were ‘GO:
cation binding’ and ‘GO: metal ion binding’, with a total of 769 genes for the cerebellum
and 1292 for the cortex respectively. A further analysis of the DEGs from the ‘GO:
metal ion binding’ term returned its child terms with a thorough classification of
metalloproteins by its metal ligands (Fig. 24). Proteins bound to zinc, calcium,
magnesium and iron are clearly represented in the spectrum. These results could point

out to a possible metal dysregulation in the brain.
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Fig. 23: Molecular function Gene Ontology (GO) clustering of pref. cortex and cerebellum DEGs sorted by number of
genes. Metal ion binding GO term and cation binding are the most populated terms for the pref. cortex and cerebellum respectively.
Arrows indicate to GO terms of interest: ‘metal ion binding’, ‘cation ion binding’ and ‘metal ion transmembrane transporter activity’.

DEGs classification was produced by Cytoscape and GO term display was obtained with MATLAB.
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24: Classification of metalloproteins from the pref. cortex and the

cerebellum in the GO term ‘GO: metal ion binding’ (left) and its child term ‘GO:

transition metal ion binding’ (right) by its metal ion ligands. DEGs were obtained

through RNA-Seq by comparing the gene expression of pref. cortex and cerebellum of

cobalt-treated rats (n’=1 of n=3 pooled samples) (1 mg/kg B.W. CoCl), against that of

the controls dosed with dH20 (n'=1 of n=3 pooled samples). The number of DEGs in

each group is roughly indicated in the x-axis and precisely at the right of the bars.

DEGs classification was produced by Cytoscape and GO term display was obtained
with MATLAB.
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5.2.6. Divalent metal transporters: genetic regulation indicates ion competition

Another GO term represented in the molecular functional analysis in both cerebellum
and pref. cortex data sets is ‘GO: divalent inorganic cation transmembrane transporter
activity’ (Fig. 23). A closer look into the genes that compose this group in Fig. 25
reveals that in the pref. cortex there are 81 divalent transporters, of which 63 are
estimated to be calcium (Ca?*) channels, 24 of them active by voltage. Meantime, 47
divalent transporters were found in the cerebellum, of which 40 are calcium (Ca?*)
channels, and 18 of them are also activated by voltage (p<0.05). These channels could
be directly or indirectly regulated by cobalt, but the elevated number of calcium
channels might indicate a crucial role of calcium transporters in cobalt toxicity. In
addition, other GO terms such as ‘GO: glutamate receptor binding’ in the pref. cortex
or ‘GO: extracellular ligand-gated ion channel activity’ in the cerebellum (p<0.05) also
have implications for the transport of Ca?* ions through ligand gated-operated channels
(Bardsley et al., 2018). They involve genes encoding Glutamate ionotropic receptor
AMPA type subunits (Gria), Glutamate ionotropic receptor NMDA type subunits (Grin)
or the Gamma-aminobutyric acid type subunit (Gabra).
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Fig. 25: DEGs (p<0.05) from the pref. cortex (a) and cerebellum (b) of the GO term ‘GO: divalent inorganic cation
transmembrane transporter activity’. The transporter gene name is indicated in the x-axis and the fold-change (|logzRatio|) is
on the y-axis. Due to the high number of genes the figure only presents genes with |logz2Ratio|> 0.5.
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5.2.7. Metalloproteins could be targeted by cobalt: phosphodiesterase and
carbonic anhydrase families

To further investigate the possible metal dysregulation, the DEGs classified in the
metal ion GO child terms (indicating metal ligand/substrate) from ‘GO: metal ion
binding’ represented in Fig. 24 were re-evaluated against the Molecular Function
reference ontology set (GO MF; 08/04/2016). Terms which were mainly composed by
the isoforms of a protein family are reported in Table 13 (as observed by visual
inspection). The rationale for this analysis is that proteins sharing structural similarities,
such as in protein families, might be affected in a similar way by increased
concentrations of cobalt, thus showing altered activity, e.g. protein inactivation. In our
analysis, if a set of isoforms belonging to a protein family is consistently regulated at
the transcriptional level, we hypothesise that it might indicate molecular activity
changes, which could eventually lead to relevant pathologies. In this case, GO terms
involving the families of phosphodiesterases (Fig. 26) and carbonic anhydrases (Fig.
27) were found to be significantly affected among others.
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Table 13: Summary of metalloprotein families within each of the ligand-associated child GO terms obtained from the
significant GO term ‘GO: metal ion binding’ (p<0.001). Fields listed are the ligand type -zinc (Zn?*), calcium (Ca?*), magnesium
(Mg?*), etc.-, the possible metalloprotein families whose activity could be targeted by cobalt, the significance of the GO term that
family was present in (GO term name if different from the protein family name) in the pref. cortex and in the cerebellum. Colour

code indicates the biological aspect of the proteins — signalling (orange), metabolism (green), formation of synapses and axons

(yellow), genetic or protein regulation (blue) and metalloproteinases or other functions (grey).

7n*? Carbonic anhydrase/carbonate dehydratase (Ca) 0.00 0.06
S-acyltransferases/palmitoyltransferase activity (zDHHC) 0.04/0.17 1.00/1.00
Phosphodiesterases (Pde): Site one binds Zn", site two | 0.00 (GO: ‘cyclic-nucleotide phosphodiesterase | 0.00

+2 2+ activity’)
Mg “and/or Mn" .
Zinc finger protein 3: mMRNA decay enzymes (Zfp3) 1.00 (‘mRNA 3'-UTR binding’) 1.00
Nuclear, Estrogen and Thyroid receptor superfamily (Nrxyz, | 0.01/0.15 (‘steroid hormone receptor activity’, | 0.00/0.00
Esr, Thr). ‘RNAII transcription factor’)
Ring finger and Tripartite motif families (Rnf and Trim). 0.00 (‘ubiquitin-like protein transferase activity’) | 0.02
Ubiquitin specific peptidases (Usp) 1.00 (‘ubiquitin-like protein-specific protease | 1.00

activity’)

Ubiquitin specific peptidases (Usp) and Calpain (Capn) 1.00 (‘cysteine-type peptidase activity or | 1.00

peptidase act. with Adam’)

A Disintegrins and Metalloproteinases (Adam and Adamts) | 0.00 (‘metalloendopeptidase activity’) 0.23
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ca™ Diacylglycerol kinase activity (Dgk) / Diacylglycerol binding | 0.20/0.18 1.00/0.47
(Unc13)
Alpha-Mannosidase (Man) 1.00 1.00
Phospholipase C (Plc) 1.00 0.03
Actin filament binding/ligand-dependent nuclear receptor | 1.00/1.00 1.00/1.00
(Actn)
Synaptotagmin (Syt) 0.00/0.00 (‘clathrin binding’, 'syntaxin binding’ or | 0.00/0.00
‘SNARE binding’ too)
Slit guidance ligand 1.00 (‘Roundabout binding’) 0.08
Mg+2 G protein alpha subunit (Gna) 0.38/0.00 0.76/0.19
Serine/threonine PP (PPM/PPP) families 0.33 (‘phosphatase activity’) 1.00
Adenylate cyclases (Adcy) 1.00 0.62
Polypeptide N-acetylgalactosaminyltransferase (GALNT). 1.00 0.14
Serine/threonine-protein kinase C (PrkC) 0.07 (‘protein kinase C activity’) 0.00
Testican/SPOCK & Tissue inhibitors of metalloproteinases | 1.00 (‘metalloendopeptidase inhibitor activity’) 0.00
(TIMPs).
Heme | Cytochromes P450 (CYPs) 1.00 (‘oxidoreductase activity, acting on paired | 1.00
donors’)
Varied | ATPase/GTPAse 1.00/1.00 1.00/1.00
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Fig. 26: Genes representing protein isoforms belonging to the
phosphodiesterase family (Pde) with its corresponding expression level in the
pref. cortex (up) or the cerebellum (down). Usual ligands are zinc or magnesium.
The GO term they belong to is indicated over the figures (DEGs p-value <0.05). The
DEGs found are from an RNA-Seq experiment in pref. cortex and cerebellum of 1
mg/kg B.W. CoClz-treated rats (n’=1 of n=3 pooled samples), compared against that
of the controls (dH20; n’=1 of n=3 pooled samples).
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GO0:0004089: carbonate dehydratase activity
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Fig. 27: Genes representing protein isoforms belonging to the carbonic
anhydrase family (Ca or Car) with its corresponding expression level in the pref.
cortex (upper panel) or the cerebellum (lower panel) (DEGs p-value <0.05). The
usual ligand is zinc. The GO term they belong to is indicated over the figures. DEGs
were obtained by performing RNA-Seq in pref. cortex and cerebellum of 1 mg/kg B.W.
CoClz-treated rats (n’=1 of n=3 pooled samples), and comparing against that of

controls dosed with dH20 (n’=1 of n=3 pooled samples) for 28 days.

5.2.8. RT-qPCR Pde and Car gene expression follows RNA-Seq results

Carbonic anhydrases control the conversion of carbon dioxide (CO3) to bicarbonate,
thus regulating pH balance and are also involved in cellular respiration and electrolyte
secretion. Phosphodiesterases are mainly involved in second messenger cyclic-AMP
and GMP (cAMP and cGMP) signalling. Moreover, the carbonic anhydrase and
phosphodiesterase pathways are thought to be connected by the bicarbonate
activation of soluble adenylyl cyclase (sAC) to generate cAMP (Tresguerres et al.,
2011), and phosphodiesterase activity inhibitors have been shown to activate several
isoforms of carbonic anhydrase (Abdulkadir Coban et al., 2009). To test whether these
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pathways were possibly affected we studied the expression of genes from the carbonic
anhydrase (Car2, Car4) and phosphodiesterase (Pde2a, Pdeba, Pde8b) families.
From the phosphodiesterase family, we selected Pde2a, Pdeba, Pde8b which are
expressed in RNA-Seq results from both pref. cortex and cerebellum samples (Fig.
26). Pde2a and Pde8b are widely expressed in the rat pref. cortex while Pdeba is
expressed in the cerebellum (Kelly et al., 2014). These isoforms are also widely
expressed in the human CNS (Lakics et al., 2010). The protein PDE2A catalyses the
hydrolysis of both cAMP and cGMP, while PDESA has substrate specificity for cGMP,
and PDES8 only hydrolyses cAMP, which covers both cGMP-PKG and cAMP-PKA
pathways (Heckman et al., 2018). Moreover, the three proteins are involved in
cognition (Heckman et al., 2018), and their expression suffers age-related changes in
the CNS (Kelly et al., 2014). We also selected cGMP-dependent protein kinases
genes, Prkg1, and the brain nitric oxide, Nos7, which are both activated by cGMP, in
addition to the cAMP-dependent protein kinase (PKA), Prkar2b, which is activated by
cAMP. The selected carbonic anhydrase genes, Car2 and Car4, are also present in
the RNA-Seq data but their expression is low (Fig. 27). Other carbonic anhydrase
genes such as Car8 and Car3 have a high expression, but they are either acatalytic or
have very low activity. Carbonic anhydrase Il (CA2) is a cytosolic protein present in
oligodendrocytes, astrocytes, the choroid plexus epithelial cells, in addition to a few
neuronal subsets, while CA4 is a membrane-bound protein located in the BBB and

cerebral cortex (Provensi et al., 2019).

Fig. 28 shows the expression of these genes according to the results of RNA-Seq and
RT-gPCR. The fold-change reported by the two techniques is fairly similar, and the
direction of fold change expression is only different for Car2 in the pref. cortex (Fig.
28). However, only the expression of Car4 ACt values was significantly different
between the control and the treatment groups as assessed by RT-gPCR (Table 14).
Fig. 29 displays the ACt values, where it can be observed that the relative gene

expression does not undergo important changes in most target genes.

129



log 2(F{atio)

]
-4

log 2(Ratio)

RT-gPCR and RNA-Seq fold change comparison in Pref. Cortex samples

T T

T
||[MRT-gPCR

O = N W &H
T

[JRNA-Seq

& & & 9 P 9P o © o
2 2 ¢ ¢ P N {v J
RT-gPCR and RNA-Seq fold change comparison in Cerebellum samples
||MRT-qPCR i
| [CZJRNA-Seq N |
- B B _
. - | :

| | I | | L | |

> P P &P P > »
3 o 3 & P O &
(¢) o@ Qé Qb Qbo Q( Q (\{@

Studied genes

Fig. 28: Fold change of target genes according to RNA-Seq (n’=1 of n=3 pooled

samples) and RT-qPCR. * significant difference with reference to the control group

(n=3) at 28 days treatment (1 mg/kg B.W. CoClz; n=3) independent-samples t-test

(p<0.05), it does not represent a significant difference between RNA-Seq and RT-
gPCR results. Target genes: Car2, Car4, Carbb, Pde2a, Pdeb5a, Pde8b, Prkg1,
Prkar2b and Nos1, where internal controls were Ywhaz (pref. cortex) and Thp

(cerebellum).
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RT-qPCR in Pref Cortex samples (internal reference gene = Ywhaz)

15 | T T T T
Il Control
o 10 H_ITreatment i
E
S | i ’
: N
_5 | | | | | | | | |
o & o 2P P # ¢ » 5
2 2 ¢ S 2 & v J
10 RT-qPCR in Cerebellum samples (internal reference gene = Thp)
| T T T T T T T T

Il cControl
[ ITreatment

: il -i‘l
5 o m - W m
_5 }L |u | | L Iv l\ | I\
$ P o4 ) ° 5
o'b o'b o’b(‘p Q 60 Q 60 Q 60 Q &Q Q&Q& 60

Studied genes
Fig. 29: ACt values (Ct target gene — Cr internal control) obtained from RT-qPCR
tests in pref. cortex and cerebellum. Target genes are Car2, Car4, Carbb, PdeZa,
Pdeba, Pde8b, Prkg1, Prkar2b and Nos1, while internal controls were Ywhaz and Tbp
for pref. cortex and cerebellum respectively. Mean + SEM (n=3) at 28 days.
*significantly different control group (n=3) from 1 mg/kg B.W. CoCl. treatment groups

(n=3) for 28-days treatment duration independent-samples t-test (p<0.05).
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Table 14: Fold change in expression between the treated and untreated rats.

*significant difference between control group (n=3) and treatment groups (n=3) (1

mg/kg B.W. CoCl2) at 28 days treatment duration independent-samples t-test (p<0.05).

Pref. Cortex Cerebellum

Fold-change p-Value Fold-change
CaZ2 1.26 0.454 1.44 0.861
Ca4 2.37 0.59 -2.00* 0.017
Cabb 1.35 0.489 -1.38 0.408
PdeZ2a -3.96 0.116 3.25 0.463
Pdeba 2.068 0.842 -1.02 0.57
Pde8b -1.48 0.446 12.28 0.565
Prkg1 1.82 0.379 -1.60 0.408
Prkar2b -1.89 0.137 247 0.176
Nos1 1.34 0.795 -1.13 0.533
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5.3. Discussion

With these experiments we searched to investigate the in vivo effects of cobalt at the
molecular level and its accumulation in different organs. Male SD rats were dosed
intraperitoneally with 1mg/kg B.W. cobalt chloride for 7 or 28 days. Their weights were
assessed during the treatment period. Once the treatment was finished, cobalt content
was obtained from several organs and brain areas. In addition, we also looked at the
gene expression levels in the brain through RNA-Seq, and validated these results
through RT-gPCR.

5.3.1. Cobalt could influence body weight

Animals were weighed daily during the treatment period to evaluate their general
health. We observed constant weight gain in the rats, which, in principle, appeared to
follow similar rates across control and treatment groups (Fig. 16). However, after
normalising to initial body weight, an average 6.77% (range: 0.46 - 11.57%) weight
difference is observed between treated and control animals at 28 days (Fig. 17). As
rats were fed ad libitum no differences in food intake between the control and treatment
groups were noted by the student or technicians. Indeed, the animals were healthy
and kept playing with their cage mates throughout the experiment. Organ weights were
also assessed and no obvious changes were observed in this parameter (Fig. 18),
hence confirming that rats had not experienced severe toxicity.

This slightly delayed growth between control and treatment groups was also noted by
our colleagues using the same cobalt treatment conditions (Laovitthayanggoon et al.,
2019). Moreover, other researchers who dosed rats with 0.75mg/kg cobalt
intraperitonially for three weeks also observed a significant weight drop in comparison
to rats treated with saline (control) or hydroxocobalamin (Houeto et al., 2018). Several
recent reports have cited anorexia as a symptom of cobaltism in hip prostheses
patients (Mao et al., 2011; Zywiel et al., 2013). This effect was also prevalent in Quebec
Beer Drinkers (Kesteloot et al., 1968; Morin et al., 1969). The brain has a dominant
role in energy balance and control of body weight and appetite through the feeding
circuits in the hypothalamus (Garcia-Céaceres et al., 2019). Thus, it is possible that
cobalt toxicity in the brain may directly or indirectly hinder metabolism and cause

cobalt-treated animals to lose nutrient sensing abilities and change their food
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consumption behaviour. Hypothalamic tanycytes, which were discussed in section

4.3.2. from the previous chapter, are involved in inflammation-induced anorexia

(Béttcher et al., 2020), and insult to tanycytes in the third ventricle led to significant
decrease of food intake after 4 days and total body weight loss of 10% after 14 days
(Sanders et al., 2004). Tanycytes are in contact with both blood and CSF, therefore,
they could easily be exposed to cobalt. Nevertheless, whether cobalt interferes with
the brain metabolic centres such as the hypothalamus and affects food intake and
body weight in treated animals is a hypothesis that should be evaluated further.

5.3.2. Metal distribution pattern is consistent with previous research and cobalt
accumulates significantly on the brain

Fig. 19 and Table 10 present cobalt content at 7 and 28 days in different organs. Cobalt
distribution follows the same pattern as previous experiments from our research group
(Afolaranmi et al., 2012; Laovitthayanggoon et al., 2019) and other teams investigating
cobaltism (Apostoli et al., 2013). Liver, kidney and heart visibly accumulated more
metal than other organs (Fig. 19), which correlates with cobalt organ concentration in
humans following cobalt radioisotope distribution (Paustenbach et al., 2013). Most
cobalt is excreted through urine (Daniel et al., 2010; Paustenbach et al., 2013), and
given that both kidney and liver are in charge of toxin and waste detoxification, it is not
surprising that cobalt is predominantly concentrated in these tissues. The few post-
mortem examinations in MoM patients also reveal metal accumulation in heart, spleen,
liver, and lymph nodes, these being the only tissues analysed to date (Abdel-Gadir et
al., 2016; Martin et al., 2015; R M Urban et al., 2000; Urban et al., 2004; Wyles et al.,
2017). In vitro studies of cobalt in hepatocytes revealed damage to mitochondria
(Battaglia et al., 2009) and partial glucuronidation inhibition (Afolaranmi et al., 2011),
a pathway which is necessary for the excretion of xenobiotics. In vivo research showed
increased antioxidant activity of hepatic catalase and glutathione peroxidase
(Afolaranmi et al., 2012). However, it is worth noticing that even though the preferential
accumulation of cobalt occurs in the liver and kidney, patients’ symptoms do not
indicate major toxicity in these two organs (Apostoli et al., 2013; Paustenbach et al.,
2013), aside from the implant patient with the highest levels of cobalt reported (6521
pg/l) (Zywiel et al., 2013), and some Quebec Beer Drinkers (Sullivan et al., 1969).
Instead, in cobaltism the heart and nervous system organs emerge as the main targets

of toxicity (Cheung et al., 2016). The toxicity of each metal is unique, yet most heavy
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metals have moderate or even severe adverse effects on the kidney and the liver.
Metal toxicity depends on several characteristics such as the chemical state of the
metal, i.e. their speciation, the complexation with proteins, if interference with other
essential metals exists, the availability of metal transporters, and the specific host
conditions (Goyer and Clarkson, 2008), as well as their redox cycling characteristics
(Valko et al., 2016). Thus, the particular mode of action of cobalt toxicity will depend
on the relative importance of these factors, which will make cobalt effects different from

those of other metals.

To our knowledge, there is no information about cobalt concentrations of MoM patients
in the brain, probably due to the difficulty of obtaining samples from patients. As

mentioned in section 4.3.2. from Chapter 4, cerebrospinal fluid in patients with very

high cobalt levels could be 20-40 times the reference CSF cobalt content. A recent
study on MoM patients showed that higher concentrations of cobalt in plasma were
associated with increased concentrations in CSF, although they were unable to find a
threshold for cobalt neurotoxicity (Harrison-Brown et al., 2020). In our study, the brain
parts dissected from the brain, the pref. cortex, cerebellum and hippocampus, had
significant cobalt accumulated at 28 days (Fig. 20 and Table 11). A study by Apostoli
et al. with rabbits dosed with cobalt during 18 days intravenously reported elevated
brain levels, 0.2 + 0.2 pg/g, from average control levels, 0.06 + 0.04ug/g dry weight,
and cobalt whole blood, 420.9 + 154.5 ug/l, see Table 15 for reference. Although we
should be cautious with their ICP-MS cobalt analysis given the large standard
deviations reported, the histology in several organs only reported damage to the eyes
and the auditory systems. Our model had much lower cobalt blood concentration
(27.1+ 2.7 in contrast with the 420.9 + 154.5 ug/l of rabbits), and animals remained in
good health, while Apostoli et al. described balance disturbance in rabbits owing to
vestibular damage. Given the literature and our own observations, we expect cobalt to
induce nothing more than subtle or moderate neurotoxicity in our study even when

cobalt has significantly accumulated in the rats’ brains.

There are a couple of studies investigating brain functions in MoM patients through
PET (Bridges et al., 2020) and MRI (Clark et al., 2014). They reported hypometabolism
and changes in the structure of several brain areas, however, these studies investigate
patients with blood concentrations at the lower end of cobalt poisoning (<20 ug/l) and
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present methodology problems. The same occurs with studies investigating the
auditory (Leyssens et al., 2020) and visual functions (Unsworth-Smith et al., 2017).
Blood cobalt levels in patients with well-functioning MoM hip resurfacing implants are
expected to be lower than 2 pg/l (reference range <1 pg/l), with values over 5.6 ug/I
suggestive of abnormal wear (Sidaginamale et al., 2013). Case reports indicate that
systemic symptoms typically appear with cobalt levels above 300ug/l, provided there
is no comorbidity and that it is likely unnecessary to suspect systemic concerns in
patients with blood cobalt levels under 100ug/l (Kovochich et al., 2018). For instance,
a review cites values of 549 ug/l and 625 ug/l cobalt in blood of hip prostheses patients
with neurotoxic symptoms (Catalani et al., 2012). Various investigations of MoM
patients with cobalt blood levels under 100ug/l found no correlation between cobalt
blood levels and symptoms of systemic cobaltism (Ho et al., 2017; Leikin et al., 2013;
van Lingen et al., 2014), although systemic symptoms of cobaltism have also been
reported in arthroprosthetic patients with serum cobalt levels of 23ug/l (Tower, 2010)
and 24ug/l (Mao et al., 2011). It has been hypothesised that certain patients with metal
allergy might be hypersensitive to cobalt (Kovochich et al., 2018). Langton et al. found
that the presence of ALVAL increased concentrations of Co in fluid collections in a
higher proportion than local volumetric wear (Langton et al., 2018). Thus, tissue
damage could be associated with the immune response, and in that case, individual
differences in immunity might predispose some patients to develop a reaction to cobalt.
This could explain the inconsistent systemic responses to different Co levels in blood.
In addition, patients with hip implants belong to an aged sector of the population
(National Joint Registry, 2020), and are likely affected by other health conditions that
might increase the risk of developing symptoms. The cobalt blood concentration at 28
days, 27.1 + 2.7ug/l, is a relatively low concentration compared with the 100-300ug/I
systemic toxicity threshold, and considering previously mentioned experiments and
literature on patients, we expect weak or moderate brain changes in response to cobalt
toxicity in our model. In this research we consider levels under 100ug/l cobalt in blood
as moderate cobalt levels, while values under 20ug/l are regarded as low due to their
diminished potential to induce cobalt systemic toxicity, rather than indicating local
prostheses failure. These labels are based on the limited literature available rather
than specific research due to the few numbers of patients with evident cobaltism
(Kovochich et al., 2018). The blood cobalt levels associated with peri-prosthetic

136



damage and failure of MoM prostheses are understandably lower (>4.5 ng/) and have

been extensively researched (Langton et al., 2013; Sidaginamale et al., 2013).

Only two papers have quantified cobalt content from MoM patients’ tissues from hearts
post-mortem and after transplant: 4.75 (Martin et al., 2015) and 8.32 ug/g (Allen et al.,
2014) compared with 0.060 ug/g reference value of unexposed individuals (Wyles et
al., 2017). In addition, other post-mortem analyses on patients with metal-on-
polyethylene hip prostheses also revealed significantly elevated cobalt content
averaging 0.12 pg/g (range: 0.006-6.299 pg/g), which was associated with lower
cardiac ejection fraction, fibrosis and cardiomegaly (Wyles et al., 2017). Cobalt in the
heart tissue of beer drinkers was also quantified, 0.48+0.24 pg/g (Sullivan et al., 1968),
although the techniques used at the time might be unreliable today and we are unsure
of the accuracy of these results because we could not access this paper directly, the
values were taken from (Paustenbach et al., 2013). In our results, cobalt heart content
in the control group at 28 days was 0.054+ 0.01 (simplified 0.1 + 0.01) pg/g, which is
similar to the cited control values in humans: 0.060 pg/g (Wyles et al., 2017), see Table
15 for a compact presentation of these figures. The higher values of 0.2+ 0.0 ug/g and
0.34+ 0.0 pg/g in the rats’ hearts at 7 and 28 days respectively are close to the average
content in MoP patients (0.12 pg/g) (Wyles et al., 2017). These values have also been
displayed in Table 15 for further comparison. Hence, the gradual dosing model used
by our team here and in previous studies (Laovitthayanggoon et al., 2019) is
comparable to the long-term systemic exposure of cobalt through circulating blood in
patients in relation to blood cobalt levels, as well as in cobalt myocardial
concentrations. Thus, our model is a relevant tool to characterise systemic cobalt
toxicity in MoM patients, and more representative than bolus dosage or other in vivo

modelling techniques used (Madl et al., 2015).

Fig. 19 shows that there is a time-dependent cobalt accumulation trend in most tissues.
The increased cobalt content in some control tissues at 7 days cobalt-treatment likely
appears as a result of a technical artefact in ICP-MS measurements as previously
explained in section 5.2.2 of the Results. These time-dependent trend might indicate

that the longer cobalt levels remain elevated in blood, the higher the deposition of
cobalt in nearly all organs tested, particularly in heart, liver, kidney, and blood.

However, it could be convenient to study more time points in the future to observe the
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cumulative capacity of organs, given that patients may live with failed prostheses for
years.

To conclude, our in vivo rodent model that emulates gradual cobalt release from MoM
implants, reproduces cobalt systemic distribution in humans and other animal models,
and therefore, the effects observed in rats could be assimilated to a moderate
long-term response in MoM patients affected by cobaltism. In addition, cobalt levels
were significantly increased in several brain parts at 28 days, although given that the

blood cobalt levels are under 100ug/l we only expect subtle or moderate neurotoxicity.
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Table 15: Cobalt concentrations of whole blood (WB), brain and heart tissues in our research and another study that
mimics gradual cobalt release (Apostoli et al., 2013). The results of cobalt tissue analyses in the cardiac tissue and serum of
MoM patients with cobaltism, as well as post-mortem heart tissue from metal-on-polyethylene (MoP) patients, and the Quebec
Beer Drinkers (Sullivan et al., 1968). We were unable to obtain the reference (Sullivan et al., 1968), thus the value is quoted from
(Paustenbach et al., 2013). Cobalt content values in unexposed human brain (<0.025 pg/g), heart (0.060 ug/g) and blood (<1 ug/l)
were obtained from (Garcia et al., 2001), (Wyles et al., 2017) and (Sidaginamale et al., 2013) in that order. The abbreviations are:

Trt, Treatment; Ctrl, Control; avg., average.

Studies Our study (Apostoli et al., | (Martin et| (Allen et| (Wylesetal.,, 2017) | (Sullivan et al.,,
AN al., 2015) | al., 2014) 1968) in
(Paustenbach et

al., 2013)

Study outline CoCl2 CoCl2 MoM MoM MoP Quebec beer
/ SD rats rabbits patient patient patients drinkers

28 days 18 days
Tissues 1 mg/kg BW 1354 pg/mi

i.p. intravenous
2715+ 2.70* 420.9 + 154.5 192
(WB) (WB) (serum) Unknown Unknown
0.87 £ 0.00 11.7+£27 <1
0.058 = 0.004 %1 55,02 Unknown
(pref. cortex)
0.015 £+ 0.000 0.06 £ 0.04 <0.025
* 0.12 (avg.);
0.341 £ 0.026 0.7£0.5 4.75 8.32 range: 0.006-6.299 0.48+£0.24
0.054 + 0.007 0.07£0.1 0.060
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5.3.3. Moderate transcriptional response to the accumulation of cobalt

Histological investigations of Apostoli et al. only showed effects in the cochlea and
visual system of rabbits with higher cobalt concentrations in brain and blood that in our
model (Table 15) (Apostoli et al., 2013). We have recognised in the previous section
that the cobalt treatment used in our study will most likely lead to a weak or moderate
effect in the brain unlikely to manifest in histology. Previous Toxicogenomic studies
have demonstrated higher sensitivity than histology or clinical chemistry (Joseph,
2017), therefore we expect to observe early toxicological events in the brain through

RNA-Seq that could not be monitored with other techniques.

Fig. 21 shows the number of Differentially Expressed Genes (DEGs) (p<0.05) in the
pref. cortex (3564 up-regulated, 2694 down) and cerebellum (2037 up, 1568 down),
which indicates a transcriptional response to Co accumulation from the clinically
relevant doses of Co used. The increased number of mRNA transcripts in the pref.
cortex and the cerebellum is most likely a consequence of the significant amount of
cobalt accumulated in these brain parts. However, most significant DEGs values are
under 2-fold change indicating that the doses of cobalt used induced a mild response,
which confirms our suspicions. This might be the reason why most patients with low
(<20 pg/l) or moderate (<100 pg/l) levels of cobalt do not normally demonstrate any
systemic symptoms derived from the circulating cobalt, although there are exceptions
(Mao et al., 2011; Tower, 2010). Still, previous toxicogenomic analysis revealed that
subtoxic mechanisms maintain the same mechanisms as with toxic doses but with the
difference of increased fold-changes and numbers of genes affected (Heinloth et al.,
2004), hence our model will be useful to generate hypotheses to further study cobalt

toxicity.

5.3.4. Cobalt leads to tissue-specific transcriptional changes in the pref. cortex
and cerebellum

In general, genes expressed in the pref. cortex and the cerebellum were very different
between them as only 16 hits were found (]|logz Ratio| aka fold change > 2, p<0.05).
Many of the genes displayed in Table 12 are involved in eye development and ear
morphogenesis (e.g., Cdhr1, Six3, Isl1 or Col9a1). Although the cerebellum and the
pref. cortex are not directly involved in the structure of the visual and auditory systems,
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many genes and proteins are ubiquitously present throughout the nervous system. The
fact that cobalt ions induce transcriptional regulation of non-typical genes over these
areas may suggest parallel effects of cobalt in the visual and auditory systems, which
could connect back to arthroprosthetic cobaltism symptoms such as retinopathy or
bilateral deafness (Catalani et al., 2012). Focusing on genes which could be linked
with the cortex and cerebellum associated cognitive features, the Relaxin 1 protein
encoded by RIn1 is suspected to be involved in stress and depression processes
(Bathgate et al., 2003), while G protein subunit gamma-7 (Gng7) knockout mice
exhibited an accentuated startle response (Schwindinger et al., 2003). Several patients
with MoM hip prosthesis have been reported to endure severe depression and anxiety
(Green et al., 2017), and the connection of these genes with fear or related behavioural
responses could point towards a direct implication of cobalt in these matters.

A few transcription factors (Hmgn5, Six3 and Is/1) in charge of reprograming cell
functions and regulating cell fate are also present. Two other genes, Osgin1 and
Cd163, are moreover oxidative stress markers (Yao et al., 2008). The protein encoded
by Traf3ip3 is known to activate the c-Jun N-terminal kinase (JNK) signalling system
(Zou et al., 2015), and the expression of Osgin1 is promoted by p53 after DNA damage
(Yao et al., 2008). Both processes are involved in apoptosis (Rana, 2008). Therefore,
the results shown here could indicate that cobalt generates free radicals that might
induce oxidative DNA damage in vivo leading to transcriptional regulation of DNA
repair or even apoptosis. These results are consistent with a previous study in the
cerebrum and cerebellum of Suckling rats under cobalt treatment that demonstrated
increased protein and lipid oxidation, in addition to DNA degradation (Garoui et al.,
2013). Nevertheless, the genes presented in Table 12 had received limited attention
and were poorly annotated in the software. It is possible that future research will

uncover important functions for these genes that will help explain cobalt toxicity better.

Even if both cerebellum and pref. cortex are parts of the brain, there is a surprising
difference in the genes found under the influence of cobalt ions. This contrast could be
rooted to the brain’s embryonic development in which the cerebellum emerges from
the hindbrain, while the cortex develops from the forebrain area. Comprehensive
research has shown that regional gene and protein expression in the cerebellum is
markedly distinct from other brain areas such as the cerebral cortex and hippocampus
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(Sjostedt et al., 2020). However, although the majority of genes in the pref. cortex and
cerebellum were different, GO enrichment analysis revealed several common GO
Molecular Functions terms, e.g. enzyme and anion binding, cytoskeletal protein
binding, calmodulin binding, as well as dopamine and glutamate receptor binding (Fig.
23). Thus, while both pref. cortex and cerebellum show little overlap at the individual
gene level they share molecular ontology pathways, that is, common molecular
changes induced by cobalt could give rise to tissue-specific responses due to the brain
regional specialisation.

5.3.5. Cobalt could alter metal homeostasis in the brain

Furthermore, both pref. cortex and cerebellum brain parts have overlapping Molecular
Functions terms involved in metal binding and transport (Fig. 23), and these brain
parts have the largest number of genes from all GO terms. This suggest that long-term
exposure to cobalt could lead to metal dyshomeostasis in the brain. Several studies
have demonstrated that metal ion supplementation alters the mineral profile of the
brain (Ciavardelli et al., 2012; Zhang et al., 2016), the kidney and liver (He et al., 2016).
Although cobalt is also a micronutrient, it is not incorporated into the body as such, but
in the form of vitamin B12. Only vitamin B12 and perhaps the protein methionine
aminopeptidase require cobalt for their function (Simonsen et al., 2012b). Cobalt has
been seen to decrease zinc and magnesium levels in human keratinocytes (Ortega et
al., 2009) and zinc in bacteria (Osman et al., 2017), which is alarming given that these
ions are the two most common metal ligands (Waldron et al., 2009). In addition, a
computational algorithm that predicts cobalt replacement of Mg?* and Mn?* from the
protein structure of enzymes has been developed to detect possible targets of cobalt
toxicity (Khrustalev et al., 2019). Scharf et al. used immobilised metal ion affinity
chromatography (IMAC) to detect cobalt-binding proteins from periprosthetic tissues,
and discovered that the metalloproteins likely binding to cobalt were those with native
calcium, zinc, iron, magnesium and manganese in that order (Scharf et al., 2014).
Moreover, early studies in the Quebec Beer Drinkers also reported high zinc urine
excretion (Sullivan et al., 1969), and zinc was also found to be protective of cobalt
toxicity in a monocyte cell line in vitro (Zhu et al., 2017). We decided to investigate
which were the native metal elements of the proteins involved in the metal ion binding

GO term and obtained the profiles shown in Fig. 24. The metal binding transcripts
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most abundant in our results encode proteins that bind to zinc, calcium, iron and
magnesium mainly. Cobalt could thus displace other divalent metal ions leading to
toxicity. Another metal-related GO term present in both the pref. cortex and the
cerebellum is ‘calmodulin binding’ (Fig. 23). Calmodulin is a calcium sensor the impact
of which goes as far as long-term potentiation in the brain, a necessary step for
synaptic plasticity and thus memory formation (Sadiq et al., 2012). In summary, we
hypothesise that metal pool imbalances at the molecular level could underlie the
specific tissue transcriptional responses induced by cobalt in the rat pref. cortex and

cerebellum.

5.3.6. Transporters as the main doors for cellular uptake

Although we hoped to spot specific channels through which cobalt could access the
cytoplasm, the high diversity of transporters observed in Fig. 25 implies a homeostatic
regulation of channels in the brain. Most of the observed divalent channels in both
cerebellum and pref. cortex belonged to established calcium transporters (Fig. 25).
The calcium (Ca?*) transport system has already been hypothesised to be the access
to the cell for Co?* ions (Simonsen et al., 2012b). The calcium channels in the neuronal
plasma membrane which could enable substantial Co?* entry to the intracellular
compartment are voltage-gated channels, receptor-operated/ligand-gated channels,
store-operated calcium channels and Transient Receptor Potential (TRP) channels
(Brini et al., 2014). The genes shown in the results (Fig. 25) can be broadly classified

according to these channel types.

Cobalt ions have been used as inorganic blockers of voltage-activated Ca?* channels
in several studies (Diaz et al., 2005; Mitterdorfer and Bean, 2002; Schwarz et al.,
1990). This block is thought to be due to occupation by cobalt of the intra channel pore
site rather than by competition of Co?* with Ca?* ions. The bound ions can flow towards
the inside of the cell when this is depolarised (Neumaier et al., 2015). Nevertheless,
the rates of Co?* entry by these means have not been defined yet, so the role of
voltage-activated Ca?* channels in cobalt-related toxicity is unknown.

It is worth mentioning that cobalt staining is an established imaging technique used to

detect the expression of several divalent transporters in cells that stain Co?*-positive.
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This technique is not applicable to every divalent transporter. Such is the case for
N-methyl-D-Aspartate (NMDA) receptors or voltage-gated calcium channels, which
apparently do not allow for the entry of cobalt. It is typically applied to the study of
Ca?*-permeable AMPA receptors (CP-GIuARs) in neurons, and potentially TRP
channels. The inward flow of cobalt into the cell is triggered by either ligand application
(e.g. L-glutamate) or changes in pH conditions (Aurousseau et al., 2012).

All the genes encoding the subunits of CP-GIuARs (Gria1-4 i.e. AMPA GIluA1-GluA4
subunits) are present in our RNA-seq data. However, it is the inclusion of GIuA2
subunits within the channels what makes AMPA receptors permeable to Ca?* (Brini et
al., 2014), and confirming the presence of CP-GIuARs only from the data is unfeasible.
Given these conditions, we could hypothesise that certain neuronal cell subpopulations
could be more susceptible to the effect of cobalt ions due to higher ionic permeability
from these calcium channels. Postsynaptic CP-GluARs have been found in cortical
neurons, basal forebrain cholinergic neurons, motor neurons, cerebellar Purkinje
neurons, hippocampal neurons (Weiss and Sensi, 2000), an also in several retinal cells
(Diamond, 2011) and auditory neurons (Eybalin et al., 2004).

The existence of especially cobalt-pervious channels would explain the selective loss
of neuronal cell populations. For example. rabbits treated with high doses of cobalt
manifest depletion of ganglion retinal and cochlear hair cells (Apostoli et al., 2013).
Impairment of certain cell types could portray symptoms similar to cobaltism
phenotypes involving vision and hearing loss, neuropathy, tremors or cognitive decline.
On that note, our ability to detect important fold-changes in gene expression and
associate them to small cell populations is limited, given that gene expression in RNA-
Seq data is averaged with that of many other cells in the CNS. Ideally, if we determine
a transporter that renders a cell population susceptible to cobalt, we may be able to
block it and rescue cell viability. However, as observed in Fig. 25, several channels
could be involved and it is possible that not only one channel allows the passage of
cobalt depending on the cell type or tissue being studied (Laovitthayanggoon et al.,
2019). We believe this information might be better obtained from research at the
single-cell level.
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5.3.7. Hypothesis for a modified metalloenzyme activity

Specific metal cofactors are needed for the catalytic activity of several enzymes. In
that regard, the cellular environment provides restricted metal pools to avoid
competition with non-native metals that could have high affinity for those proteins.
There are many examples of incorrect metalation in vitro, although very few in vivo.
The outcome from non-native metal binding to either the primary catalytic site or an
alternative site is normally enzyme inactivation (Foster et al., 2014).

The analysis used (Table 13) hoped to expose metalloprotein families the activity of
which could be jeopardised by cobalt ions through this mechanism. Two candidate
families emerged: phosphodiesterases (PDEs) and carbonic anhydrases (CAs). The
first regulates signalling, by hydrolysing cyclic nucleotides (Podda and Grassi, 2014),
and the second controls pH homeostasis by hydrating CO> to bicarbonate (Lionetto et
al., 2016). Both proteins have been observed to interact with metal ions before
resulting in inactivation (Fox et al., 1998; Lionetto et al., 2016; Wa, 2001).

Early reports on cobaltism identified that metabolic acidosis seemingly correlated with
patient mortality (Alexander, 1972). Pharmacological inactivation of CAs has led to this
outcome on occasions (Hoffmanova and Sanchez, 2018). Furthermore, some patients
with MoM hips complain about a metallic taste in their mouths (Leikin et al., 2013; Mao
et al., 2011). The salivary isoform, CAVI, is known to produce this effect when inhibited
(Kohler et al., 2007), although other conditions different from cobalt poisoning can also
induce this symptom. In addition, CA is in the list of metalloproteins where the native
metal has been replaced by cobalt in periprosthetic tissue (Scharf et al., 2014). Recent
studies of CA function in the CNS also expose connections with cognition and memory
(Canto de Souza et al., 2017; Yang et al., 2013). The effect of CA modulation in the
brain has recently been evaluated with surprising results. While its direct enhancement
in the brain improves spatial memory and object recognition in rats, its inhibition affects
the consolidation of memory and induces amnesia (Canto de Souza et al., 2017). CA
enhancement through drug activators has been recently researched and suggested as
a treatment for fear disorders such as anxiety and PTSD as it modules the
consolidation of fear memories in certain brain areas (Schmidt et al., 2020). It is

understood that astrocytes carry energy metabolites to neurons through lactate when
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energy is quickly needed for neuronal activity. Thus, astrocytes collect glucose from
the blood vessels and either transform it into pyruvate or glycogen. Pyruvate is further
processed into lactate by lactate dehydrogenase (LDH) and then the lactate is shuttled
to neurons through monocarboxylate transporters (MCTs). This process is known as
the Astrocyte to Neuron Lactate Shuttle or the astrocyte-neuron metabolic coupling,
mentioned in section 4.3.2. from Chapter 4. Both the activity of CAs and the sodium

bicarbonate cotransporter 1 (NBCe1) are necessary to equilibrate the ionic fluxes of
hydrogen (H+), bicarbonate (HCO3) and CO: to equilibrate the proton buffer needed
to pump lactate through astrocyte MCTs (Deitmer et al., 2019). Thus, CAs and MCTs
are said to form a metabolon, and the disruption of this system might disturb brain
areas relying on aerobic glycolysis such as the prefrontal cortex (Vaishnavi et al.,
2010).

Concomitant PDE gene expression implicates cAMP and cGMP-dependent pathways.
With regard to PDE activity, its systemic inhibition due to high doses of the
drug Sildenafil leads to sensorineural hearing loss, tinnitus (Antunes et al., 2013) vision
and cardiac abnormalities (Schwarz et al., 2007). PDEs control both cAMP-Protein
kinase A (PKA) and cGMP-Protein kinase G (PKG) pathways, which are in turn
dependent on CAs (Tresguerres et al., 2011) and nitric oxide (NO) (also expressed;
data not shown) (Podda and Grassi, 2014), respectively. The activity of several calcium
channels is also controlled by PKA and PKG (Podda and Grassi, 2014). cGMP is also
able to modulate AMPA GIuA1 and GIuA2 receptor subunits and glutaminergic
transmission through the glutamate—nitric oxide—cGMP pathway (Cabrera-Pastor et
al., 2017), which is ultimately implicated in learning (Cabrera-Pastor et al., 2016) and
depression (Gerhard et al., 2016).

Certainly, it is possible that both PDEs and CAs are indirectly regulated through other
pathways rather than directly by cobalt. For example, phosphodiesterases might be
directly modulated through calmodulin (Sadiq et al., 2012) or adenylyl cyclase, which
can, in some way, be regulated by the protein encoded by Gng7, found regulated in
the RNA-Seq data (Table 12). These proteins are difficult to study because they are
located to microdomains (Averaimo and Nicol, 2014).
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It can be tempting to suggest that the lack of statistical significance between the genes
ACt values as assessed by RT-gPCR (Table 14 and Fig. 29) indicates that these
genes might not be as strongly modulated by cobalt as hypothesised. However, we
evaluated genes that had subtle transcriptional expression changes in response to
cobalt treatment. Given that the response of tissue to mild or moderate interventions
is not completely isogenic, it could be argued that the research is statistically
underpowered to find significant changes in gene expression through RT-gPCR with
the given number of biological replicates per group, n=3. Thus, it is still of interest to
proceed investigating the effect of cobalt on PDEs, CARs, and cAMP/cGMP related
pathways in future studies that can cover the cost of a sufficient number of samples,
or that investigate them on cell lines which are genetically less heterogeneous. In
addition, the fold changes obtained through RT-gPCR and RNA-Seq correlate, and the
direction of fold change expression is only different for Car2 in the pref. cortex (Fig.
28). Due to the intrinsic differences between RNA-Seq and RT-gPCR technology
platforms, we do not expect both technologies to report the same fold changes for each
target. In these comparisons, the correlation of calculated fold changes is used to
confirm the concordance of results (Everaert et al., 2017). Thus, RT-qgPCR validates
the results obtained through RNA-Seq.

5.3.8. Limitations and recommendations for future research

While a time-response to cobalt accumulation is suggested from the data (Fig. 19), we
only treated the rodents for 7 and 28-days. Future research would need to increase
the number of time-points to confirm our findings. In addition, our longest treatment
lasted for 28 days which, relative to the number of years MoM patients wear their
prosthesis, can be considered a very short period of time.

It is understood that patients with low cobalt concentrations in blood (<20ug/l) will be
unlikely to develop signs of toxicity, and that their reported symptoms are probably
related to other conditions. A few studies report finding signs of further deterioration in
the brain (Bridges et al., 2020; Clark et al., 2014), visual (Unsworth-Smith et al., 2017)
and auditory systems of implant patients (Leyssens et al., 2020). In these papers, the
number of patients being investigated is low (n<40), with most patients showing cobalt
levels in the lower range, and some had methodology pitfalls. Nonetheless, factors
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such as tissue retention could play a role in the development of toxicity in patients.
Perhaps patients that maintain low or moderate levels of cobalt for long periods of time
could eventually develop toxicity symptoms as cobalt builds up in organs. There are
exceptions in the literature in which patients with very high cobalt levels remain
asymptomatic (Ho et al., 2017). In the same way, the development of cobalt symptoms
might not only depend on blood cobalt levels but also on the duration of exposure and
the specific tissue retention. All these factors combined could eventually impact on the
cobalt tissue concentration, and perhaps explain symptomatic variability. It is difficult
to get a high number of patients with high levels of cobalt and there are many
cofounding variables, such as age and gender, which make the design of these studies
challenging, thus the concerns over patients with low or moderate levels of cobalt must
not be downplayed. Research continuing to study these factors in adequate animal
models would help settle public health concerns regarding cobalt toxicity in implant
patients. In this regard, this work has focused on cobalt toxicity in the brain, but other
studies (Apostoli et al., 2013) have demonstrated earlier damage to visual and
vestibular areas. It would be necessary to analyse cobalt effects in these tissues
through a model that represents patients with moderate cobalt concentrations to
understand the implications for patients with MoM implants.

Additionally, from our RNA-Seq data it appears that cobalt affects metal homeostasis
and either competes with or displaces other essential metals but we do not have the
technologies to validate this hypothesis fully and identify target proteins in the brain.
Other experienced teams in this field could more easily investigate this issue through
immobilised metal affinity chromatography (IMAC), a technique able to measure
protein affinity through columns loaded with metal ligands (Scharf et al., 2014) or other
techniques. Part of this task will be to validate whether cobalt interferes with carbonic
anhydrases and phosphodiesterases at different concentrations and how this could
affect neuronal function. Moreover, due to its regional location in the brain and its
microdomain activity (Averaimo and Nicol, 2014), cyclic nucleotides and the products
of carbonic anhydrases need specific equipment to be assessed.

Finally, the interference of cobalt with zinc-modulated enzymes such as PDEs and
some phosphatases that are important in immune signaling could perhaps explain the
variability of individual responses to cobalt (Maywald et al., 2017).
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5.4. Summary of Results

The results presented in this chapter are concerned with the accumulation of cobalt
and its effects at two different time points after its systemic circulation through blood in
a rodent model (1 mg/kg B.W. CoCl2-treatment, or dH20-control group, i.p. dosing for
7 and 28 days). Our research has specifically investigated the toxicity of cobalt in the
brain through two molecular techniques, RNA-Seq and RT-qPCR. We obtained the

following conclusions:

* A small weight gain difference was found between treated and control rats.
However, rats remained healthy and the organs tested did not vary their weight
with the treatment used. Thus, cobalt might alter weight gain in treated rats but
overall the treatment effect is mild.

* Kidney, liver and heart assimilated the highest amount of cobalt from all the
organs tested as measured by ICP-MS.

+ Cobalt showed a time-dependent accumulation in several organs, mainly heart,
liver, kidney, and blood, and to a lesser extend in spleen and pref. cortex.

+ Co content was significantly increased in the pref. cortex, cerebellum, and
hippocampus (p<0.01, compared with control rats dosed with dH-20).

+ Colevels in blood were significantly elevated and within the range seen in MoM
patients: 13.8 £ 2.9 yg/l at 7 days and 27.1+2.7ug/| at 28 days.

« The cobalt organ content and blood accumulation demonstrated here show that
the treatment used is clinically relevant, and can be used to model systemic
toxicity in MoM patients with low and moderate levels of cobalt in blood
(<100ug/).

+ Transcriptional changes in the cortex and cerebellum demonstrate a tissue-
specific response likely derived from cobalt accumulation: DEGs in the pref.
cortex were 3564 up-regulated, and 2694 down, while in the cerebellum 2037
were up-regulated and 1568 down-regulated (DEGs selected with p<0.05).

* GO enrichment analysis of the RNA-Seq transcripts revealed metal ion terms
as the most populated term: molecular classification shows a possible common
metal homeostasis dysregulation in the pref. cortex and cerebellum due to
cobalt interference with other ions.
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DEGs from the most populated functional group ‘metal ion binding’ transcribe
for proteins binding to zinc, calcium, and magnesium.

GO enrichment also revealed that ion channels and transporters that handle
calcium and zinc were also significantly regulated in RNA-Seq data. Gene
expression of calcium channels may indicate cobalt uptake through this system.
Finally, investigation into metal ion binding protein families showed that gene
expression of zinc binding phosphodiesterase and carbonic anhydrase families
was significantly altered, suggesting that Co could modulate cyclic nucleotide
signalling and pH balance, respectively. However, the changes in gene
expression for individual PDE and CAR targets were not statistically significant,
this might be because of the low number of biological replicates (n=3).
RT-gPCR confirmed the validity of RNA-Seq results since the fold changes
obtained with the different technologies followed corresponding expression

levels.
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6. IN VIVO DOSE-RESPONSE
INVESTIGATION INTO COBALT TOXICITY

6.1. Introduction

The previous chapter, in which we studied the time-response of cobalt, left some

unanswered questions. We evaluated the transcriptional response to cobalt at one time
point, 28 days, and in two tissues, the pref. cortex and the cerebellum, but we were
unable to identify highly expressed gene markers through RNA-Sequencing
(RNA-Seq) that could be linked to the mechanisms of cobalt toxicity. The low number
of conditions tested probably limited our ability to filter and identify important genes.
However, we obtained valuable information about brain metal homeostasis in
response to cobalt and found the PKA/PKG pathway to be possibly altered. In this new
chapter, we have decided to widen our transcriptomic research and increase the
number of conditions and tissues tested to explore the progression of cobalt toxicity in

a dose-response manner.

To better understand the effect of cobalt in the brain, we envisage a more
comprehensive transcriptomic analysis following a long-term dose-response to cobalt
treatment. To investigate this, we included the hippocampus for RNA-Seq analysis as
it is a relevant brain part involved in both memory consolidation, and loss of memory.
Cognitive decline complaints are often heard from patients with arthroprosthetic
cobaltism (Catalani et al., 2012; Green et al., 2017; Mao et al., 2011; Tower, 2010).
Regarding dosage, the highest dose we employed in this study was 1 mg/kg B.W. of
CoCl2, which was also the fixed dose used in the previous time-response experiments.
Patients display a range of cobalt concentrations in blood, and we expect the dosage
range selected for this investigation to translate to patients with low (<20ug/l) to
intermediate (<100ug/l) cobalt blood levels. This is the range where most patients are
found to be (Langton et al., 2013; Sidaginamale et al., 2016, 2013; van Lingen et al.,
2014). Our research interest is not only to understand cobalt toxicity but also to find
markers to identify and prevent cobaltism in patients before symptoms occur i.e.,
patients with lower levels of cobalt. Previous microarray evaluations in the liver
revealed similar signatures with other chemicals at both sub-toxic and toxic doses

(Heinloth et al., 2004), thus we expect the transcriptional signatures of rats dosed at
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lower concentrations of cobalt may reveal mechanisms of cobalt toxicity that also occur
in patients with high cobalt concentrations (>100ug/l). The clues seeded by these
transcriptomic studies could also assist future research to further explore cobalt toxicity

in other tissues and at other concentrations.

In summary, animals were cobalt-treated with three different doses, 0.1, 0.5, 1 mg/kg
B.W. CoCl2. Controls were treated with distilled water (dH20). S.D. rats were weighed
every day during the 28 days treatment period. After being sacrificed, pref. cortex,
cerebellum and hippocampus, as well as other organs were dissected, weighed and
appropriately processed and stored. Metal content of all organs and brain parts was
determined by ICP-MS, while the RNA from the three brain parts was isolated and sent
for discovery of DEGs. We carried out RNA-Seq analysis and validated some highly
expressed genes through RT-gPCR. Western Blot was used to determine the
corresponding protein expression. For more details about these procedures, please

refer to the in vivo methods section in Chapter 3. In the following section we present

the outcomes of these experiments.

6.2. Results
6.2.1. Body weight gain might decline with increasing cobalt doses

Fig. 30 shows the rats’ weights during the 28-day treatment with 0.1, 0.5, and 1 mg/kg
B.W. CoClz2 or dH20 in the case of the control. The rats’ weight increased constantly
for the 4-week treatment period confirming the good health of the animals.
Nevertheless, growth trajectories diverged as the treatment progressed. This is even
more noticeable after normalisation to initial weights (Fig. 31), where the relative
weight of rats in treatment groups differed significantly from that of the control (p<0.05).
Average growth rates have also been plotted in Fig. 32. Although the growth rate
seems to diminish with increasing doses of cobalt, growth rates are not significantly
different (Fig. 32). This lack of significance is probably due to within-group variabilities
as the groups consist of only n=4 animals each. New studies might be needed to
increase the number of animals tested and thus confirm whether or not cobalt affects
growth rates.
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Rats were also examined daily for changes of behaviour or signs of toxicity. We
determined that animals remained healthy and playful with their cage mates. Given
that they were fed ad libitum it was not possible to detect changes in diet consumption.
Yet, it is unlikely that feeding behaviour changes were noticeable since growth rate
was still positive and no weight drop in any of the rats was observed during the

treatment.

Rat weights - Dose-response experiment at 28 days
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Fig. 30: Male SD rats’ weight throughout the 28 days CoCl: treatment with 0.1,
0.5 or 1 mg/kg B.W. CoCl. daily i.p. injections. Controls were treated with dH20.
Data are presented as mean £+ SEM and all groups were n=4. Figure legend shows
the colours and markers assigned to the groups: squares (control), rhombi (0.1 mg/kg
B.W.), circles (0.5 mg/kg B.W.) and stars (1 mg/kg B.W.).
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Fig. 31: Body weight percentage normalised to initial weight before the start of

the 28-day treatment. Rats were given daily i.p. injections of dH20 (controls), 0.1, 0.5

and 1 mg/kg B.W. CoClz (n=4 in each group). Colours and shapes for the mean values

are indicated in the legend: controls are represented by squares, 0.1 mg/kg B.W. by

rhombi, 0.5 mg/kg B.W. by circles and 1 mg/kg B.W. by stars. *Significantly different

from the control groups at that time-point calculated by two sample t-test (p<0.05).
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Growth trendlines
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Fig. 32: Average daily growth of control, 0.1 mg/kg B.W., 0.5 mg/kg B.W. and 1
mg/kg B.W. CoCl: treated rats. Animals were dosed daily with i.p. injections for 28
days. Solid lines show the mean growth rate in blue for the control, red for 0.1 mg/kg
B.W., yellow for 0.5 mg/kg B.W. and purple for 1 mg/kg B.W. CoCl.. Lower and upper
dotted lines represent the 25" and the 75" percentiles respectively. The growth rates
were not found to be significantly different to each other by ANOVA test (p<.05). The
graph was plotted with the help of MATLAB plot_ci.m function.

6.2.2. Organ weight ratios do not change with cobalt dosage

In addition to recording rats’ weights daily, the weights of the main organs were also
recorded post-mortem as a way to evaluate the health of the animals. Fig. 33 displays
the organs’ weight ratio by dosage group. The organ weights to body weight ratio of
treated rats were not significantly reduced or increased as compared with the controls
(p<0.05).
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Fig. 33: Relative organ weight to final rat body weight (%) of CoCl: (0.1, 0.5 and
1 mg/kg B.W.) and dH20 treated groups. Organs shown are whole brain, heart, left
ventricle, liver, kidney, lung, spleen and testes. Rats were given i.p. injections with
corresponding daily cobalt doses for 28 days (n=4). No significant differences between
relative organ weights were detected with ANOVA statistical test (p<.05) between

treatment groups.

6.2.3. Cobalt organ content increases significantly with higher doses of cobalt

Table 16 and Table 17 show the cobalt content values detected by ICP-MS in all
organs. This metal content analysis revealed an incremental accumulation of cobalt
concentrations in tissues with increased doses (Fig. 34). Thus, there is a dose-
response accumulation of cobalt, which was significant after 0.5 mg/kg B.W. CoClz in
most tissues. Kidney, liver, and heart in that order accumulated most cobalt (Fig. 34
and Table 16). The pref. cortex and hippocampus also accumulated significant levels
of cobalt (p<0.01; Fig. 35 and Table 17).

We also noticed the same issue described in section 5.2.2. of Chapter 5 with regards

to the offset in the control samples, which are closer to the detection limit of the ICP-MS
156



due to their low cobalt content. This effect becomes obvious in the case of the
cerebellum control group (Fig. 35). There is also a larger standard error (SEM) in the
control groups of lung and spleen (Fig. 34). No tissues show significant differences at
0.1 mg/kg B.W. CoCl, dosage (p<0.05), which could be due to simply the low dosage
not being enough for cobalt to significantly accumulate in tissues, or also due to
detection thresholds and instability at lower concentrations.

Blood cobalt concentration is higher than in the section 5.2.2. from the previous chapter

using the same dosage: 1 mg/kg B.W. CoCl, of daily i.p. injections for 28 days. In the
time-response experiment presented in the last chapter the cobalt blood level of the
control group after 28-day treatment with dH>O was 0.9+ 0.0 ug/l, while in the currently
discussed dose-response experiment the level was 1.2+0.3 ug/l. With regards to the
cobalt in blood after 28-day treatment with 1mg/kg B.W. the level was 27.1+ 2.7 pg/l in
the time-response experiment, while it is 38.2+ 2.1 pg/l in the dose-response
experiment. A potential reason for this maybe that, in contrast with the time-response
experiment, the ICP-MS internal standard element had to be changed from scandium
(Sc) to indium (In) because of calibration problems. Thus, comparisons between these
metal content results and those of the previous chapter should be done with care.
Finally, organs were not perfused, thus the cobalt content of organs such as heart,
liver, kidney and brain could be compounded with that of the blood level. The latter is

true for both time and dose-response cobalt accumulation experiments with ICP-MS.
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Table 16: ICP-MS cobalt analyses of heart, liver, kidney, lung, spleen, testes, and

blood. Cobalt content units are ng/g, except for blood cobalt levels where they are

expressed as ug/l. Data are shown as mean £+ SEM of n=4 samples from controls, 0.1,

0.5, and 1 mg/kg B.W. CoClz treated groups. Blood from control group shows only n=3.

Rats were treated with a daily dose during 28 days, and dH>.O was used for the

controls. * significant difference between control and treatment groups tested by one-
way ANOVA (p<0.05).

Duration

28 days cobalt content (ng/g)

Treatment Control 0.5 mg/kg B.W. 1 mg/kg B.W.
Heart 85.8+8.5 134.6 £ 19.5 302.4 £ 57.5* 443.6 + 61.5%
Liver 175.1+14.3 277.8+£22.8 697.8 £ 85.7* 1103.5 + 128.4*
Kidney 270.3+25.6 378.5+46.3 974.4 £ 131.4* 1464.8 + 96.4*
Lung 65.0 +30.4 56.1+11.2 104.5+6.3 138.3+5.1*
Spleen 58.0 +25.3 75.1+9.0 162.1 £ 18.7* 275.2 + 38.3%
Testes 10.3+3.2 28.3+15.2 416+7.1 65.6 + 9.4*

28 days cobalt content (ug/l)

Blood

1.2£0.3

44+09

17.0 £ 2.8*

38.2+21*
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Table 17: Cobalt brain content of the pref. cortex, cerebellum, and hippocampus
(ng/g) from ICP-MS metal content analyses. Data are presented as mean £+ SEM

(n=4). S.D. male rats were treated during 28 days with daily i.p. injections of dH20
(control group), or 0.1, 0.5, and 1 mg/kg B.W. CoCl,. * significantly different from
control group by one-way ANOVA statistical test (p<0.01).

Duration 28 days cobalt content (ng/g)

Treatment Control 0.1 mg/kg B.W. | 0.5 mg/kg B.W. | 1 mg/kg B.W.
Pref. cortex 11.2+0.8 16.2+ 21 55.0+4.1* 70.6 £ 7.3*
Cerebellum 209+7.38 16.5+ 6.1 28.2+3.9 33.5+28
Hippocampus 8.0+1.9 8.1+29 304 +6.5* 54.1 + 3.6*
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Fig. 34: Organ cobalt content (ug/g, tissue; pg/l, blood) obtained after tissue and blood collection through ICP-MS. SD
male rats were treated with dH2O (control group) or different doses of CoCl.: 0.1, 0.5, and 1 mg/kg B.W. Animals were dosed daily
with i.p. injections during 28 days. Each group presents mean + SEM from n=4 rats, and * shows significantly different control and

treatment means as tested by one-way ANOVA (p<0.05).
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Fig. 35: Cobalt content of blood (ug/l) and separate brain areas (ng/g), pref.
cortex, cerebellum and hippocampus, after 28 days of daily i.p. treatment with
dH20, 0.1, 0.5, and 1 mg/kg B.W. CoCl.. Figure shows mean + SEM of n=4 per group,
with * displaying statistical differences between control and treatment groups by one-
way ANOVA analysis (p<0.01).

6.2.4. The transcriptional response to the cobalt doses selected is non-
proportional

The cobalt tissue content measured through ICP-MS determined that the pref. cortex
and hippocampus of 0.5 and 1 mg/kg BW CoCl,-treated groups had significantly
greater accumulated cobalt compared to their control groups (Fig. 35). Initially, we
considered whether to analyse the transcriptome only brain areas from treated animals
that had statistically significant levels of cobalt as obtained through ICP-MS.
Nevertheless, RNA-Seq is a very sensitive technique that can outperform typical
toxicology end-points (Joseph, 2017), and detect transcriptional changes in weakly
treated samples (Wang et al., 2014). Thus, we also included brain tissues from the
lower dose, 0.1 mg/kg B.W. CoCl,, and carried out the RNA-Seq analysis of the three
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cobalt treatments: 0.1, 0.5 and 1 mg/kg B.W. CoCl.. To evaluate whether the
incremental dose cobalt treatment resulted in a progressive transcriptomic response,
the number of genes and the magnitude of gene expression were plotted for each dose
in Fig. 36 and Fig. 37 respectively (DEGs p<0.5). Although the number of DEGs
increased from 0.1 mg/kg B.W. CoCl: to the other two doses (0.5 and 1 mg/kg B.W.
CoCly), there is no clear dose response in terms of the number of DEGs in pref. cortex
and hippocampus (Fig. 36). Thus, perhaps the two higher doses (0.5 and 1 mg/kg
B.W. CoCl2) produce analogous responses in the brain since the amount of
accumulated cobalt is similar in contrast to the differences between these two doses
in other tissues such as liver, kidney or blood as can be observed in Fig. 34. The
cerebellum, however, shows the number of DEGs to be directly proportional to the
dose used (Fig. 36). Still, the fold change of the DEGs is in general very low. Fig. 37
shows the DEGs fold change distribution through boxplots, the median of which, as
well as the 25" and 75™ percentile, are close to zero both for up- and down-regulated
genes. DEGs with higher fold-change (approx. > 1) are displayed as outliers for all
tissues and doses. Thus, cobalt probably elicits a mild response at the concentrations

used in this experiment.
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Fig. 36: Number of up-regulated (red) and down-regulated (blue) DEGs in pref.
cortex, cerebellum and hippocampus according to cobalt dose treatment: 0.1,
0.5 and 1 mg/kg B.W. CoCl.. Animals were dosed i.p. daily, for 28 days with the
mentioned doses or dH20 (controls). Data were extracted from RNA-Seq experiments
in which n=4 samples were pooled to get n’=1, except in the case of the hippocampus
treatment group 0.5 mg/kg B.W. CoCl> where n’=n=3, as well as for 1 mg/kg B.W.
CoCl2 where n’=n=1. Conditions imposed in the RNA-Seq data were p<0.5.
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Fig. 37: Fold-change distribution (logarithmic) of DEGs in the pref. cortex,
cerebellum and hippocampus. Rats were treated during 28 days with i.p. injections
of dH20 (control group), 0.1, 0.5 or 1 mg/kg B.W. CoCl>. Data show DEGs fold changes
of treatment groups compared against the control group (n’=1 from n=4 pooled
samples; except for hippocampus 0.5 mg/kg B.W. CoCl> with only n’=n=3, and
hippocampus 1 mg/kg B.W. CoCl> with n’=n=1). RNA-Seq data shown in the figure
were filtered to obtain only DEGS with p-value<0.5. Boxplots were drawn with MATLAB
displaying the median (red line) in between the 25" and 75" percentiles (blue edge
enclosure) and 1.5x interquartile range (dashed black lines) after which DEGs were

categorised as outliers (red crosses).

Fig. 38 shows the Venn diagram of DEGs found in pref. cortex, cerebellum, and
hippocampus (p<0.05). The diagram intersections display common DEGs between
groups, with pref. cortex and hippocampus demonstrating a higher number of common
genes than the cerebellum for every dose. Although the number of overlapping genes
between brain areas indicate that the hippocampus, cerebellum, and pref. cortex are
all part of the same tissue, i.e. the brain, the different DEGs also point towards highly
regionalised areas with specific functions. This was briefly discussed in section 5.3.4.
from Chapter 5. It can also be appreciated that the doses 0.5 and 1 mg/kg B.W. CoCl2

alter the expression of more common and tissue-specific genes than the 0.1 mg/kg
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B.W. CoCl2 dose, thus indicating a stronger impact of cobalt at elevated
concentrations. However, there are little differences in the number of common genes

between 0.5 and 1 mg/kg B.W. CoCl> dosages.

Overlap of DEGs between tissues Overlap of DEGs between tissues Overlap of DEGs between tissues
at 0.1 mg/kg dose at 0.5 mg/kg dose at 1 mg/kg dose
fold change > 0 ( p<0.05) fold change > 0 ( p<0.05) fold change > 0 ( p<0.05)

Hippocampus Hippocampus Hippocampus

Pref. cortex Cerebellum Pref. cortex Cerebellum Pref. cortex Cerebellum

Fig. 38: Venn diagrams showing the number of overlapping DEGs between pref.
cortex, cerebellum and hippocampus at the different cobalt treatment doses: 0.1,
0.5 and 1 mg/kg B.W. CoCl.. Rats were treated by daily i.p. injection for 28 days.
DEGs were obtained through RNA-Seq by comparing brain parts mRNA abundance
of treatment groups against controls (dH>O-treated). Diagrams were plotted using the
MATLAB venn.m function.

To further explore the effects on gene expression according to the dosage, we
performed the hierarchical clustering of common DEGs for all brain parts analysed as
shown in Fig. 39 and Fig. 40. Fig. 39 displays common genes whose fold-change are
over 2 and with p<0.05. However, only two genes comply with these conditions:
membrane bound O-acyltransferase domain containing 7-like 1 (Mboat7I1) and
transthyretin (Ttr). Yet, neither of them present a dose-response pattern. Moreover,
two genes would not be representative of the dataset. Given that the number of
common tissue genes fulfilling the criteria p<0.05 is too large for the software to
process and analyse, we opted to remove the significance condition and produce the
hierarchical clustering of DEGs over 2-fold change with no p-value considered. The
resulting heatmap with common tissue DEGs over 2-fold is presented in Fig. 40. The

number of up-regulated and down-regulated DEGs is presented in Appendix E.
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The clustering from Fig. 40 shows that brain parts are consistently clustered together
independently of the dose treatment group. Nevertheless, the doses used do not have
the same organisation pattern within the brain parts, which reinforces the idea that the
transcripts generated do not follow a dose-response in terms of their fold change. We
could not identify an independent set of DEGs that followed a dose-response fold
change in Fig. 40. Thus, we can conclude that the number and range of the doses
used does not prompt a dose-response. This does not mean that the transcriptional
response elicited is not relevant. Table 18 displays the result of the Gene Ontology
enrichment analysis performed by Cytoscape software on the common DEGs shown
in Fig. 40 (DEGs over 2-fold change from the three brain tissues with no p-value
threshold considered). GO terms obtained from Biological Process (BP GOs) and
KEGG ontologies of these common genes indicate that terms affected by cobalt are
steroid hormone synthesis, bile and renin secretion, and response growth hormone
among others. These terms could be related or fall under the umbrella of the activity
of UDP-glucuronosyltransferases (UGTs) or sulfotransferases as outlined by the
components of ‘transferase activity, transferring sulfur-containing groups’ Molecular
Function (MF) GO term and ‘Steroid hormone biosynthesis’s KEGG terms.
Glucuronidation and sulfonation processes are implicated in the clearance and
transport of bile acids, thyroid and steroid hormones, as well as exogenous compounds
such as drugs and xenobiotics.

167



. I e B ]

Mboat7I1

Ttr
10

05  x-0% -0 01 ! A .-
(2 u u
cort cef‘*”e“:; ppoca““’ H_‘ppocam ce‘°°:‘-‘p 5ca™

Tissue - Treatment doses (mg/kg BW)

Fig. 39: Hierarchical clustering of DEGs obtained from RNA-Seq comparison of
cobalt-treated groups (0.1, 0.5, and 1 mg/kg B.W. CoCl.) against controls (dH20).
S.D. male rats were treated for 28 days with daily i.p. injections. Tissues whose
DEGs are displayed are pref. cortex, cerebellum and hippocampus. DEGs shown are
common across tissues, have fold-changes over 2 and p<.05. Dendrogram heights
represent the Euclidean distance between pairs of DEGs. Dendrogram connects
tissues with similar gene expression patterns, although in this case only two genes
gather these conditions and classification is unlikely to be representative. The graph
was obtained with MATLAB clustergram.m function. Colour bar displays fold change
of upregulated (red) and downregulated (blue) DEGs. One pooled sample was
analysed per group (n'=1) from n=4 in all groups with the exception of hippocampus
treatment group 0.5 mg/kg B.W. CoCl, with n=3 pooled samples, and 1 mg/kg B.W.
CoCl2 with n=n"=1.
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Fig. 40: Hierarchical clustering of DEGs over 2-fold-change (no significance considered) from RNA-Seq data obtained
from the comparison of pref. cortex, cerebellum and hippocampus of rats treated with three concentrations of cobalt
against those of controls treated with dH20. RNA was isolated from brain tissues of S.D. male rats treated with daily i.p.
injections for 28 days with different concentrations of cobalt: 0.1, 0.5 and 1 mg/kg B.W. CoCl>. Samples analysed in each group
were pooled (n’=1) from n=4, except in the case of the hippocampus of rats treated with 0.5 mg/kg B.W. CoCl,, n=3, and 1 mg/kg
B.W. CoClz, n=1. Dendrogram heights display the Euclidian distance between DEGs pairs, and colour bar shows the fold change.
Graph plotted with MATLAB clustergram.m function.

170



Table 18: Gene Ontology (GO) enrichment of DEGs obtained from RNA-Seq
analysis of the pref. cortex, cerebellum and hippocampus of rats treated with i.p.

injections of 0.1, 0.5 or 1 mg/kg B.W. CoCl: during 28 days. Controls were treated

with dH20. DEGs analysed were common genes among tissues compared over 2-fold

(no significance level imposed). GO databases employed for enrichment were
Molecular Function (MF; 08/04/2016), Biological Process (BP; 08/04/2016), Cellular
Component (CC; 08/04/2016) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) (14/06/2016) ontologies.
Gene Ontologies (GO) and
GO terms

Biological Process (BP) GO terms

# genes with | # genes

annotations in the | represented in GO

ontology (%) Terms (%)
96 (74.42%) 26 (20.16%)

hormone metabolic process

Afp, Cyp17ai1, Gh1, Ghrhr, Nt5c1b, Rbp2,
Sultiet, Titr

response to growth hormone

Fga, Orm1, Ugt2b17

secretion by tissue

Agr2, Agp1, Ghrhr, Sic4ad

response to retinoic acid

Aqp1, Cyp17ai, Cyp2c7, Lefty1, Orm1

digestive system process

Aqp1, Fabp1, Sico1ab, Vsig1

modified amino acid transport

Folr1, Slc7a9, Sico1ab, Ttr

metanephric epithelium development

Adipoq, Aqp1, Cxcr2

Molecular Function (MF) GO terms

95 (73.64%) 6 (4.65%)

transferase activity, transferring sulfur-

containing groups

Chst13, Sult1c3, Sult1el

steroid hydroxylase activity

Cyp17ai1, Cyp2c7, Cyp3a23/3a1

KEGG terms

51 (39.53%) 14 (10.85%)

Steroid hormone biosynthesis

Cyp17a1, Cyp2c7, Cyp3a23/3a1, Sultiet,
Ugt1a8, Ugt2b17

Bile secretion

Aqp1, Sic22a7, Sic4ab, Sico1ad

Renin secretion

Aqp1, Clca4, Ppp3r2

B cell receptor signaling pathway

Cd72, Pirb, Ppp3r2

Cellular Component terms

106 (82.17%) 4 (31%)

brush border membrane

Aqp1, Folr1, Sic7a9, Slco1ab
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We also evaluated the transcriptional response of tissues with significant metal content
accumulation. According to our results from the ICP-MS analyses these tissues are
the pref. cortex and hippocampus of rats dosed with 0.5 and 1 mg/kg B.W. CoCl: (Fig.
35). Significant DEGs over 2-fold are shown in Fig. 41. Only the genes Hmgn5,
Mboat7l1, Crnkl1, Ly6g6e, and Tfap2c were displayed, therefore we decided to
analyse those DEGs expressed over 2-fold without regard for significance levels (no
p-value threshold considered). The result of this hierarchical clustering is displayed in
Fig. 42. We generated the gene enrichment analysis of these genes with Cytoscape
displayed in Table 19 and found several GO terms of importance involved in immunity,
and hormone activity similar to those found in Table 18. In addition, the protein-protein
interaction (PPI) of DEGs-protein products was created through the STRING webpage
(https://string-db.org/) to observe the possible links between the overlapped DEGs

(Fig. 43). We can clearly observe the immune axis centered around Interleukin-6 (IL6)
separated from other clusters such as related to growth factors and hormone activity,
as well as some glucuronosyltransferases, specifically UGT enzymes that are involved
in glucuronidation. Other cluster of interest reflected on the PPl is the
Glycosylphosphatidylinositol (GPI) anchor biosynthesis.

Additionally, we also analysed the list of pref. cortex and hippocampus DEGs over
2-fold from rats dosed with 0.5 and 1 mg/kg B.W. CoCl. (Fig. 42) with PathView
(https://pathview.uncc.edu/), an online software that allowed us to map the genes of
interest over KEGG pathways (Habermann et al., 2015). The "rmo00140 Steroid

hormone biosynthesis" and "rno04640 Hematopoietic cell lineage" pathways were

significantly enriched, and both had corresponding GO terms as obtained by
Cytoscape software in Table 19. We added the resulting mapped KEGG pathways to
the Appendix D. Four DEGs were emphasised in the mapping of the steroid hormone
biosynthesis pathway (Fig. 56 displayed in Appendix D): Cyp11a1, Cyp17at,
Cyp3a23/3a1, and Ugt1a1. With regards to the haematopoietic cell lineage pathway
the following genes were observed in Fig. 57 displayed in Appendix D: Cd19, Fcer?2,
Cd8a, Cd3g, ll1r2 and ll6.
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Fig. 41: Hierarchical clustering of DEGs from pref. cortex and hippocampus of
rats dosed with 0.5 and 1 mg/kg B.W. CoCl. compared against control (dH:20).
Conditions applied to DEGS were for the fold change to be over 2 and p<0.05. Animals
were given daily i.p. injections for 28 days. DEGs were obtained through RNA-Seq
analyses. Upregulated genes are displayed in red and downregulated in blue.
Hierarchical clustering was carried out according to Euclidian distance. Analysed
samples were pooled (n'=1) from n =4 pref. cortex group samples and n = 3 in the case
of the hippocampus of rats treated with 0.5 mg/kg B.W. CoClz, and n =1 for 1 mg/kg
B.W. CoCl,. Doses and tissues were selected due to their significant uptake of cobalt

(refer to cobalt content results).
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Fig. 42: Hierarchical clustering of DEGs from brain tissues with significant accumulation of cobalt: pref. cortex and
hippocampus from rats treated with 0.5 and 1 mg/kg B.W. CoCl.. DEGs were obtained from RNA-Seq comparing the RNA
isolated from those tissues with that of controls treated with dH20. Condition applied is for fold change to be over 2 (no significance
level required). Upregulated genes are shown in red while downregulated are displayed in blue. Hierarchical clustering and resulting
dendrogram were generated with Euclidian distance. Samples analysed through RNA-Seq were pooled (n’=1) from n=4 pref. cortex
samples, n=3 in hippocampus from 0.5 mg/kg B.W. CoCl treatment group, and n=1 from 1 mg/kg B.W. CoCl: treatment group.
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Table 19: Enriched GO terms obtained from DEGs of pref. cortex and

hippocampus in response to cobalt treatment with 0.5 and 1 mg/kg B.W. CoCl2

compared to control animals (dH:0). Rats were dosed for 28 days with i.p.

injections. GO terms annotated were significantly enriched with p<0.05. GO terms
enriched belong to the Molecular Function (MF; 08/04/2016), Biological Process (BP;
08/04/2016), Cellular Component (CC; 08/04/2016) and KEGG (14/06/2016) GO

databases.
Gene Ontologies (GO) and
GO terms

Biological Process (BP) GO terms
(08/04/2016)

# genes with | # genes

annotations in the | represented in GO

ontology (%) Terms (%)
194 (72.12%) 93 (34.57%)

regulation of hormone levels

Afp, Bco1, Bik, Cga, Cyp11al, Cypi7af,
Fam3b, Ffar2, Fga, Fgf23, Gh1, Ghrh,
Ghrhr, 116, NrOb2, Nt5c1b, Pax8, Slc30a8,
Slco1ab, Sult1el

response to interleukin-6

Crp, Fga, Fgf23, Ghrh, Hamp, 116, Pck1

T-helper 17 cell lineage commitment

Batf, 116, Ly9

response to vitamin

Cyp11al, Fgf23, Folr1, Hamp, Orm1, Ofc,
Sult2a1, Tshb

response to pH

Acer1, Gh1, Gja3, Kcnk18, Pck1

response to interleukin-1

Ccl21, Ccl25, Cyp11at, 116, Mmp3, Pck1,
Slc30a8

cell chemotaxis

Ccl21, Ccl25, Ccr6, Cxcl13, Cxcl9, Cxcr2,
Ffar2, Hrg, Stap1

organ formation

Folr1, Foxh1, Gdnf, Ntf4, Pax8

cell fate commitment

Batf, EIf5, Gatab, Gsx1, Gsx2, 116, Ly9,
Myil2, Ntf4, Olig3, Sostdc1

Molecular Function (MF) GO terms
(08/04/2016)

185 (68.77%) 60 (22.3%)

cytokine receptor binding

Bmp10, Ccl21, Ccl25, Cxcl13, Cxcl9, Gh1,
116, Inhbc, Ntf4, Stap1
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heparin binding

Ang2, Comp, Cxcl13, Hrg, Mcpt4, Serpind1,
Wisp3

growth factor activity

Areg, Bmp10, Fgf23, Gdnf, Il6, Inhbc, Ntf4

steroid binding

Comp, Crp, Cypi11al, Fabp1, Sultief,
Ugtiat

hormone activity

Bmp10, Cga, Gh1, Ghrh, Gpha2, Hamp,
Inhbc, Pyy, RIn3, Tshb

KEGG terms
(14/06/2016)

97 (36.06%) 29 (10.78%)

Steroid hormone biosynthesis

Cyp11a1, Cyp17at, Cyp2c7, Cyp3a23/3al,
Sult1e1, Ugt1a1, Ugt2b17

Hematopoietic cell lineage

Cd19, Cd3g, Cd8a, Fcer2, ll1r2, 116

Cellular Component terms
(08/04/2016)

216 (80.3%) 18 (6.69%)

external side of plasma membrane

Cd19, Cd8a, Cxcl9, Fcer2, Fga, Folrt,
Hyalb, 116, Itgad, Trom8
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Fig. 43: Protein-protein interaction (PPIl) network obtained from STRING web
tool (https://string-db.org/) by analysing DEGs as their protein products. DEGs
were obtained from RNA-Seq analyses of pref. cortex and hippocampus from rats
treated with 0.5 and 1 mg/kg B.W. CoCl. against controls treated with dH20 during 28
days of i.p. injections. The following terms/keywords have been highlighted: cellular
response to interleukin-6 (blue), regulation of hormone levels (purple), chemokine
receptors bind chemokines (yellow), blood coagulation (red), glucuronosyltransferase
activity (pink), growth factor activity (green), and post-translational modification:
synthesis of GPl-anchored protein (cyan). The thickness of links between nodes
represent the confidence in the interaction, only nodes connected with high confidence
(0.7) are displayed.
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To better observe genes possibly involved in cobalt toxic mechanisms, the DEGs
expressed over 2-fold change and with p<0.05 from pref. cortex, hippocampus and
cerebellum have been plotted on Fig. 44, Fig. 45 and Fig. 46 respectively. They are
displayed as arranged by hierarchical clustering analyses of the DEGs (following
Euclidian distance, dendrogram not shown). Fig. 44 displays the common genes of
pref. cortex across the three doses, and presents several genes whose proteins have
a role in inflammation and immunity such as Crp, Tnf, and Cxcl13. Tnf was posteriorly
inspected in PCR blot and its protein expression evaluated later by Western blot. Fig.
46 shows significant DEGs of the hippocampus over 2-fold change. There are a couple
of insulin markers, Igbp2 and Igfbp2, and surprisingly several markers attributed to the
choroid plexus such as Clic6, Ttr, KI, Col8a1 and others (Lun et al., 2015; Mathew et
al., 2016; Sathyanesan et al., 2012). Similarly, some of these choroid plexus markers
are also present across doses in the Cerebellum (Fig. 46). In hindsight, the GO term
‘brush border membrane’ from Table 18 could refer to the brush border of the choroid

plexus epithelium.
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Fig. 44: DEGs obtained from the comparison of pref. cortex from rats dosed with
0.1, 0.5 and 1 mg/kg B.W. CoCl. against the control group (dH20). Animals were
treated for 28 days with daily i.p. injections. DEGs displayed were obtained from the
RNA-Seq analysis of pooled samples (n’=1 from n=4 samples per group). Fold-change
gene expression is indicated by colour as described by the bar in the right side, up-
regulated genes are displayed in red while down-regulated are blue. Genes are
displayed as determined by the hierarchical clustering performed with the
clustergram.m function from MATLAB software of DEGs over 2-fold-change (p<.05),
dendrogram not shown (Euclidian distance).
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Fig. 45: DEGs expressed in hippocampus of rats treated via i.p. with daily
injections of 0.1, 0.5, and 1 mg/kg B.W. CoCl2 or dH20 (control groups) for 28
days. Pooled samples (n’=1 from n=4 samples in group 0.1 mg/kg B.W. CoCl,, n=3
from 0.5 mg/kg B.W. CoCl,, and n=1 from 1 mg/kg B.W. CoCl, group) were analysed
through RNA-Seq and data are presented as the result of hierarchical clustering
performed with MATLAB clustergram.m function. DEGs in the graph are only those
with fold-change > 2 and p<.05, dendrogram is not shown. Colour bar presents fold-

change: up-regulated genes in red and down-regulated genes in blue.
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Fig. 46: Gene fold change of cerebellum from rats of CoCl.- treated groups (0.1,
0.5 and 1 mg/kg B.W.) compared with controls (dH20). Animals were treated with
daily i.p. injections during 28 days. Results show DEGs over 2-fold change and with
p<0.05 from RNA-Seq analysis organised by hierarchical clustering performed with
MATLAB clustergram.m function (Euclidian distance). One sample was analysed per
group (n’=1), which was pooled from n=4 samples corresponding to the groups. Colour
bar shows upregulated (red) and downregulated (blue) fold changes.
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6.2.5. Gene expression validated by RT-qPCR

We selected a few genes to evaluate through RT-gPCR according to their high
expression level in RNA-Seq data, as well as their function. Our focus was on the pref.
cortex and the hippocampus, the brain areas most responsive to cobalt treatment
according to gene expression (Fig. 36 and Fig. 38). The genes selected were Tnf,
Spata18, Ttr, and Akap14 in the pref. cortex and Kl in the hippocampus. Transthyretin
(Ttr) and Akap14 were chosen as markers of choroid plexus contamination. Tnf and
Spata18 are markers of inflammation and mitochondrial damage, respectively. Initially,
we selected more genes to validate both in pref. cortex and hippocampus (Crp, Cxcl13,
Clic6, and Trpv5 among others) but some of the designed primers did not work, and
our research was cut short by the COVID-19 lockdown. For the same reason, we only
selected the higher dose of cobalt treatment to evaluate gene expression against the

control group in these targets.

Fig. 47 shows the fold change according to RT-qPCR and RNA-Seq, which in general
are approximatively similar. However, that is not the case for Tnfand Ttr. Table 20 also
describes the fold-changes (before applying the logarithm as described in section
3.7.4. from the in vitro methods), with the respective significance. The expression of

none of the genes selected was significantly different in the treatment groups from that
of the controls. The ACt values shown in Fig. 48 display dissimilar averages in the
case of Spata18, Akap14 and KI. However, they are not sufficient to declare statistical
significance. For the hippocampus, the fold change of K/ for cobalt treatment groups
0.5 and 1 mg/kg B.W. is shown, although only the 0.5 mg/kg B.W. group is displayed
as ACrt values. That is because we only had one sample available of the hippocampus
for the 1 mg/kg B.W. treatment group due to limited tissue availability and dissection
difficulties.
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Fig. 47: Fold change mRNA gene expression levels obtained from RNA-Seq
(green) and RT-gPCR (blue) of Tnf, Spata18, Ttr, Akap14 (pref. cortex; n’=1 of
n=4 pooled samples) and K/ (Klotho; hippocampus; n’=1 from n=4 control group,
n=3 in 0.5 mg/kg B.W. CoCl: treatment group, or n=1 in treatment 1 mg/kg B.W.
CoCl2 pooled samples). RT-gPCR normalisation was against Pes1 in the pref. cortex
and Ywhaz in the hippocampus. The y-axes show the logarithm of the fold change (aka
ratio). * significant difference from the control group at 28 days treatment by
independent-samples t-test (p<0.05), it does not refer to a significant difference

between RT-gPCR and RNA-Seq fold change values.
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Fig. 48: Quantification of Tnf, Spata18, Ttr, and Akap14 ACt values (Cr target
gene — Cr internal control) in the pref. cortex and K/ in the hippocampus through
RT-gPCR. The internal control for pref. cortex is Pes?1, and Ywhaz for the
hippocampus. Data are displayed as mean + SEM (n=4 for pref. cortex and control
group in hippocampus, n=3 for treatment group in hippocampus). * significantly
different 0.5 (hippocampus) or 1 (pref. cortex) mg/kg B.W. CoCl, treatment groups from
control group after 28-days i.p. injection treatment by independent-samples t-test
(p<0.05).
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Table 20: Fold change (linear scale) gene expression of treated rats (n=4)
compared with control group (n=4; dH20) after 28 days cobalt treatment with 1
mg/kg B.W. CoCl: in the pref. cortex and 0.5 mg/kg B.W. CoCl. hippocampus.
Target genes for the pref. cortex were Spatai8, Ttr, Akap14, Tnf and Kl for the
hippocampus. Internal controls were Pes1 for pref. cortex and Ywhaz for hippocampus.

P-values were obtained by comparing control and treatment ACt values with

independent-samples t-test (p<0.05).

Pref. cortex Hippocampus

Fold-change Fold-change
Spatai18 4.56 115 X X
Ttr -1.05 .933 X X
Akap14 2.65 412 X X
TNF-a 1.15 544 X X
Klotho (0.5) X X 4.68 0.381
Klotho (1) X X -111.87 X
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6.2.6. Protein levels of target genes do not change significantly with cobalt
treatment

Given the high expression of these and other genes we assessed protein levels of the
control group against the treatment group with the highest dose, 1 mg/kg B.W. CoCly,
in the pref. cortex. Although the hippocampus was also a region of interest, it has a
small size and there was only enough tissue for metal content and RNA-Seq screening.
The cerebellum appeared to be less affected than the pref. cortex (Fig. 36), but some
of the genes selected were also highly expressed in the treatment group 1 mg/kg B.W.
CoCl, (data not shown) so we decided to evaluate protein expression in both tissues.

B-Actin was used as the protein control after reviewing that its fold change expression
did not vary across doses in the RNA-Seq data (data not shown). The selected
antibodies were Spata18 (aka Mieap), involved in mitochondrial ROS and cytosolic
vacuolization, tumour necrosis factor (Tnfa), which is a known marker of inflammation,
and angiogenin (Ang) indicative of angiogenesis and implicated in neurodegenerative
diseases. In addition, given the widespread choroid plexus markers we also selected
transthyretin (Ttr), to assess for thyroid binding protein and choroid plexus
contamination, as well as A-kinase anchor protein 14 (Akap14 aka Akap28), a protein
complex that works synergetically with cAMP and PKA signalling, which are signalling
pathways controlling cilia beating in the ventricular ependyma.

Fig. 49 displays the immunoblotting results from Akap-14, Spata18, Angiogenin, and
TNF-a proteins in the pref. cortex and cerebellum. In contrast to RNA-Seq gene
expression, protein levels were unchanged. The quantification of relative protein can
be observed in Fig. 50, and no significant increase or decrease between control and
treatment in protein abundance was found in any of these targets (p <0.5).
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Fig. 49: Immunoblot analyses of target proteins from pref. cortex (left panels) and cerebellum (right panels) tissue
homogenates from rats treated with 1 mg/kg B.W. CoCl: or dH20 (control). Rats were treated for 28 days with i.p. injections.
Target genes were Spata18, Tumour necrosis factor (TNF)-a,, Angiogenin (Ang), Akap14 and Transthyretin (Ttr) 50kDa and 14kDa.
Relative values were calculated against loading control protein B-Actin. Samples were loaded with 10ug, except for Ttr where 20ug
were used. Liver (Li) was used as a control.
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Fig. 50: Relative protein expression of target proteins in pref. cortex (top panel) and cerebellum (lower panel) of rats
treated with 1 mg/kg B.W. CoCl: i.p. injections during 28 days. Controls were treated with dH20 instead. Target proteins are
Spata18, Tumour necrosis factor (TNF)-a, Angiogenin (Ang), Transthyretin (Ttr) 50kDa and 14kDa, as well as Akap14, and relative
values were calculated with loading control protein B-Actin after densitometric analysis. Values are mean + SEM (n=4, except for
treatment group in the cerebellum evaluating Akap14 n=3). No significance was found compared with controls with independent t-
test (p<0.05).
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6.3. Discussion

In the previous section, we presented several dose-response outcomes after 28 days
cobalt treatment. In summary, we obtained cobalt content of the individual organs and
brain parts by ICP-MS, gene expression derived from RNA-Seq and RT-gPCR assays
performed on isolated mRNA from the brain, as well as protein levels by
immunoblotting. The weight of the animals and of their organs was also measured
throughout the experiment to evaluate their general health. These findings are
discussed next.

6.3.1. Could cobalt modulate weight gain or loss in patients?

Similar to what was found in the previous chapter, the calculated weight gain rate
appears to decrease across the different concentrations of cobalt (Fig. 32). However,
the rats’ growth is still positive, and these growth rates are not significantly different
from the control. As observed in Fig. 30 and Fig. 31, the change in weight acquisition
was subtle and went initially unnoticed by us. A recent investigation by Houeto et al.
compared cobalt and hydroxocobalamin tissue accumulation in dosed rats with
0.75mg/kg B.W. i.p. cobalt injections for three weeks (Houeto et al., 2018). They also
detected a significant lower weight in cobalt-treated rats in comparison to controls and

animals treated with hydroxocobalamin.

The doses used in our experiments result in low blood cobalt concentrations (<100ug/l)
compared to most of the reported cobaltism cases (Fig. 34 and Table 16). Although
anorexia has been reported with high blood cobalt concentrations (Gilbert et al., 2013;
Zywiel et al., 2013), we wonder if the reduced weight gain seen in our results could
have implications for patients with lower cobalt levels in blood, which might also go
unnoticed. However, the translation of our results to humans is complicated by the fact
that S.D. rats increase their body weight during their lifetimes (Altun et al., 2007) while
healthy humans usually plateau during adulthood. We are unaware of studies that
monitor the weight of MoM patients and compare it with their cobalt blood levels
throughout an extended period of time. Hence, it is unknown whether cobalt could
supress weight gain or induce weight loss in otherwise healthy subjects with lower
levels of cobalt in blood from our data or other sources in the scientific literature.

Nevertheless, our results point to a trend of reduced growth and we know that cobalt
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toxicity can induce anorexia at high blood cobalt concentrations, therefore we can
hypothesise on the mechanisms behind this effect.

In section 4.3.2. from the Discussion of Chapter 4 we speculated whether cobalt could

directly interfere with feeding mechanisms by passing into the CSF from blood and
modifying the metabolic activity of tanycytic cells in the hypothalamus. And although it
is possible for this to occur, the reduced weight gain could perhaps be explained by
more straightforward mechanisms associated to a process of cachexia. Shimada et al.
recently defined several disease states induced by known liver and kidney toxicants
through machine learning algorithms in a transcriptomics database (Shimada and
Mitchison, 2019). They discovered that drugs causing organ injury and a new ‘drug-
induced tolerance’ state were characterised by weight loss. The hormones insulin-like
growth factor-1 (/gf1) and growth differentiation factor-15 (Gdf15), as well as its
downstream targets, were thought to be causative of the phenotype. Following the
hypothesis of Shimada et al. we could speculate that cobalt induces tissue injury if not
in the brain, in other tissues with higher cobalt concentrations such as the liver, kidney
or heart (Fig. 34 and Table 16). Cobalt could also induce a state of tolerance, which
was characterised by a transcriptional activation of xenobiotic detoxification and as a
transitional state to or from other more severe disease states induced by chemicals.
According to Shimada et al. both scenarios would lead to secretion of Gdf15 by the
liver, a protein that induces anorexia through the hypothalamus. This would eventually
reduce blood glucose, thus modulating insulin and metabolism signalling, and

ultimately leading to weight loss and cachexia.

We searched the RNA-Seq data for these markers. Although insulin indicators
downstream of Igf1 can be observed with high fold-change in the hippocampus (/gf2
and Igfbp2; Fig. 45) and are also scattered across RNA-Seq data, the gene expression
of Igf1 itself is not very high for all the tissues analysed as can be observed in Table
21. We also found instances of Gdf15 in the transcriptomic data which were
significantly regulated (Table 22), while its receptor Gfral is not significantly or highly
regulated in general (Table 23). Thus, it is possible that these pathways are lightly
regulated in some of the treated animals, while a few rats could be more affected by
cobalt resulting in secretion of Gdf15. This is a promising pathway to investigate in
future studies of cobalt toxicity.
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Table 21: Fold change and p-values of Insulin-like growth factor 1 (Igf1) in pref.
cortex, hippocampus and cerebellum of 0.1, 0.5 and 1 mg/kg B.W. CoCl: treated
rats. Rats were treated for 28 days via i.p. injections with the mentioned doses or dH20

in the case of the controls. Gene expression values were obtained from the RNA-Seq
data of pooled samples.

Pref. cortex Hippocampus Cerebellum
Igf1
fold change
0.1 mg/kg B.W. |-0.27 0.25 -0.13 0.60 0.24 0.21
0.5 mg/kg B.W. |-0.66 0.005 -0.39 0.15 0.3 0.10
1 mg/kg B.W. -0.76 0.003 0.20 0.42 0.43 0.02
1 mg/kg B.W. 0.15 0.78 X X -0.26 0.68
(15t experiment)
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Table 22: Growth Differentiation Factor 15 (Gdf15) fold change and p-value
across brain parts analysed through RNA-Seq experiments after cobalt
treatment: pref. cortex, hippocampus and cerebellum. Rats were dosed daily with
i.p. injections of 0.1, 0.5 and 1 mg/kg B.W. CoCl, or dH20 (controls) for 28 days. Bold
figures display values over 2-fold or significant. RNA from tissues was isolated from
pooled samples. RNA-Seq was performed over the pooled RNA samples isolated for

each control or treatment group.

Pref. cortex Hippocampus Cerebellum
Gdf15
fold change
0.1 mg/kg B.W. |-0.67 .66 -1.06 22 -2.44 .01
0.5 mg/kg B.W. |-0.59 .69 0.70 .29 -1.12 .16
1 mg/kg B.W. 0.74 .51 -3.11 .02 -1.31 A1
1 mg/kg B.W. 1.04 .59 X X 417 48
(15t experiment)

Table 23: GDNF family receptor alpha-like (Gfral) fold change and p-values from

RNA-Seq data obtained from pref. cortex, cerebellum and hippocampus of rats
dosed with i.p. daily injections of 0.1, 0.5 and 1 mg/kg B.W. CoCl. or dH20

(controls) during 28 days. In bold are significant figures or fold change over 2-fold.

Pref. cortex Hippocampus Cerebellum
Gfral
fold change
0.1 mg/kg B.W. |-0.43 0.29 0.09 0.76 -0.43 0.53
0.5 mg/kg B.W. |-0.32 0.42 -0.28 0.37 0.38 0.52
1 mg/kg B.W. -0.44 0.28 -0.27 0.40 -0.32 0.65
1 mg/kg B.W. 0.53 0.61 X X -2.53 0.01
(15t experiment)
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Conversely, the available literature suggests that lowering protein intake could worsen
and perhaps trigger some of the severe symptoms of cobaltism. In early studies of
cobalt toxicity the researchers observed that protein deficient rats had higher incidence
and suffered more severe cardiac effects that normally fed rats (Rona, 1971). This was
also noted in Quebec (Morin et al., 1969) and Belgium beer drinkers (Kesteloot et al.,
1968), whose beverages also had cobalt additive. The authors of this last study
reported that onset of the symptoms appeared to correlate with a period of anorexia.
Furthermore, 60% out of 64 beer drinkers with cobalt cardiomyopathy in Omaha had
diet alterations two to six months preceding the onset of cardiac symptoms (Sullivan
et al., 1969). Other recent cases of cobaltism in patients with hip prosthesis have also
reported anorexia (Mao et al., 2011; Zywiel et al., 2013) or significant weight loss
(Gilbert et al., 2013).

Previous reviews on cobalt toxicity have hypothesised that the deficient nutrition
provoked by cobalt would apparently decrease albumin (hypoalbuminemia), thus
raising levels of free cobalt ions in blood (Paustenbach et al., 2013; Zywiel et al., 2016).
Indeed, we mentioned in section 4.3.5 that in vitro cobalt is sequestered by albumin
and histidine in DMEM cell media up to a concentration of 40uM (Sabbioni et al.,
2014b), moreover different media compositions produce varying fractions of soluble
cobalt (Bresson et al., 2013). However, in spite of this long believed view on albumin
production by the body, recent studies on caloric restriction have denied the
relationship between blood albumin levels and a deficient diet (Lee et al., 2015). This
does not mean albumin is not relevant since inflammation can lower albumin blood
content. Furthermore the metal binding ability of albumin is greatly reduced in the case
of ischemia modified albumin (IMA), which is precisely measured by the Albumin
Cobalt Binding (ACB) assay (Paustenbach et al., 2013).

Certainly, cobalt could exert a dual effect. High cobalt levels could lead to albumin
saturation and higher cobalt concentrations in organs, but additionally, further
depriving the body of necessary nutrients might precipitate metabolic failure given that
cobalt directly affects metabolism. A combination of lack of nutrients and increased
free cobalt levels could perhaps explain cobalt susceptibility, which do not seem to
correlate clearly with blood or serum cobalt levels (Zywiel et al., 2016). Further
research would be needed to understand changes in food intake and prove the role of
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cobalt in delayed growth. Nevertheless, it is possible that cobalt could modulate rat
feeding behaviour.

6.3.2. The low range cobalt dosage used does not lead to a dose-response

The accumulation of cobalt in most organs appears to be proportional to the dose used
(Fig. 34 and Table 16), and this was also the case in the pref. cortex and hippocampus
(Fig. 35 and Table 17). We did not observe any apparent or significant changes in any
of the organ weights as a result of their cobalt content (Fig. 33). It is known that cobalt
can induce cardiomegaly and hepatomegaly (Choi et al., 2019; Sullivan et al., 1969).
However, the cobalt blood concentrations obtained here are situated within the lower
range in relation to patients with MoM implants (<100ug/l), and normally patients do
not seem to demonstrate systemic health issues derived from low blood cobalt levels,
although there are exceptions (Mao et al., 2011). Thus, we believe the concentrations
used in this study may have a subtle toxic effect, although it is unknown whether the
toxicity elicited might lead to more serious effects such as organ hypertrophy over time.

In the brain, the doses with the highest number of DEGs (0.5 and 1 mg/kg B.W. CoClz;
Fig. 36) are those with a significant accumulation of cobalt according to ICP-MS data
(Fig. 35 and Table 17). Organ and blood cobalt content at 0.1 mg/kg B.W. are low and
not statistically significant compared to the measurements at 0.5 and 1 mg/kg B.W.
CoCl; including in the brain parts. Future research might want to shift the doses studied
beyond this concentration. However, the average rat blood cobalt concentration
corresponding to 0.1 mg/kg B.W. CoCl. dosage is 4.4 + 0.9 ug/l, which is similar to the
cobalt levels displayed by many prosthetic patients (Langton et al., 2013). Since the
average cobalt in blood is <1 nug/l in unexposed patients, we cannot overlook the
response elicited at this concentration in the rat brain. In addition, the fold change of
certain DEGs compared to the control group is still very high in the brain even from the
0.1 mg/kg B.W. CoCl. concentrations (maximum |fold change| = 10; p<0.5). Given the
demonstrated sensitivity of transcriptomics to detect toxicity in comparison to other
more conventional techniques (Joseph, 2017), we decided to also include this
concentration as part of our analyses.

196



To summarise RNA-Seq results, no dose-response was demonstrated either in the
number or in the average fold change of DEGs elicited by cobalt treatment (Fig. 36
and Fig. 37). Moreover, we could not find specific DEGs whose fold change followed
a dose-response (Fig. 40, and also for pref. cortex Fig. 44, hippocampus Fig. 45, and
cerebellum Fig. 46). However, it is also possible for cobalt toxic effects to follow a
dose response, but the few concentrations used here do not cover such a range of

toxicity.

Furthermore, we do not know which proportion of cobalt corresponds to free ions and
which to cobalt-bound to protein complexes as mentioned in the previous section. A
few reviews on cobalt have also addressed whether free cobalt ions might be a more
relevant metric to evaluate or predict cobalt toxicity instead of whole blood (Kerger et
al., 2018; Paustenbach et al., 2013). However, the estimation of cobalt fractions is not
straightforward (Kerger et al., 2018; Sabbioni et al., 2014b), and to this date there is
not sufficient data covering this issue. In any case, if cobalt is being sequestered by
albumin, it is likely that the response to any administered cobalt treatment will be
dampened.

Previous studies suggest that the fraction of ionic cobalt remains constant throughout
a wide range of cobalt concentrations in blood due to albumin binding capacity
(Paustenbach et al., 2013). However, since certain conditions and diseases can modify
albumin leading to ischemia-modified albumin (IMA) by decreasing its cobalt binding
capacity, the levels of free cobalt could increase. The toxic action of free cobalt ions
could in time lead to an underlying state of disease, which potentially could modify
albumin binding capacity, i.e. lowering cobalt albumin retention. Eventually, this would
allow for more free cobalt ions in blood which would increase cobalt toxicity. Facchin
et al. researched IMA in a cohort of patients with MoM implants and found that their
IMA was elevated, but there was no correlation between cobalt blood levels and IMA
(Facchin et al., 2017). Certainly, more research would be needed to understand this

matter.
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6.3.3. What are the overall transcriptional effects of cobalt?

The genes displayed in the hierarchical clustering analyses of Fig. 39 and Fig. 41
were obtained in a conservative way, only considering significant DEGs (p<0.05) over
2-fold change (Zhao et al., 2018). These common DEGs were Mboatl7 and Ttr in Fig.
39, which showed the common genes over all doses and tissues, and Hmgn§,
Mboat7l1, Crnkl1, Ly6g6e and TfapZ2c, which were obtained from the pref. cortex and
hippocampus of rats dosed with 0.5 and 1 mg/kg B.W. CoCl2 (Fig. 41). The only thing
these genes appear to have in common is that they are not well known genes. Their
function is still being researched and not a lot of information could be found in the
literature about most of them. The fold change and significance conditions for the
analysis were imposed to reduce data dimensionality and the number of false positive
DEGs (Maleki et al., 2020), but these conditions have proved to be too stringent. We
have displayed the number of DEGs for each threshold condition in Appendix E.
Although the mentioned genes might have their importance, the reduced number does
not allow for a biological interpretation of the effect of cobalt in the brain. Therefore, we
removed the requirement for significance for GO enrichment analyses, and focused

only in highly expressed DEGs.

Table 18 displays the GO terms from common pref. cortex, hippocampus and
cerebellum DEGs over 2-fold change (Fig. 40), while Table 19 shows those DEGs from
the pref. cortex and hippocampus of rats dosed with 0.5 and 1 mg/kg B.W. CoCl: (Fig.
42), which were the doses with significant accumulation of cobalt as can be observed
in Fig. 35. The percentage range of annotated genes in the GO ontologies is relatively
high (genes recognised by each database): 40-80% in the first enrichment analysis
(Table 18) and 36-80% in the second (Table 19) depending on the specific ontology.
However, although the analyses with Cytoscape software returned several GO terms
with biological importance, the relative number of genes represented in the resulting
GOs is not high at all: 3-20% DEGs from all doses/brain parts and 7-35% from pref.
cortex and hippocampus of rats treated with 0.5 and 1 mg/kg B.W. CoClz. In addition,
many of the enriched terms contain only 3 genes in Table 18, e.g. ‘response to growth
hormone’, ‘metanephric epithelium development’, ‘transferase activity, transferring
sulfur-containing groups’, ‘Renin secretion’, and ‘B cell receptor signaling pathway’, or

‘T-helper 17 cell lineage commitment’ in Table 19. Many of these genes included in the
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GOs also overlap between terms, and it is possible that some GO terms are
functionally related. This points to low representation of the genes from our dataset in
the given ontologies. Moreover, many highly expressed and significant DEGs from Fig.
39 and Fig. 41 have not been included in the enrichment. From DEGs common to all
the tissues with more constricted conditions (Fig. 39; [fold-change| >2 and p<0.05)
only transthyretin, Tir is represented in the GO terms of Table 18 and Table 19. It is
known that GO annotations are biased towards including a well-known small set of
genes that represent only 16% of the human genome (Tomczak et al., 2018). Thus,
we should warn about the limitations of our GO enrichment analysis. However,
annotations keep evolving so perhaps future revaluations of our data might bring more

information about the effect of cobalt in the brain.

Even when the GO enrichment analyses were limited, we found some terms of interest
that could be associated with cobalt toxicity. This in the case of ‘Steroid hormone
biosynthesis’ present in both Table 18 and in Table 19, which is comprised by a few
genes of the Cytochrome P450 (Cyp prefix) family, as well as by a couple
UDP-glucuronosyltransferases (Ugt prefix) and a sulfotransferase (Sult prefix). The
protein products of these gene families form part of drug metabolism and detoxification
pathways, which would explain why the term ‘Bile secretion’ is present. These gene
families are normally expressed in the liver but the brain also hosts some CYPs
(Ferguson and Tyndale, 2011), UGTs (Ouzzine et al., 2014) and SULTs (Asai et al.,
2019). Indeed, their functions extend to the clearance of endogenous and exogenous
compounds such as bile or urine. UGTs and SULTs can metabolise steroids, thyroid
hormones, as well as serotonin and dopamine, although the function of glucuronidated
or sulphated neurotransmitters is not understood yet (Di, 2014). Moreover, CYPs are
also involved in biosynthesis of serotonin, dopamine (Ferguson and Tyndale, 2011)
and steroid hormones (Pikuleva and Waterman, 2013). Genetic polymorphisms of
CYPs involved in neurotransmitter synthesis and in the case of steroid hormones such
as testosterone and estradiol have been involved in personality traits such as anxiety,
impulse control and diminished social traits. Moreover, some CYP genes have been
linked with certain cases of Parkinson’s disease (Ferguson and Tyndale, 2011). This
list of symptoms could be linked to some of those reported by arthroprosthetic
cobaltism patients such as increased levels of anxiety, depression, and tremors
(Catalani et al., 2012; Gessner et al., 2019; Green et al., 2017). Going back to Chapter
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5 section 5.2.7, we suggested that CYPs could be a target of cobalt since they normally
bind to heme metal substrate. Some metal ions have been observed to inactivate
members of the CYP family, but the evidence is still scarce (Dixit et al., 2020). The
implications for impaired function of these proteins is important. They can range from
dysregulation of homeostasis of the endocrine system to muscle weakness, and are
involved in certain aspects of degenerative diseases (Pikuleva and Waterman, 2013).
For example, mutations of Cyp17a1, a gene comprised within the GO terms (Table 18
and Table 19), leads to congenital adrenal hyperplasia, which affects the development
of the gonads. Many genes obtained through our RNA-Seq experiments puzzlingly
referred to spermatocytes, and reproductive organs (data not shown), but it is unclear
how interference of cobalt with the protein product of this gene would affect older
adults.

Nevertheless, there are other large GO terms linked with hormone homeostasis such
as ‘hormone metabolic process’ in Table 18, or ‘regulation of hormone levels’, ‘steroid
binding’, and ‘hormone activity’ in Table 19. Some of these are not directly related to
steroid hormones, e.g. essential thyroid related genes (Tshb), whose deletion leads to
hypothyroidism, and other GO terms such as ‘response to retinoic acid’. This evidence
together with previous results from the previous chapter (Chapter 5) make us suspect
the suggestion that nuclear receptors could be possibly regulated by cobalt due to their

metal ion binding activity (‘Nuclear, Estrogen and Thyroid receptor superfamily (Nrxyz,

Esr, Thr) line in Table from section 5.2.7.; Chapter 5). Nuclear receptors may bind

steroids, retinoic acid, or thyroid hormones, and this binding depends on the nuclear
receptor zinc finger domain. Given that nuclear receptors control transcriptional
regulation in a cell-specific manner and their activity is still not widely understood, it is
difficult to relate their possible effects under the influence of cobalt (Sever and Glass,
2013). However, they define cellular identity and they are involved in in vivo synapse
formation in the brain (Cao et al., 2020), and mitochondria energetics in the heart
(Vega and Kelly, 2017) among other functions. We speculate that interference with
these targets could lead to loss of function of tissues through interference with
differentiation pathways given that some of the GO terms present in Table 19 are
‘organ formation’ and ‘cell fate commitment’, which could eventually lead to some of
the conditions developed by patients with cobaltism. In addition, we also detected the
CYP family to be expressed overall in Chapter 5 results (line_‘Cytochromes P450
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(CYPs); Table from section 5.2.7.; Chapter 5). This creates a chicken and egg

situation since the CYP family synthesise some of the ligands that the nuclear
receptors bind to, and other experiments will have to be performed to ascertain
whether cobalt is binding to CYPs or to nuclear receptors and determine the initiating
factor (Honkakoski and Negishi, 2000). Thus, the results obtained in this experiment

link with those of Chapter 5.

To further understand the relationship between the GO terms we performed a PPI
analysis of the genes located in brain parts which had accumulated significant amount
of cobalt (pref. cortex and hippocampus at 0.5 and 1 mg/kg B.W. CoCl,) from the
hierarchical clustering in Fig. 42. This analysis is displayed in Fig. 43. The PPI
displayed regulation of hormone levels consistently with the GO enrichment analysis,
as well as a network of drug-metabolizing enzymes consisting of a few Cyp, Ugt and
Sult genes. We also found an immune and haematopoietic axis centred around //6 with
important chemokine presence. This immune response was also reflected in the GO
enrichment from Table 19, but not from Table 18. Some of the immune-related GO
terms are ‘response to interleukin-6’, 'T-helper 17 cell lineage commitment’, ‘response
to interleukin-1’, ‘cell chemotaxis’ and ‘cytokine receptor binding’, which suggest
immune cell differentiation, activity and migration. This response might also occur in
response to the activation of nuclear receptors, since it has been demonstrated that
certain nuclear receptors are involved in the differentiation of T-helper 17 from CD4* T
cells through the regulation of interleukin-1 leading to adaptive immune responses
(Tanaka et al., 2018). Other researchers have reported the activation of nuclear
receptors by interleukin-6 (IL-6), which resulted in upregulation of hepcidin
(Radhakrishnan et al., 2020). The coding gene Hamp is also present in the PPI network
(Fig. 43) and within the GO terms (Table 19), and it regulates iron homeostasis. Other
factors related to blood coagulation such as Hrg, Serpind1 and Fga are displayed on
Table 19. Activation of the immune system and dysregulation of haematopoietic
transcriptional programmes through the activation of nuclear receptors could lead to
several autoimmune and blood disease syndromes. Cobalt was a usual treatment of
anaemia, and polycythaemia and skin rashes were documented as a sporadic result
of cobalt treatment (Paustenbach et al., 2013). The dermatological reactions in cobalt-
treated anaemic patients were apparently more frequent in females (Paustenbach et
al., 2013) which would agree with the endocrine and autoimmune response character
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of nuclear receptor mediation. In addition, it is known that polycythaemia can be
concealed when anaemia is present, and increase the risk of myeloid leukaemia
(Kambali and Taj, 2018). MoM prostheses have not been found to increase the risk of
developing any type of cancer (Brewster et al., 2013). Nevertheless, this relationship
is especially worrying since our results suggest that cobalt could also regulate iron
levels in parallel through hepcidin.

Finally, the PPl also reported the presence of ‘GPl-anchored protein’ related
transcripts. This is a post-transcriptional modification that occurs mainly in the
endoplasmic reticulum, where most glycosylphosphatidylinositol (GPI) synthesis
proteins function (Kinoshita, 2020). It allows certain proteins such as enzymes,
receptors, immune antigens and complement inhibitors to attach to the extracellular
membrane. Thus, some of the functions could overlap with disrupted biological
systems in cobaltism. However, the protein products of displayed genes in this group
do not bind to metal ions in principle. To our knowledge there is no recognised link
between GPIl-anchored proteins and nuclear receptors. However, other protein
products of the genes from Table 18 and Table 19 are located in the endoplasmic
reticulum e.g., CYPs and UGTs, while the nuclear receptors can be outside or inside
the nucleus. In vitro studies in a few cell lines have determined that cobalt accumulates
preferentially in the nucleus and the perinuclear area (Bresson et al., 2013; Ortega et
al., 2009; Shah et al., 2015), hence cobalt might affect preferentially metal-binding
proteins in the nucleus and the endoplasmic reticulum. Regarding these points,
significant highly upregulated DEGs such as Hmgn5 are located in the heterochromatin
supporting the nuclear envelope (Fig. 41), and although the function of Mboat7!1 is
unknown, the protein it takes its name from, Mboat7, is situated in the endoplasmic
reticulum and modifies phosphatidylinositol in a way which is essential for brain
development (Caddeo et al., 2019). We also observed that the protein product of
Mboat7, as well as the GPIl-anchored protein synthesis both depend on phospholipids,
while the synthesis of steroid hormones is determined by cholesterol, hence, we
suggest that cobalt modulates lipid metabolism.

It is possible that cobalt could modulate lipid metabolism directly as cobalt has been
seen to affect the rigidity of lipid membranes such as liposomes (Umbsaar et al., 2018).
However, some nuclear receptors such as LXRs and PPARs interact with
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phospholipids and can regulate lipid metabolism. Indeed, the complete suppression of
NADPH-cytochrome P450 oxidoreductase in the liver altered the expression of CYPs,
as well as lipid and sterol metabolism through mediation of androstane and PPARs
nuclear receptors, which led to the development of fatty liver and hepatomegaly
phenotype (Weng et al.,, 2005). The expression of NADPH-cytochrome P450
oxidoreductase gene, Por, is very low and lacks significance throughout all doses and
brain tissues in our results (data not shown). Thus, we do not expect cobalt to induce
the exact same reaction. However, there are parallels between the activated
transcriptional programs from the hepatic model of Weng and coworkers, and our
results (Weng et al., 2005). Cobalt induced lipid and fat droplets, lipofuscin (Alexander,
1972; Auger and Chenard, 1967; Bonenfant, J.L., Miller, G., Roy, 1967; Bonenfant et
al., 1969), and high concentrations of free fatty acids in some of the cobalt-containing
beer drinkers (Sullivan et al., 1969). Lipid droplets were also present in the spleen of
a patient with a CoCr prosthesis (Urban et al., 2004). Moreover, intracytoplasmic lipid
and lipofuscin accumulation were found in a recent heart biopsy of a patient with
arthroprosthetic cobaltism (Allen et al., 2014). In the same paper they reported that the
patient developed cataracts, a common side effect of glucocorticoids, a type of steroid
hormone. Another report on cobaltism also mentions cataracts (Apel et al., 2013) but

this effect is not widely reported in relation to arthroprosthetic cobaltism.

Whether the initiating factor of toxicity is direct interference of cobalt with nuclear
receptors or with Cytochrome P450 (CYPs), it is very likely that the resulting mediated
toxicity occurs through the nuclear receptor-mediated toxicity given that the activity of
CYPs and nuclear receptors is interconnected. Evidence of this is that our data reveals
activation of transcriptional programs as a result of cobalt treatment. This type of
toxicity can be compared to that of endocrine disrupting chemicals, where there is no
monotonous dose response, because the toxicity is not directly elicited through a target
protein, but through receptor-activated signalling, in our case perhaps leading to
“transcriptional toxicity”. The dose response would not be deterministic but stochastic
(Kanno, 2016). Although a theoretical threshold of 100ug/l cobalt in blood for the
development of cobalt systemic toxicity was mentioned in previous chapters, there are
patients over that dose with no symptoms, while other cases have reported cobaltism

at lower concentrations e.g. Mao et al. reported two patients with 410nmol/l (24 ng/l)
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and 185 nmol/l (11 pg/l) serum cobalt level with neurotoxicity and other cobalt-derived
conditions (Mao et al., 2011).

Kanno hypothesises that these type of receptor-mediated toxicities will lead to ‘low
frequency of affected subjects among those exposed’ (Kanno, 2016), which seems to
correspond with the pattern of publications on cobalt toxicity. Cobalt remains in the
body of patients for up to years at noticeable concentrations and its actual toxicological
importance is currently being discussed. In our opinion, there will be more chances for
cobalt ions to interact with CYPs or nuclear receptors if there are higher cobalt
concentrations in blood. Nevertheless, the blood cobalt levels obtained for the
concentrations used in this experiment here range from 4-38ug/l and may have already
resulted in hormone transcriptional activity (Table 18). Significant levels of cobalt in
rats’ blood, 17.0 £ 2.8 and 38.2 + 2.1ug/l, may have led to cell fate commitment, as
well as the activation of haematopoietic and immune transcriptional programs (Table
19). These levels of cobalt in blood are similar to those found in some asymptomatic
MoM patients (Langton et al., 2013). Does this mean that MoM patients within the
same cobalt blood range should be further evaluated for systemic cobalt toxicity
symptoms? The implications of these results for MoM patients will depend on whether
these transcriptional changes extend to the protein domain. Future research would be
needed to validate this hypothesis, in the meantime, we should be cautious about
pondering the repercussions of these transcriptional results.

To sum up, we found that the common transcriptional response to cobalt involved
hormone and drug-metabolising activity, in addition to also describing a powerful
immune response perhaps mediated by inteleukin-6 (IL-6). An underlying dysfunction
in lipid metabolism is also likely. Through previous results from Chapter 5 section

5.2.7., we hypothesise that these mechanisms have been instigated by the activation
of nuclear receptors, perhaps as a consequence of cobalt ion binding and substitution
of their native zinc finger domains, or as indirect regulation through their ligand
synthesising CYPs. Unfortunately, we did not appreciate this relationship until after the
selection of targets for RT-gPCR and immunoblotting, thus future research will have to

validate this hypothesis.
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Finally, after manual examination of DEGs, we noticed that many of the genes found
in the pref. cortex and hippocampus tissues with significant cobalt accumulation (Fig.
42) were characteristic of the choroid plexus: Cldn2, Ttr, Sic4a5, Aqp1, Otx2, Clicé6,
Sostdc1, Tmem72 among many others. Given that the choroid plexus is a fairly
understudied organ, the large presence of its typical genes in our data has likely
influenced the low percentage of genes from our dataset represented in the GO Terms
(Table 18 and Table 19) since these genes are also less known. If more of these genes
were investigated within the context of the choroid plexus we would be able to draw
more conclusions about the effect of cobalt in this brain part.

6.3.4. The choroid plexus as a target of cobalt toxicity

We found genetic markers in the pref. cortex (Fig. 44), hippocampus (Fig. 45), and
cerebellum (Fig. 46) almost exclusively attributable to the choroid plexus, e.g. Clic6,
Klotho (KI), transthyretin (Ttr), Veph1, some cilia markers and Scl transporters. The
molecular characterisation of the choroid plexus has only been achieved recently (Lun
et al., 2015), and unfortunately the GO ontologies have not been adequately updated
to report its presence in our data. The function of the protein products from many of
these genes is still not well researched. Nevertheless, the appearance of choroid
plexus featured genes is widespread. This is especially true in the hippocampus (Fig.
45), while the presence of these markers appears to be less frequent in the pref. cortex.

The choroid plexus is anatomically attached to the hippocampus and its joint dissection
can go unnoticed when doing a fast isolation as reported by specialist in the choroid
plexus (Mathew et al., 2016; Stankiewicz et al., 2015). In fact, several studies
investigating the effect of drugs or other interventions in the hippocampus have
knowingly or unwittingly reported choroid plexus markers (Cho et al., 2015; Schneider
et al., 2011; Stankiewicz et al., 2015). There are also markers of the choroid plexus
such as transthyretin (Ttr) and Akap14 in the pref. cortex, and it is possible that part of
the choroid plexus has also been included in other brain samples than the
hippocampus since the choroid plexus is distributed through all brain ventricles
(Stankiewicz et al., 2015). The choroid plexus transcriptome is heterogeneous across
the different ventricles (Lun et al., 2015), which could explain why we find different

markers depending on the brain area location. The downside of having choroid plexus
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contamination in our data is that we will not be able to ascribe the transcriptomic
response to cobalt solely to the hippocampus or pref. cortex, and therefore, we will be
unable to understand the full extent of metal toxicity in these brain areas. However, all
brain parts were dissected following the same procedure, and we expect the gene
expression of the pooled samples to be consistent. Therefore, these results suggest
that brain cobalt toxicity might occur early on in the choroid plexus. This is reflected in
the fact that we not only find choroid plexus markers, but also many of these choroid
plexus genes have been implicated in stress processes in the choroid plexus (Mathew
et al., 2016): Tmem72, Sostdc1, Cldn2, Sic4a5, Aqp1, etc.

Perhaps because of its difficulty of dissection and the scarcity of literature, the choroid
plexus has been a neglected target in the field of Toxicology. As we mentioned in in
section 4.3.2. from Chapter 4, cobalt has been detected 20-40 times higher in the CSF

of prosthetic patients than in non-exposed individuals (Rizzetti et al., 2009; Steens et

al., 2006; Tower, 2010). However, different studies reveal that heavy metal
preferentially accumulates early on in the choroid plexus. For example, manganese
accumulates in the choroid plexus and the anterior pituitary gland after a single dose
in contrast to brain areas protected by the blood brain barrier in mice (Watanabe et al.,
2002) and humans (Sudarshana et al., 2019). The choroid plexus also seems to
accumulate lead in goats (Steuerwald et al., 2014) and humans (Manton et al., 1984),
and a recent transcriptomic study on the effect of lead in the hippocampus of rats
reported choroid plexus markers unknowingly (Schneider et al.,, 2011). In rats the
choroid plexus retained cadmium from the systemic circulation sealing the brain from
the passage of toxins (Takeda et al., 1999). Moreover, pathological changes due to
methylmercury dosage in rats’ brain matter were not observed until weeks after initial
damage to the choroid plexus (Nakamura et al., 2011). Harrison-Brown et al.
discovered that the penetration of cobalt in the CSF of MoM patients is limited to 15%
of the cobalt in plasma (Harrison-Brown et al., 2020). They also found a nonlinear trend
with a ceiling effect in the CSF cobalt accumulation in relation to Co plasma levels in
blood. Thus, the choroid plexus could function as an absorptive barrier, and early
cobalt accumulation and damage in the brain might occur in the choroid plexus. Brain
areas such as the hippocampus, the cortex and the cerebellum might endure toxicity
after prolonged choroid plexus exposure and filtration of cobalt to the CSF.
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Although with our data we cannot investigate the way in which cobalt affects the
function of the choroid plexus, we could speculate that some important functions might
be affected. For example, it is likely that there will be cobalt competition with calcium.
Calcium regulates bicarbonate secretion synergistically with cAMP, which directly
impacts fluid production and pH in epithelial cells like those in the choroid plexus (Jung
and Lee, 2014). There are also several ciliary markers noted in the RNA-Seq data such
as Akap14, Daw1, and Ak7 (Fig. 44). The obliteration of cilia leads to increased levels
of cyclic AMP (cAMP) and chloride, ultimately blamed for the increased CSF
production in hydrocephalus. Hydrocephalus is a condition that can affect memory,
mood and balance but that has very rarely been reported in relationship to metal
poisoning (Silva Sieger et al., 2012). Chloride induces the secretion of fluid through the
action of cAMP, and this process happens to be regulated by phosphodiesterases in
the kidney, particularly Pde4 (Pinto et al., 2016), which appeared in section 5.3.7. of

Chapter 5. Carbonic anhydrases, the other family of genes studied in Chapter 5, are
directly involved in the production of CSF by the choroid plexus (Janssen et al., 2013).
Metabolic acidosis could be one of the advanced signs of cobalt toxicity (Alexander,
1972), that we previously eluded to a possible dysfunction of carbonic anhydrase in
section 5.3.7. of Chapter 5. Moreover, cobalt chloride at concentrations that

established hypoxia in vitro altered renal epithelial transport, in particular by the
direction of sodium secretion, and was also found to alter trans-epithelial permeability
(Nag and Resnick, 2017).

Furthermore, in another example in which the effects of cobalt differed from hypoxic
conditioning, cobalt obliterated capillary alterations (Peters et al., 2005), in contrast to
hypoxia which increased their number. The choroid plexus capillaries are paramount
to the production of CSF, and impaired perfusion might lead to intracranial
hypotension. The symptoms of this condition are nausea or vomiting, neck
pain, tinnitus, other hearing and visual disturbances, cognitive and movement
disorders (D’Antona et al., 2021). There are no data referring to the response of the
choroid plexus to cobalt, but in the eye, anomalous choroidal perfusion in response to
cobalt was noted in angiography experiments, and suspected as the possible cause of
retinopathy in cobaltism cases, in addition to dysfunction of the retinal pigment
epithelium (Lim et al., 2015). In addition, Klotho (K/) and tight junction marker
Claudin-2 (Cldn2) gene expression were also present in the data and from the
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literature. It is known that Klotho regulates the permeability of the barrier leading
to inflammation and immune activation in the choroid plexus (Zhu et al., 2018). Tight
junctions seal the unions between choroid plexus epithelial cells (Ghersi-Egea et al.,
2018), and chemical hypoxia elicited by cobalt has been shown to disrupt these

junctions in an in vitro model of brain microvascular ischemia (Page et al., 2016).

In addition, the cachexia-related Gdf15 protein that is normally induced in the liver, has
also been found to be produced in vitro in choroid plexus cells (Kosa et al., 2020). We
wonder whether the choroid plexus could secrete Gdf15 if cobalt directly damages or
modulates the activity of this structure leading to feeding changes. Moreover, very
recently, modulation of Otx2 expression in the choroid plexus has been seen to
regulate anxiogenic behaviour in mice (Vincent et al., 2021), and in two studies the
choroid plexus transcriptome quickly responded to stress tests in mice (Mathew et al.,
2016; Stankiewicz et al., 2015). Given that the choroid plexus has been implicated in
depression disorders (Turner et al., 2014), and that some patients with elevated cobalt
levels in blood showed signs of neuropsychiatric symptoms such as depression (Green
et al., 2017; Tower, 2010), we might speculate that cobalt toxicity in the choroid plexus

could impair its function, and contribute towards mood dysregulation.

The choroid plexus is also a place for steroid hormone biosynthesis (Quintela et al.,
2013) and it hosts metabolising enzymes to deal with and metabolise xenobiotics
(Gradinaru et al., 2009). PathView software detected the steroid hormone biosynthesis
pathway as significantly enriched with the following DEGs: Cyp11a1, Cyp17al,
Cyp3a23/3a1, and Ugt1a1 (Fig. 56 displayed in Appendix D). The protein translated
from the gene Cyp7171a1 is located in the inner mitochondrial protein and catalyses the
conversion of cholesterol to pregnenolone, which is the precursor of steroid hormones
produced in the adrenal cortex, ovaries and testes (Midzak and Papadopoulos, 2016).
It is not surprising to find a transcript such as Cyp77a1 in the data given the functions
of the choroid plexus as a steroidogenic and sex hormone regulated organ (Quintela
et al., 2013). Since the first steps of steroidogenesis occur in the mitochondria (Midzak
and Papadopoulos, 2016), and cobalt is known to induce mitotoxicity, Cyp771af and its
translated protein could be used to monitor both mitochondrial function and
steroidogenesis in the choroid plexus. The choroid plexus is an important source of
cholesterol for the brain (Achariyar et al., 2016; Fujiyoshi et al., 2007), and
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pregnenolone has also been detected in the CSF (Santos et al., 2017). After
pregnenolone synthesis, the protein produced from Cyp77a1 subsequently leads the
conversion of pregnenolone to androgen precursors and cortisol (Alexander et al.,
2011). The function of Cyp3a23/3a1 is still being researched but Ugt1a7 metabolises
bilirubin and other xenobiotics to ease its excretion, but as other proteins from the UGT
family it could also be involved in the glucuronidation of steroid hormones (Mazerska
et al., 2016). Metals are known to influence the synthesis of hormones or precursors
such as pregnenolone, and cobalt is known to bind with corticosteroids (Stevenson et
al., 2019), thus it might be interesting to research whether cobalt interferes with any of
these proteins or their synthesised products. The following genes were observed in the
haematopoietic cell lineage pathway retrieved by PathView (Fig. 57 displayed in
Appendix D): Cd19, Fcer2, Cd8a, Cd3g, ll1r2 and Il6. Most of these genes belong to
cluster of differentiation (CD) antigens, which are surface markers expressed in cells
that allow for the identification of certain cell types mainly of immune origin, and that is
the case of lymphoid white blood cells (Christopherson, 2008). We revised the origin
and function of these differentiation markers through the NCBI Entrez gene database
(Gene [Internet]. NCBI Entrez Gene Database, 2004), and they correspond to B (Cd19
and Fcer2) and T-lymphocyte (Cd8a and Cd3g) antigens. The brain parenchyma is
thought to be an “immune-privileged site” since apart from microglia it is, in general,
devoid of cells from the adaptive immune system (Ghersi-Egea et al., 2018). However,
many immune cells are resident in the choroid plexus, which works as the site for
immune trafficking with the brain (Ghersi-Egea et al., 2018). B and T lymphocytes can
infiltrate the choroid plexus and affect its function under certain challenges, thus
leading to inflammation (Baruch et al., 2013; Stock et al., 2019; Zhu et al., 2018). The
presence of these CD markers together with other genes involved in cytokine activity
such as interleukin 1 receptor type 2, //1r2, and interleukin 6, //6, might be indicative of
inflammation within the choroid plexus in response to cobalt. Moreover, looking at
Table 19 we found parallel GO terms retrieved by the Cytoscape software such as ‘cell
chemotaxis’ and ‘cytokine receptor binding’ which contain some of these genes in
addition to other DEGs of interest. In particular, the ‘cell chemotaxis’ GO term includes
Cxcl13 a chemokine that recruits B lymphocytes, and it has been involved in lymphoid
infiltration in the choroid plexus in a mouse model of neuropsychiatric lupus (Stock et
al., 2019). We previously mentioned that activation of the nuclear receptors might
affect each tissue differently. It is possible that the activation of nuclear receptors would

209



have triggered haematopoietic and immune responses specifically in the choroid
plexus because it is the niche for immune cells in the CNS and it is naturally enriched
for genes involved in heparin binding (Lun et al., 2015). In the future, researchers might
want to consider evaluating the markers of inflammation and lymphoid cell activation
emphasised by PathView, as well as the steroidogenic activity in the choroid plexus in
response to cobalt.

In summary, though hydrocephalus would be very unlikely to occur in response to
cobalt poisoning, cobalt toxicity in the choroid plexus could modulate CSF secretion
and be implicated in some of the symptoms reported by arthroprosthetic cobaltism
patients such as anorexia, irritability, and loss of memory. The inclusion of the choroid
plexus inadvertently during dissection of the brain tissues could have interfered with
the interpretation of the overall transcriptional changes. Conversely, given that the
choroid plexus partially shares hepatic and kidney detoxification functions (Johanson
et al., 2011; Sathyanesan et al., 2012), and that as a capillary network it becomes the
first point of contact of cobalt with CNS tissue, we could argue that not incorporating
the choroid plexus during dissection would have made the identification of mechanisms
for cobalt toxicity more difficult in the CNS.

6.3.5. Validation of protein and gene expression in response to cobalt

Previous research investigating validation of RNA-Seq gene expression has shown
100% RT-gPCR confirmation rate on those genes that were both statistically significant
and had high fold change in the RNA-Seq data (Black et al., 2014). These were also
our conditions to select DEGs of interest in the pref. cortex and hippocampus: |fold
change|>2 and p<0.05. However, as can be observed from our RT-qPCR results (Fig.
47) the fold-change values do not always correspond with those obtained from the
RNA-Seq data, especially in the case of Tnfand Ttrin the pref. cortex. We looked back
at the original RT-gPCR files and did not find any evidence that the designed primers
were not working correctly. It is known that a few genes will produce inconsistent
results across RT-gPCR and RNA-Seq platforms (Everaert et al., 2017). However, it is
possible that improved primer design would retrieve inconsistent changes, and we
should be cautious to extract conclusions about the validity of RNA-Seq data based on
limited RT-qPCR results.
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Fig. 48 shows that the ACt values of individual samples are within a broad range and
the standard errors of the mean (SEMs) are wide, particularly for the hippocampus
samples. As a result, none of the genes selected for RT-qPCR screening had
significant changes in transcript levels (Table 20). However, the ACt mean and SEM
also indicate a biological change in the amount of target mMRNA transcripts in the case
of Spata18 and Akap14, although these changes are not significant. The example of
Kl is not at all clear because of the wide SEM compared to the ACt mean. This lack of
significance has its roots in the technical differences between RT-qPCR and RNA-Seq,
the low number of replicates used (n=4), and the consequences of using pooled

samples in our research design setting.

For example, normalisation techniques are not the same for RNA-Seq and RT-qPCR.
RT-gPCR is taken as the gold standard for quantification of mMRNA levels but the
stability of housekeeping genes might affect the resulting gene expression, while the
normalisation method has an important impact on RNA-Seq fold change and statistical
significance (Black et al., 2014). Moreover, although the sample evaluated was the
same, there could be variations in the sample preparation after RNA isolation. The
method of pooling would have averaged the within-group variability of the final
analysed sample and reduced the level of transcriptional noise of DEGs with very low
fold changes (Takele Assefa et al., 2020). This method allowed us to detect the effect
of cobalt in the transcriptome with n’=1, which we did, and we could also confirm the
absence of a dose response, as well as a possible mechanism of cobalt toxicity within
the cobalt range used, all with a limited budget. However, this procedure also meant
that the individual variations of DEGs were not considered. In the case of tissue
samples, the composition of the tissues might vary between samples, which is
especially relevant in our case since we did not take into account the inclusion of the
choroid plexus. Moreover, the response to cobalt appears to be subtle and in humans
is nevertheless very heterogenous. Thus, individual sample variability is a natural
consequence of the research design and perhaps future research with similar
requirements might need to increase the number of samples to account for it, as well
as to counteract outliers. However, this solution will considerably increase the costs of
the RNA-Seq analysis. The price of sending samples to be analysed is lowering each
year and more laboratories are opting to analyse individual samples. Despite the lack
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of significance, the fold expression of evaluated DEGs from RNA-Seq and RT-gPCR

in this chapter as well as those in section 5.2.8. from the time-response experiment

presented in Chapter 5 do correlate in general. This is consistent with previous high-

throughput comparison between the two technologies (Everaert et al., 2017). Thus, the

selected genes could have a significant function in the etiology of cobalt toxicity.

Although we were also interested in the hippocampus, there was not enough tissue to
carry out Western blots in this brain part after we assigned it for metal content and
RNA analysis. We selected TNF-a, Spata18, Angiogenin, transthyretin (Ttr), and
Akap14 from pref. cortex due to their high expression and statistical significance across
doses in the brain area. We also evaluated these targets by immunoblotting in the
cerebellum because some were moderately expressed at 1 mg/kg B.W. CoCl2 cobalt
dosage (data not shown), which is the concentration chosen for RT-gPCR and

immunoblotting testing.

TNF-a is a widely acknowledged role player in inflammation and apoptosis in the brain.
However, its homeostatic function is also seen as essential in the brain by its
involvement in the formation of synapses, myelin regeneration and in granting
neuroprotection over toxic and traumatic injuries (Probert, 2015). Although TNF-a is
generated basally by brain cells such as neurons and glia, it is normally assumed to
be produced by immune cells (Probert, 2015). The concept of immune privilege in the
brain has been refuted in recent years, and it is now acknowledged that both immune
and CNS systems are connected. Indeed, the choroid plexus hosts immune cells and
acts as an immune cell gatekeeper to the brain (Zhu et al., 2018). The presence of
immune markers such as Tnf indicates that neuroinflammation could be occurring in
response to cobalt toxicity either in the pref. cortex or the choroid plexus. For example,
TNF-a is highly up-regulated in the choroid plexus of the brains of patients with
Alzheimer’s disease (Steeland et al., 2018). However, gene and protein expression

results are discordant in our study.

In addition, we also evaluated the protein expression of Angiogenin (Ang). This gene
is also implicated in inflammation, but it is mainly known for inducing angiogenesis and
regulating metabolism (Sheng and Xu, 2016). In that regard, the choroid plexus
contains a network of capillaries, which might show angiogenic activities (Lun et al.,
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2015), while cobalt has been implicated in obliteration of small capillaries (Peters et
al., 2005). Due to COVID-19 lockdown pressures, we did not have enough time to
order and utilise a primer set to evaluate the RT-qPCR gene expression, but the protein

expression was not significant.

Mitochondrial damage was a feature of cobalt toxicity in the Quebec Beer Drinkers,
together with ER stress and myofibril damage. These findings have also been reported
in recent years in papers about MoM patients (Allen et al., 2014; Choi et al., 2019;
Goode et al., 2012). The protein product of Spata18 aka mitochondria-eating protein
(Mieap) has been implicated in the quality control of mitochondria. As its name
indicates it removes damaged mitochondria, therefore reducing ROS levels. Contrary
to the RNA-Seq results, neither gene expression by RT-qPCR nor protein expression
were significantly up- or down- regulated. However, RT-qPCR gene expression
correlated with that of RNA-Seq results.

Transthyretin is involved in the transport of thyroid hormones and retinol, and its
widespread expression across the data could perhaps be indicative of a problem with
its secretion by the choroid plexus (Fig. 39). The ‘response to retinoic acid’ GO term
was present in Table 18 associated with DEGs across all doses and brain parts. The
impairment of thyroid function has also been reported as a symptom of cobalt toxicity
in the cases of Quebec Beer Drinkers (Alexander, 1972; Bonenfant, J.L., Miller, G.,
Roy, 1967; Bonenfant et al., 1969), and is also cited with high prevalence in patients
with arthroprosthetic cobaltism (Gessner et al., 2019). Moreover, previous studies in
rats have shown that direct cobalt application in the brain increases the level of
transthyretin (Kajiwara et al., 2008). In addition, we also evaluated protein expression
of Akap14, a highly expressed gene in the pref. cortex (Fig. 44), related to cilia function
(Kultgen et al., 2002), which could potentially alter CSF circulation and cAMP levels
(Banizs et al., 2005). It has appeared in a previous study of the choroid plexus (Bowyer
et al., 2013). However, neither of these markers reported significant changes in protein
expression (Fig. 49 and Fig. 50).

There could be a few reasons behind the incongruity between gene and protein
expression. The simplest explanation is that, although during dissection we took brain
parts from the same brain area for analysis, the pieces of tissue destined for gene
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expression and immunoblotting evaluation would have been adjacent regions within
the same brain area. Thus, the high gene expression could correspond to a specific
location that was not present or dominant in the region utilised for protein expression
evaluation. The brain is a highly regionalised area with important cellular diversity, and
gene expression might vary greatly across cellular subpopulations (Sugino et al.,
2019).

Furthermore, the high fold-change of choroid plexus markers indicate that it is
somehow greatly impacted by the effects of cobalt. Since we did not account for
contamination of this brain area in our samples, it could have been inconsistently
included in different tissue sections resulting in different gene and protein expression.
Whether these markers belong to the choroid plexus should be investigated further in
the future. New research might take these possibilities into consideration, and double
the number of animals to parallel gene and protein expression analyses.
Microdissection or microscopy techniques could be a useful tool to respectively select
or identify the same areas with precision.

Other factors different from technical issues might contribute, e.g. previous in vitro
research indicated that cobalt might not be a good model for retinal ischemia in
contrast to hypoxic atmospheres because gene and protein expression were
discordant, although results agreed in vivo (Tang et al., 2017). Some groups have
already reported the presence of highly expressed transcripts without corresponding
translated protein after comparing RNA-Seq data with high-throughput protein
detection methods (Denninger et al., 2020). Presently, there is an agreement on our
limited understanding about the relationship between the regulation in the
transcriptome and the resulting protein synthesis (Liu et al., 2016). Thus, many factors
could be implicated in the disagreement between gene and protein expression, from
technical issues, the direct effect of cobalt, or the relationship between transcriptional
and translational layers.
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6.3.6. The nucleus, a besieged organelle?

Although we did not have time to assess all the interesting genes through RT-qPCR
and immunoblotting, we found certain markers a posteriori in the RNA-Seq that
deserve attention. A common gene appearing in the DEG lists across different brain
tissues is High Mobility Group Nucleosome Binding Domain 5 (Hmgn5) aka
Nucleosome-Binding Protein 1 (Nsbp1), which was also present in the results of the
time-response experiments in Chapter 5 (section 5.2.4.). This gene also arose in

RNA-Seq data from the hearts of cobalt-treated rats in the study of one of our
colleagues (unpublished PhD thesis, S. Laovitthayanggoon, 2018, University of
Strathclyde) with the following fold changes: 8.31-fold change at 7 days treatment, and
8.79-fold change after 28 days of cobalt exposure (1 mg/kg B.W. CoClz, following the
same procedures as in the current study). In contrast with the heart, the expression of
Hmgn5 in the brain was generally highly down-regulated (Table 24). Although Hmgn5
appears up-regulated in the higher cobalt dosage: 1 mg/kg BW. It is possible that
Hmgnb is homeostatically controlled and changes its regulation at higher doses.
Through ICP-MS cobalt content analysis in organs, we know that cobalt in the heart is
higher than in any of the brain areas (Fig. 34). It is conceivable to think that at higher
cobalt levels the expression of certain genes might be reversed. This effect has been
observed in transcriptomic studies when comparing sub-toxic and toxic concentrations
of manganese in vitro (Fernandes et al., 2019). In the case of cobalt, more doses and

higher concentrations would be needed to test this hypothesis.

Table 24: Hmgn5 (p<0.05) fold change in the pref. cortex, cerebellum and
hippocampus of rats dosed during 28 days with i.p. injections of 0.1, 0.5, and 1
mg/kg B.W. CoCl. or dH20 (controls). Overexpression is indicated in bold. The origin
of the Hmgnb gene expression from the first experiment refers to the values obtained

in the time-response study described in Chapter 5 (section 5.2.4.).
Hmgn5 Dose (mg/kg B.W.)

fold change ) ) 1 (1%t experiment)

Hippocampus

Pref. cortex

Cerebellum
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Bustin et al. overexpressed Hmgn5 in vitro and in vivo (Furusawa et al., 2015). The
main result of Hmgnb overexpression was the decompaction of heterochromatin with
corresponding weakening of the nuclear envelope lamina, and loss of nuclear rigidity.
Overall, they found misshapen and enlarged nuclei with little or no heterochromatin. At
birth the studied mice were healthy, however, adults showed heart hypertrophy and

cardiac function worsened over time.

Apart from Quebec, cobalt beer poisoning also occurred in Belgium, Omaha, and
Minneapolis. The clinicians from Omaha comprehensibly analysed several cases of
cobaltism finding ubiquitous extreme cardiomegaly, which most times was generalised
across the heart chambers or, in fewer instances, exaggerated in the left ventricle, and
occasionally accompanied by pericardial effusion (Sullivan et al., 1969). These findings
support the previous reports from Quebec (Barborik and Dusek, 1972; Bonenfant, J.L.,
Miller, G., Roy, 1967; Morin et al., 1969), Belgium (Kesteloot et al., 1968), and
Minneapolis (Alexander, 1972), as well as recent papers of patients affected by
cobaltism due to metallic hip prostheses (Allen et al., 2014; Choi et al., 2019; Gilbert
et al., 2013; Machado et al., 2012; Zywiel et al., 2013). Also, hepatomegaly was found
in a few reports (Bonenfant, J.L., Miller, G., Roy, 1967; Morin et al., 1969; Sullivan et
al., 1969), as well as occasional distention of veins and arteries (Morin et al., 1969),
and sometimes capillaries (Bonenfant, J.L., Miller, G., Roy, 1967). Although the latter
indications could also result as a consequence of the accompanying heart condition.
Loss of cell wall integrity would also explain the pleural, pericardial and peritoneal
effusions (Alexander, 1972; Bonenfant, J.L., Miller, G., Roy, 1967; Morin et al., 1969;
Sullivan et al., 1969), as well as the oedema or mural thrombi (Alexander, 1972;
Barborik and Dusek, 1972; Bonenfant, J.L., Miller, G., Roy, 1967; Morin et al., 1969).
The aetiology of cobaltism is unique and unusual with regards to common diseases,
being more suggestive of rather rare conditions such as capillary leak syndrome
(Kapoor et al., 2010) or thiamine deficiency, also known as beriberi.

The reason behind the high expression of Hmgn5 could involve cobalt uptake. A few
in vitro studies have determined that cobalt accumulates in the nucleus of osteoblasts
(Shah et al., 2015), keratinocytes (Ortega et al., 2009), and lung epithelial cells
(Bresson et al.,, 2013), as well as in the perinuclear area of keratinocytes and

osteoblasts. The endoplasmic and sarcoplasmic reticulum are continuous with the
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nuclear envelope, and calcium fluctuations extend from one structure to the other
(Subramanian and Meyer, 1997; Wu and Bers, 2006). Several reports mention the
sarcoplasmic reticulum to be severely dilated by cobalt (Alexander, 1972; Auger and
Chenard, 1967; Bonenfant et al., 1969; Knieriem and Herbertz, 1969; Rona, 1971,
Zadnipryany et al., 2017), sometimes with the presence of odd whorled vesicles in its
lumen (Auger and Chenard, 1967), while the Golgi apparatus, the sarcoplasmic
membranes and most of the nuclei remained intact (Auger and Chenard, 1967;
Bonenfant et al., 1969). In brain tissue, Caltana et al. found enlarged endoplasmic
reticulum after direct cobalt hemisphere injection, as well as oedematous perinuclear
areas (Caltana et al., 2009). Misshapen mitochondria and nuclei were also found. In
previous chapters we discussed the role of calcium in mitochondria homeostasis.
However, both the sarcoplasmic reticulum in myocytes and endoplasmic reticulum in
other cells, as well as the nuclear envelope function are regarded as important calcium
stores (Mauger, 2012). We have mentioned before that calcium signalling appears to
be impaired in models of cobalt toxicity (Karovic et al., 2007; Shah et al., 2017).
Moreover, heterochromatin can modulate nuclear stiffness quickly through calcium in
response to tissue stretching so as to protect nuclear integrity (Nava et al., 2020). In
contrast, heterochromatin can also harden the nucleus to facilitate cell migration
(Gerlitz, 2020). Extracellular divalent ions have also been seen to increase
heterochromatin levels by its interaction with mechanosensitive ion channels in a
variety of cells (Stephens et al., 2019). Hence, it is possible that cobalt interference
with calcium limits the ability of cells to withstand mechanical stress though the
modulation of heterochromatin compaction. Other possibility is that cobalt interference
with lipid metabolism could affect the double lipid bilayer of the nuclear envelope, which
is more elastic than the plasma membrane through an increased composition
of phosphatidylinositol (PI) lipids and cholesterol (Dazzoni et al., 2020). Hmgn5
expression changes could represent a homeostatic mechanism to control the nucleus
mechanical characteristics through heterochromatin. Cobalt has been shown to affect
the mechanical rigidity of lipid membranes (Umbsaar et al., 2018), and we have
previously discussed other genes involved in lipid metabolism present in the RNA-Seq

data such as Cyp171a1, Mboat7 and those related to GPl-anchored protein synthesis.

Strangely, some macrophages obtained from MoM periprosthetic tissue revealed a

distorted membrane conformation in which the outer nuclear membrane was separated
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from the inner membrane (Goode et al., 2012). Osteocytes exposed to cobalt and
chromium in vitro also had impaired responses to shear stress (Shah et al., 2017).
Different cell types endure unique mechanical strains that impact their nucleus (Jahed
and Mofrad, 2019), for example, by cells being squeezed during diapedesis orimmune
cell extravasation, as well as through shear stress in epithelial, endothelial and bone
cells, or myofibril contraction in muscle. Perhaps the unique mechanical strains that
cell types endure could lead to distinct damage and impairment features if the nuclear

membrane was weakened.

Furusawa et al. showed that Hmgn5 is also strongly expressed in the brain (Furusawa
et al., 2015). It is difficult to imagine the effect that loss or gain of heterochromatin
would have on the mechanics of brain cells since they are not thought of as being
mechanically active during adulthood. There are only a few examples of osmotically
active neurons and microglia which have been studied in this regard (Bollmann et al.,
2015; Prager-Khoutorsky, 2017). Of course, the choroid plexus is a tissue that endures
different mechanical strains, and CSF circulation will have a mechanical impact in brain
cells. However, chromatin decompaction by Hmgn5 not only has an effect in the
mechanical characteristics of the cell, it also adjusts cell-type transcription fidelity, thus
modifying the transcriptional profile of cells with unknown consequences (Kugler et al.,
2013; Rochman et al., 2009). Moreover, in brain cells Hmgn5 facilitates neurite
outgrowth and is transported from the nucleus to the growth cones (Moretti et al.,
2015), but whether cobalt affects synaptogenesis is unknown. In any case, these
studies in Hmgn5 suggest that there may be a layer of epigenetic modifications
underlying cobalt toxicity, and further studies might be warranted to investigate this

aspect.

Furthermore, activation of nuclear receptor transcriptional programmes needs to be
investigated first by altering chromatin states (Biddie and John, 2014). It is unknown
whether Hmgn5 is part of the molecular machinery utilised by nuclear receptors to
regulate transcription. In theory, heterochromatin modification is a possible mode of
transcriptional regulation for nuclear receptors (Sharma et al., 2014), and
glucocorticoid steroid hormones have also been observed to increase H3K27me3, a
mark of heterochromatin, in the nuclear periphery of macrophages (Misale et al.,
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2018). This is a far-fetched hypothesis, but it would be interesting to study considering
the plausible implication of nuclear receptors in cobalt toxicity.

In Quebec Beer Drinkers, the predominant histological features appeared to be the
disintegration of myofibrils and contractile elements, distorted mitochondria, and
dilated sarcoplasmic reticulum (Alexander, 1972; Auger and Chenard, 1967;
Bonenfant, J.L., Miller, G., Roy, 1967; Bonenfant et al., 1969), similar to what occurred
in rat models of cobalt toxicity (Knieriem and Herbertz, 1969; Rona, 1971; Zadnipryany
et al., 2017). This peculiar characteristic was also present in the heart of a patient with
a DePuy ASR prosthesis (Allen et al., 2014). Additionally, also excessive glycogen and
vacuolation of the cytoplasm were reported (Bonenfant, J.L., Miller, G., Roy, 1967), as
well as damage to other muscle contractile elements (Alexander, 1972). Damage to
nuclei was not considered pronounced and, in some cases discarded as an important
factor of cobalt toxicity as there were no apparent changes in the majority of the nuclei
(Auger and Chenard, 1967; Bonenfant et al., 1969). In the few cobalt-histological
papers available from the Quebec Beer Drinker cases other nuclear findings were
reported, such as nuclei swelling (Bonenfant, J.L., Miller, G., Roy, 1967), and
exaggerated folding of some of the nuclear membranes in heart muscle (Auger and
Chenard, 1967). A more recent paper also stated remarkable nuclear indentations in
brain cortical tissue after direct cobalt injection into one of the brain hemispheres
(Caltana et al., 2009).

Hyperchromatic or densely stained nuclei were also observed with the intake of high
levels of cobalt in Quebec Beer Drinkers (Alexander, 1972; Bonenfant, J.L., Miller, G.,
Roy, 1967), and also in a rat model of cobaltism more recently (Zadnipryany et al.,
2017). In vitro, several authors have reported nuclei with condensed chromatin after
cobalt exposure in brain and stem cells, which they considered a marker of apoptosis
(Jung et al., 2007, 2008; Jung and Kim, 2004; Karovic et al., 2007; J.-H. Lee et al.,
2013; Li et al., 2015). In nervous tissues, rabbits treated with high levels of cobalt also
displayed ganglion cells with pyknotic nuclei and shrunken cytoplasm (Apostoli et al.,
2013). Nuclear condensation and cellular shrinkage also occurred in explant tissue
from the cochlea after cobalt exposure (Li et al., 2015). These cases could simply point
towards cobalt-induced apoptosis in vivo, rather than an alternative mechanism of

chromatin condensation induced by divalent ions (Stephens et al., 2019).
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A recent rat model of cobaltism showed not only pyknotic nuclei, but also particular
changes in the chromatin, such as disintegration and disarranged patterns, although
the authors only described these phenomena in the text (Zadnipryany et al., 2017).
The authors of this paper pointed out that nuclear alterations occurred concurrently
with the changes in the myocyte cytoplasm (sarcoplasm), and that the myofibrils in the
perinuclear area seemed more affected by the effect of cobalt than those in the
periphery. Bonenfant et al. also noted that myofibrils tended to be situated near the
peripheral sarcoplasmic membrane but could not find an explanation for this
phenomenon (Bonenfant, J.L., Miller, G., Roy, 1967). Our colleague S.
Laovitthayanggoon reported breakage of actin filaments after low cobalt concentration
treatment (5uM) for 3 weeks in vitro (unpublished PhD thesis, S. Laovitthayanggoon,
2018, University of Strathclyde). She described that phalloidin-stained actin location
had moved away from the nucleus to the cell membrane border. This suggested that
the actin cap, which is connected to the nuclear envelope, had become disrupted
(Khatau et al., 2009). These cells were cultured in a stationary medium, hence for cells
subjected to mechanical strains in vivo the disruption of the actin cap might lead to
further structural damage (Kim et al., 2017).

We should take into consideration that the histological reports from the Quebec Beer
Drinkers are old (1967-1972) and therefore limited by the technology available at the
time, and from variations derived from sample preservation and processing, as well as
fixation techniques (Auger and Chenard, 1967). In addition, it is unclear which results
come from biopsies or autopsies, and the individual levels of cobalt they represented
were unknown. However, this is the most thorough source of histological information
available on cobalt toxicity. Two of the three cobalt cardiotoxicity animal models were
published around the same time as the Quebec Beer Drinker problems, and the
authors found similar microscopic features i.e. mitochondrial damage, sarcoplasmic
reticulum dilation, and myofibril dismantling (Knieriem and Herbertz, 1969; Rona, 1971;
Zadnipryany et al., 2017). We lack more up-to-date data to further contrast these
results and newer and more detailed histological research in cobalt models would be
needed to observe phenotypical changes. Specifically, new research will need to
extend the research to other organs such as nervous and thyroid tissue, or liver and
kidney.
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In summary, cobalt could be interfering with the calcium flux of the endoplasmic
reticulum and by extension the nuclear envelope. It is clear that heterochromatin plays
an important role in the mechanical stability of the nucleus as well as in transcriptional
control, and that the overall expression of Hmgnb indicates some level of epigenetic
regulation. However, we do not know whether Hmgn5 is homeostatically regulated e.g.
by nuclear receptors or another mechanism such as a homeostatic response to the
loss of lipid integrity in the nuclear envelope, or whether it is actually a target of cobalt
toxicity from this data. Most importantly, the presence of this marker in response to
cobalt should be validated by RT-gPCR and other techniques as a priority.

6.3.7. What we could not find: hypoxia and mitochondrial markers

Although the effect of cobalt in mitochondria is well known both in arthroprosthetic
patients (Allen et al., 2014), Quebec Beer Drinkers (Alexander, 1972; Auger and
Chenard, 1967) or more recent in vivo (Caltana et al., 2009) and in vitro assays
(Karovic et al., 2007), we did not find major clues regarding mitotoxicity in the RNA-Seq
data. Still, gene functions continue to be annotated and investigated, thus it is possible
that future reanalysis will shed more light into whether mitochondria damage plays a

role in cobalt toxicity in the brain at the concentrations used.

Furthermore, the data does not appear to indicate the presence of hypoxia in the
response to cobalt. We presented the RNA-Seq fold change values and significance
of Hypoxia-inducible factor 1-a. (Hif1a) in Table 25 across tissues and doses. The fold
changes of Hif1a are very low, thus we decided not to evaluate its protein expression.
Cobalt is known to upregulate Hif-1a in vitro within a few hours of 100-300uM CoCl:
application (Mufioz-Sanchez and Chanez-Cardenas, 2019), but very few papers have
dealt with whether cobalt elicits hypoxia in vivo. Very high concentrations of cobalt (20
mg/kg B.W. of CoCly) via oral dosing (gavage) during 15 days led to significant
expression of Hif-1a in the brain of mice (Rani and Prasad, 2014). However, the
authors did not report cobalt blood levels or what the overall health consequences
were in the rats. Consequently, it is difficult to compare their research with our results
or patients’ outcomes. Nevertheless, our highest concentration is 1 mg/kg B.W. of

CoCl2, and we speculate that our setup will likely result in blood levels much inferior to
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the ones obtained by Rani et al. or the in vitro doses used to elicit hypoxia. Therefore,
it is unknown whether further accumulation of cobalt over time at our concentrations
might lead to hypoxia induction in the brain. Since the heart, kidney and liver
accumulate more cobalt (Fig. 34), they would theoretically reach the required cobalt
concentrations to induce hypoxia first. Thus, future research into the effect of cobalt in
these organs should consider whether Hif-1o protein expression is being induced. With
regard to patients, it is difficult to tell whether Hif-1a is an important factor in cobalt
toxicity. Metabolic failure and severe acidosis endured by some of the Quebec Beer
Drinkers could have corresponded to a state of tissue hypoxia, although other
explanations were offered at the time such as hepatic failure (Sullivan et al., 1969).

However, Hmgn5 has recently been linked with hypoxia (Xu et al., 2019), and the
peripheral margination of chromatin to the periphery was also found to be an early
marker of hypoxia (Dehghani et al., 2018). Whether Hmgn5 is an early marker of
hypoxia in the brain tissue could be studied in the future.

Table 25: Hypoxia-inducible factor 1-a (Hif1a) fold change and p-value in the pref.

cortex, cerebellum and hippocampus of rats dosed during 28 days with i.p.
injections of 0.1, 0.5 and 1 mg/kg B.W. CoCl. or dH:0 (controls).

Pref. cortex Hippocampus Cerebellum
Hif1a
fold change
0.1 mg/kg B.W. |-0.14 0.02 -0.07 0.21 -0.04 0.33
0.5 mg/kg B.W. |-0.14 0.02 0.05 0.51 -0.09 0.02
1 mg/kg B.W. -0.30 0.00 -0.03 0.38 -0.02 0.65
1 mg/kg B.W. 0.93 0.00 X X -0.16 0.01
(15t experiment)
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6.3.8. Future work and recommendations

Due to choroid plexus contamination, we have focused on the overall transcriptional
effects of cobalt in the brain, rather than on how cobalt could affect brain parts
differently. Fig. 38 shows that each brain part has tissue-specific DEGs. Therefore,
future research might want to understand what the effects of cobalt are in the individual
brain areas without having the interference of the choroid plexus. However, since
cobalt appears to have a particular impact in the choroid plexus, it would be interesting
to produce similar metal content and transcriptional experiments but investigating this
brain area. In vitro models of the choroid plexus are imperfect, and they are still being
developed but they might be useful to perform functional assays.

In general, it is recommended that a comprehensive histological study of cobalt should
be performed in different organs. Specifically, new research will need to extend the
research to organs other than cardiac tissue such as nervous and thyroid tissue, or
liver and kidney. It might be necessary to use higher concentrations than the dosage
used here to observe a histological effect in certain tissues with lower cobalt
concentrations, since as we know, RNA-Seq is more sensitive than other established
techniques, and we are unsure whether the transcriptional changes would actually get
translated to morphological changes.

More precise dissection techniques might help determine the relationship between
gene and protein expression. For example, techniques such as immunofluorescence
microscopy or in situ hybridisation to observe a few targets in defined brain locations.
In addition, high-throughput mass spectrometry can detect overall protein expression,
and it could help determine whether cobalt is directly interfering with protein expression
when comparing its output to that of RNA-Seq. This could be especially relevant if
cobalt was mediating toxicity through nuclear receptors given that the probable nature
of the binding and the wide extent of transcription might prove elusive.

We did not have time to confirm the gene expression of nuclear receptors, Cyp genes
or Hmgnb in our samples. RT-qPCR could be easily used to validate the fold change
of these genes. Validating the nuclear receptor hypothesis would need interdisciplinary

techniques. It is unclear whether cobalt would act as an agonist or antagonist of
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nuclear receptors, but in vitro cell culture with simultaneous application of steroid
hormones that activate known receptors and cobalt might shed some light on whether
the given activation of the nuclear receptor pathway is changed. Higher resolution and
more precise techniques should be used to determine whether there is direct damage
to the heterochromatin or the nuclear lamina, or changes in the lipid profile of the
nuclear envelope, which might be the reason behind the high expression of Hmgn5. In
that regard, in vitro work in which the cells are not mechanically disturbed while being
exposed to cobalt might not represent a good model of cobalt toxicity. Adding
mechanical challenges during cobalt treatment could provide a better model to observe
whether cells are challenged by the presence of cobalt in the medium.

We concluded that the doses used here appear to relate to early cobalt damage at
least in the brain. However, heart and liver receive a greater portion of the cobalt dose
administered, and it might be possible therefore to find markers of mitochondrial
damage at the doses used here. No histology has been done in the brain of patients
with arthroprosthetic cobaltism, thus we do not know the extent to which they could be
affected in vivo. However, mitochondrial damage might never occur in the brain of

patients with high cobalt levels since it could be a tissue specific reaction.

We also searched for RNA-Seq markers that would make a good loading control for
immunoblotting. We found that the gene coding for B-Actin, Actb, was stable under
cobalt treatment. Our recommendation would be to avoid B-Actin protein as loading
control because of potential cobalt damage to cytoskeleton. The blot bands retrieved
for B-Actin were homogeneous after normalisation with the Lowry protein assay results
as can be observed in Fig. 49. Thus, we do not believe that variations in B-Actin
expression as a consequence of cobalt could have an effect in the quantification of the
bands resulting from our samples at the doses used.

Finally, the possibility exists that local or compartmentalised immune reactions to
cobalt in the synovial membrane and the local prosthetic area (Langton et al., 2018)
could lead to a systemic immune response in patients which, in turn, could affect
distant tissues such as the brain or the heart. Epidemiological studies are increasingly
showing the prevalence of comorbidities in the context of conditions driven by chronic
allergic inflammation such as atopic dermatitis (Andersen et al., 2017), asthma (Su et
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al., 2016), or allergic rhinitis (Cingi et al., 2017). Given that our experimental set-up did
not rely on inducing local inflammation around the joint area, as well as the systemic
streaming of cobalt through blood, and that the choroid plexus is a blood-exposed brain
part which seems to be the most affected based on the RNA-Seq data, we think it is
the direct interaction of cobalt with the barrier that induces the inflammatory markers.
Whether persistent inflammatory activity at a distant site such as the hip joint or the
synovial membrane indirectly triggers cardiac or neural immune reactions is outside
the reach of our current study. Nevertheless, given the continuous inflammatory
conditions around failed prostheses (Langton et al., 2018), the issue of systemic
chronic inflammation (Furman et al., 2019) could become very relevant for prosthetic
patients. Thus, such studies would be very beneficial to the understanding of systemic
cobalt and potentially chromium toxicity.

The large effusions observed in the synovial fluid of patients with MoM implants
(Langton et al., 2018) are reminiscent of the pericardial effusions seen in patients with
MoM implants, as well as those of cobalt beer drinkers (Alexander, 1972; Kesteloot et
al., 1968), which also mentioned pleural effusions (Sullivan et al., 1969). It is possible
that both Co and Cr ions damage solute barriers, which in turn could impair metal
clearance and exacerbate Co and Cr concentrations leading to more severe
immunological reactions. Langton et al. hypothesised that the excess cobalt and
albumin concentration in synovial effusions was indicative of impaired synovial
membrane permeability and was either the cause or the consequence of ALVAL
(Langton et al., 2018). Given than the choroid plexus is a solute barrier, it is possible
that accumulation of Co and Cr ions in the brain-CSF barrier could replicate these
conditions and, if not leading to hydrocephalus, at least disturbing the balance of
electrolytes and nutrients in the CSF. Therefore, the immune reaction transcripts
obtained through RNA-Seq technology could be associated with immune reactivity
within the choroid plexus caused by a similar process to that described by Langton et
al. There is little evidence of this process on the literature, however, transthyretin, a
protein solely produced in the choroid plexus, was found to be upregulated after direct
brain cobalt injection (Kajiwara et al., 2008). This is a protein known to transport thyroid
hormones and retinol proteins, and the effect might be indicative of impaired protein
transport. Further studying the transport of proteins across barriers in the presence of
cobalt might potentially answer whether cobalt affects the physiology of barriers.
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6.4. Conclusion

We have investigated the effect of cobalt brain accumulation across three cobalt
doses: 0.1, 0.5, and 1 mg/kg B.W. CoCl,. The doses were administered via i.p.
injections for 28 days, and the controls were given dH20. The parameters we
investigated were cobalt accumulation through ICP-MS, gene expression via RNA-Seq
and RT-gPCR, and protein levels through Western blot. The following conclusions

were drawn from our results:

e Cobalt at the concentrations used might impair weight gain in rats. However,
the overall differences in growth rate are not significant compared to the
controls. Longer exposure times and higher n number might be needed to prove
this effect.

e Organ weight ratios appear not to change with the cobalt dosage and length of
treatment used in this study.

e Cobalt organ content rises as a result of all cobalt treatments, and its
accumulation following doses of between 0.5 and 1 mg/kg B.W. CoCl2 leads to
significant levels of cobalt in most organs, including the brain.

o Consistently with previous results, kidney, liver, and heart in that order contain
more cobalt than other organs after cobalt treatment, while the metal
accumulated in pref. cortex, cerebellum and hippocampus regions of the brain
is comparatively lower, but still significant, compared with the control group.

e Blood cobalt levels as a result of the doses administered are within the 4-38ug/I
range which, in terms of systemic toxicity, include part of the low (<20ug/l) to
moderate (<100ug/l) spectrum of MoM patients with raised levels of cobalt that
could induced systemic toxicity.

e Cobalt does not appear to elicit a transcriptional dose-response in the pref.
cortex and cerebellum with the doses used neither in fold change gene
expression, nor in number of DEGs.

e The overall transcriptional changes indicate a disruption or activation of
hormone and steroid metabolising activity, as well as lipid metabolism. Immune
and haematopoietic transcriptional programmes were also disrupted. This
transcriptional response was elicited at cobalt concentrations in blood similar to

those found in some MoM patients.
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e Given the outcomes of Chapter 5, we hypothesise that the transcriptional
changes occur as a result of cobalt interfering with the metal binding of
cytochrome P450 enzymes (CYPs) or nuclear receptors. This hypothesis
requires validation.

e The presence of choroid plexus gene expression and transcriptional markers
was widespread throughout doses and tissues. This indicates tissue
contamination, but also might indicate preferential toxicity of cobalt in the rat
blood-CSF barrier within the doses and duration of our cobalt treatment.

e RNA-Seq and RT-gPCR gene expression correlated for Spata18, Akap14, Kl
targets, but Tnf and Tir did not. Improvement of primer design might produce
better results. In general, RT-gPCR validated RNA-Seq findings.

e Protein levels of Spata18, Tumour necrosis factor (TNF)-a, Angiogenin (Ang),
Transthyretin (Ttr) and Akap14 do not change significantly with cobalt treatment.
Since the choroid plexus was unknowingly included in the tissues it is possible
that the selected targets are all expressed in the choroid plexus and the regional
localisation of gene expression might not correlate.

e We found that Hmgn5, a gene whose protein product is involved in chromatin
state modification, is highly expressed in our RNA-Seq results. This might
indicate a layer of epigenetic modification as a consequence of cobalt toxicity.
Hmgn5 gene and protein expression also require further validation.

In the next section we will summarise the findings highlighted throughout this PhD
thesis, and suggest future work on the evaluation of cobalt toxicity.
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7. SUMMARY OF RESULTS AND FUTURE
RESEARCH

7.1.  Main in vitro and in vivo findings on cobalt toxicity in this thesis.

The principal aim of this work was to find mechanisms responsible for cobalt toxicity
that could affect brain function, and by extension the function of other organs involved
in arthroprosthetic cobaltism, such as the heart or the liver. To obtain a broader vision
of the subject, we set up different research workflows in vitro and in vivo. We
specifically relied on cell viability assays, the quantification of cobalt content in cells
and tissues through ICP-MS, as well as RNA-Seq, a hypothesis-free technique that
allows for the screening of differentially expressed genes (DEGs). RT-qPCR was used
to validate RNA-Seq results, and translation of the differential expression of mRNAs to
the protein domain was studied by Western blotting. We will describe the main findings
of the thesis in this section, followed by a brief review of the overall limitations of our
research, and the possible impact in patients with MoM implants.

7.1.1. In vitro findings on brain cells exposed to cobalt

To investigate the direct response of cells to cobalt we treated two brain cell lines,
astrocytoma (U-373) and neuroblastoma (SH-SY5Y), with cobalt chloride (CoCl2)

concentrations ranging from 0 to 500uM. We found that:

e Cobalt lowers cell proliferation and depresses cell metabolism at high
concentrations (>100uM) after treatment for 24-72h as indicated by BrdU tests
(proliferation) and MTT and NR (metabolism and viability) assays. Reduced
DNA synthesis preceded metabolic decline according to the IC50s obtained via
BrdU, MTT and NR tests with neuroblastoma and astrocytoma cells.

o Life epifluorescence microscopy confirmed that cobalt induced abnormal
changes in cell morphology such as cytoplasmic vacuolisation and cell shrinking
at high concentrations in vitro, while brightfield microscopy revealed a
considerable degree of cell blebbing suggestive of cell death.
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e Lower concentrations of cobalt appear to stimulate metabolic drive as shown by
MTT assay, although this effect was inconsistent across concentrations and
time-points.

e Cellular cobalt content measured by ICP-MS was concentration-dependent in
both brain derived cell lines.

e Viabilty (MTT and NR) and proliferation assays (BrdU) demonstrate that
neuroblastoma cells are more susceptible than astrocytoma cells to cobalt ions.
Astrocytoma cells, despite showing greater resistance to cobalt toxicity, appear

to demonstrate increased cobalt uptake.

A full description of these results is in Chapter 4-An in vitro study into cobalt toxicity

in_brain cells (section 4.2.). The outcomes of this in vitro study were recently

published in the Toxicology in Vitro scientific journal (Gomez-Arnaiz et al., 2020).
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7.1.2. In vivo findings from time and dose-response rodent models of cobalt
toxicity

In order to uncover mechanisms of cobalt toxicity, we used a rodent model of cobalt
exposure in which rats were dosed daily by i.p. injections as described previously by
Laovitthayanggoon et al. (Laovitthayanggoon et al., 2019). Initially, we performed a
two time point exposure during 7 and 28 days with a fixed concentration of 1 mg/kg
B.W. CoCl,. We analysed the metal content of samples by ICP-MS, and gene
expression at 28 days exposure via RNA-Seq and RT-gPCR. In the subsequent dose-
response experiment, 0.1, 0.5 and 1 mg/kg B.W. CoCl> concentrations were used to
dose rats for 28 days. We obtained metal content and gene expression of brain tissue,
as well as protein levels in the pref. cortex and cerebellum at the highest cobalt
concentration: 1 mg/kg B.W. CoCl,. The following points illustrate our main findings

from the time and dose-response experiments:

e Cobalt treatment for 28 days appeared to impact weight gain at all
concentrations used, however, the decline in growth rate was still not
significantly different from that of the dH>O-treated controls.

e Relative organ weights did not vary with cobalt treatment as compared with
controls.

e Kidney, liver and heart, in that order, received most of the cobalt at any time
point and dosage as measured by ICP-MS in both time and dose-dependent
experiments.

e Only 0.5 and 1 mg/kg B.W. CoCl> dosage samples contained significant
concentrations of accumulated cobalt in all organs after 28 days treatment
compared with controls. Pref. cortex and hippocampus had significantly
elevated cobalt at these concentrations after 28 days.

e Blood, liver, kidney and spleen also had significantly elevated levels of cobalt
after 7 days treatment with 1 mg/kg B.W. CoCl,. Unfortunately, the offset of the
controls introduced by an ICP-MS artefact did not allow us to extend the
significance to other tissues such as heart and brain parts.

e Blood Co levels were elevated within the range 4-38ug/l as compared with
control animals treated with dH20 only, which had 1ug/l approximately. These

moderately elevated levels of cobalt in blood correspond to part of the spectrum

230



of concentrations observed in patients with MoM. Thus, the rodent model used
is clinically relevant to the study of systemic cobaltism in patients.

Gene expression evaluated through RNA-Seq of pref. cortex and cerebellum
pooled samples from rats treated with 1 mg/kg B.W. CoCl2 during 28 days
revealed possible metal dysregulation, specifically in transcripts of protein
products that bind to zinc, calcium and magnesium. Several protein families that
normally bind metal ions were also present throughout the RNA-Seq data e.g.
carbonic anhydrases, phosphodiesterases, nuclear receptors, cytochromes
P450 (CYPs) and synaptotagmin among others.

The gene expression of carbonic anhydrase and phosphodiesterase families
were evaluated through RT-gPCR and correlated with that of RNA-Seq from the
time-response experiment. Spatal18, Akap14 and Kl genes also validated
RNA-Seq results from the dose-response experiment, in contrast to Thfand Ttr
genes, the PCR fold changes of which did not correlate.

Dose-response experiments revealed that neither the number nor the fold
change of the Differentially Expressed Genes (DEGs) of pref. cortex and
hippocampus followed a dose response.

Highly expressed DEGs observed in pref. cortex, cerebellum and hippocampus
corresponded to the choroid plexus indicating tissue contamination. But it also
indicates that cobalt toxicity affects primarily the choroid plexus.

GO enrichment analyses of DEGs present across dose-response outcomes
point towards a change in hormone and lipid metabolism. The transcriptional
changes in these programmes could be originated by cobalt binding to native
metal sites of cytochrome P450 enzymes (CYPs) or nuclear receptors, which
appeared as possible metal binding targets in the time-response experiment.
Other possibility is that cobalt impacts lipid profiles first, and CYPs and nuclear
receptors are affected in a downstream fashion.

GO enrichment analyses in the dose-response experiment also identified
immune and haematopoietic transcriptional activation possibly mediated by
interleukin-6 (IL-6). The high expression of Hmgnb gene could signal changes
in chromatin accessibility and thus, gene expression.

Protein levels of highly expressed genes did not change significantly in the pref.
cortex and cerebellum with cobalt treatment at the highest dose used (1 mg/kg

B.W. CoCl2). These proteins were Spata18, TNF-a, Angiogenin, Transthyretin
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and Akap14. We suggest that the markers chosen from the RNA-Seq data could
indeed belong to the choroid plexus, which could have influenced this outcome
given the highly specialised protein localisation in brain tissue and that the
tissue destined for protein and mRNA isolation did not coincide spatially.

These results are presented in both Chapter 5. In vivo time-response investigation into

cobalt toxicity (section 5.2.) and Chapter 6. /n vivo dose-response investigation into

cobalt toxicity (section 6.2.). A scheme of the proposed mechanism of cobalt toxicity is

presented in Fig. 51. We will now discuss briefly the limitations encountered during this
research, and what we could have carried out better with the benefit of hindsight. After

this discussion, we suggest future investigations that could arise from the work.
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Fig. 51: Proposed mechanism of cobalt toxicity in the brain obtained from the
RNA-Seq data of time and dose-response in vivo experiments in a rodent model
of i.p. cobalt exposure. Cobalt ions might directly bind to either CYP proteins,
hormones or nuclear receptors (NR), which are part of the same pathway. Interference
with any of these factors will modify the activity of nuclear receptors leading to
transcriptional changes, perhaps through altering chromatin state via Hmgn5. We
mainly observed transcripts associated with the choroid plexus and its stress response,
as well as many DEGs involved in immune and haematopoietic programmes. These
transcriptional changes could potentially lead to neurological symptoms, although
there is not enough evidence to confirm if the transcriptional programmes shown here
could lead to the symptoms described by MoM patients with cobaltism e.g. depression,
memory loss, anxiety or fatigue. Arrows indicate direct relationship through the
research we carried out or the scientific literature while dotted arrows point towards
lower levels of evidence, and grey dotted arrows indicate weak evidence of a
relationship between modules.
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7.2. Limitations of our research on systemic cobalt toxicity, and future
directions.

The compiled results offer possible mechanisms of cobalt toxicity in the brain and point
towards metal dysregulation, specific cobalt targets such as hormone and lipid
metabolism, as well as disrupted nuclear receptor signalling and transcriptional
changes, in addition to the considerable implication of the involvement of the choroid
plexus (Fig. 51). Therefore, we have provided an explanation for cobalt toxicity, which
was the main aim of this work. However, due to time and cost limitations we were
restricted in our ability to validate the proposed hypothesis. Several aspects of cobalt
toxicity have also remained unexplored in our investigations. We will describe some of

our limitations and suggest future lines of research in the following paragraphs.

Due to the limited time available, we primarily focused on well-researched genes
involved in inflammation, stress, and hormonal responses. However, these common
genes could well be nonspecific given that they appear differentially expressed in
transcriptional studies researching diverse conditions (Crow et al., 2019). These
generic DEGs are important for the development of pathology (Crow et al., 2019),
however, they may also distract from the study of markers which could be specifically
associated with cobalt toxicity. The bias towards commonly studied genes is further
strengthened by DEG enrichment engines, which are based on gene annotations, and
that we have used to process the data. Less than 20% of coding-protein genes in
humans are thoroughly annotated, but a third of them still lack annotations (Tomczak
et al., 2018). Stoeger et al. found that redundant focus on certain genes could be
attributed to endogenous gene characteristics but, more importantly, to whether a gene
had been previously well-studied (Stoeger et al., 2018). Microarray technology has
been used to study gene expression in response to cobalt in vitro in human pulmonary
cells (Malard et al., 2007) and rat liver cell lines (Permenter et al., 2013), and while it
offers interesting results the pre-selection of gene panels imposes a bias towards
previously well-studied genes. Due to this and the different nature of our work, in vitro
versus in vivo, the use of different tissues, we could not find many common genes in
between studies. Thus, prior knowledge is an important factor on the selection of
targets within a list of competing genes that generally blocks research into new targets.
In our study, the genes Mboat7L1 and Hmgn5 appeared in the DEG top hit list across

tissues and dosages, and while we did not focus on them due to the little scientific
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literature available during our research, both genes could potentially be important in
the development of cobalt poisoning.

For example, Mboat7I1, aka Mboat7 or Lpiat1, is necessary for brain development and
its deletion leads to disarranged cortical lamination, atrophy of the cerebral cortex and
hippocampus, as well as early postnatal death (Lee et al., 2012). Severely enlarged
ventricles associated with hydrocephalus have also been reported in
the Mboat7-knockout mouse model (Vogel et al., 2012). Patients with mutations in this
gene suffer primarily from intellectual disability, but they may additionally present
with epilepsy and autism (Johansen et al., 2016), in addition to motor incoordination,
self-harming behaviour and refusal to feed (Sun et al., 2020). Mboat7 is a phospholipid
acyltransferase responsible for transferring arachidonic acid from arachidonoyl-CoA to
lysophosphatidylinositol, which changes the acyl-chain composition of these
phospholipids via the Lands’ cycle and influences their properties (Caddeo et al.,
2021). More importantly, it has recently been found a culprit of non-alcoholic fatty liver
disease (NAFLD), a condition that shows as build-up of fat in liver tissue (Tanaka et
al., 2021). Tanaka et al. were able to avoid postnatal lethal defects of Mboat7-knockout
mice by generating a tamoxifen-inducible Mboat7-knockout mouse line which showed
lipid accumulation and, surprisingly, normal brain histology. Although we did not find
articles about cobalt toxicity that reported lipid accumulation in the liver, the pathology
is reminiscent of the lipid deposits found in prosthetic patients’ cardiac tissue (Allen et
al., 2014), and the hearts of Quebec Beer drinkers (Alexander, 1972; Auger and
Chenard, 1967; Bonenfant, J.L., Miller, G., Roy, 1967; Bonenfant et al., 1969).
Mboat7-knockout mice also developed a fibrotic phenotype driven by a high-fat diet
(Tanaka et al., 2021; Thangapandi et al., 2021). In line with this, inadequate nutrition
was suspected to correlate with the severity of pathology in cobalt-adulterated beer
drinkers (Kesteloot et al., 1968; Rona, 1971; Sullivan et al., 1969). Moreover, both
diacylglycerol kinase and phospholipase C, which bind to calcium ions, appeared as
potential metalloprotein families targeted by cobalt in our previous results (Table 13).
Phospholipase C is known to degrade phospholipids into diacylglycerol, which is later
used to produce triglycerides, and it is involved in the increased phospholipid turnover
observed in the Mboat7-knockout mice (Tanaka et al., 2021). Finally, in vitro studies in

macrophages have observed a tight relationship between the expression of Mboat7,
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phospholipase C and calcium oscillations (Takemasu et al., 2019), which the authors
suggested could play a role in liver inflammation and the development of fibrosis.

The pathology of NAFLD has also been recently linked to a disruption of lipid
metabolism within the nuclear envelope, which is structurally connected with the
endoplasmic reticulum, the main site of lipid synthesis (Ostlund et al., 2020). The
nuclear envelope is composed by an inner and an outer bilayer nuclear membrane.
Thus, changes in their lipid composition due to a change in their metabolism could
potentially alter the structural stability of the nucleus, and cobalt is known to change
the fluidity of cell-like membranes (Umbsaar et al., 2018). As we have previously
discussed, Hmgnb appears to be important for the mechanical stability of the nucleus
by modifying the compaction of heterochromatin (Furusawa et al., 2015), as well as for
the regulation of gene expression (Kugler et al., 2013; Rochman et al., 2009). Thus,
Hmgn5 expression could be a homeostatic response to structural changes in the
nuclear envelope in order to preserve transcriptional stability and nuclear integrity. The
nuclear membranes also hold several hormonal and vitamin receptors which, if
disturbed, might lead to changes in gene expression (Garcia-Gil and Albi, 2017).
Research on the relationship between genome integrity and nuclear lipid composition
can be considered a newly founded field (Moriel-Carretero, 2021). However, this link
could explain part of the transcriptional response to cobalt which we showed in this
thesis. Moreover, one of our colleagues studied the effect of cobalt in neuronal cell
lines in vitro through liquid chromatography-mass spectrometry (LC-MS) (Alanazi,
2019). Alanazi suggested that cobalt induced an alteration of methylation pathways,
which could potentially correspond to widespread changes in gene expression. We
initially planned to carry out a metabolomic study in in vivo samples from the cobalt
dose-response experiment, however, we run out of time to analyse these results, which
would require intensive labour. Further studying these data might give information on
the lipid composition and metabolic changes in the brain as a result of cobalt interaction
and offer an explanation for the gene expression patterns seen in response to cobalt.

Moreover, both Hmgnb and Mboat7 were downregulated in the hippocampus. We
found a particular gene expression landscape in this brain part compared to the
prefrontal cortex and cerebellum in that its gene expression pattern seemed
homogeneous across doses and that there were a few DEGs with elevated fold
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changes (Fig. 40). We can speculate about the reason why the hippocampus could be
particularly affected by cobalt given its proximity with the choroid plexus since it could
be the choroid plexus response that it is actually being displayed due to dissection
issues. Nevertheless, we should also note other highly downregulated genes in the
hippocampus which might be linked with the activity of Hmgn5 and Mboat7 (Fig. 45):
Crnkl1, En2 and Lmntd1. Crnkl1 regulates the nuclear export of spliced mRNA to the
cytoplasm (Xiao et al., 2021). Moreover, lipids are also involved in the transport of En2
across the plasma membrane (Amblard et al., 2020), and the over-expressed gene
Lmntd1 has its protein located on the nuclear envelope and it is known to be expressed
in the brain (Wang et al., 2005). The function of these genes is starting to be studied
but, all together, they start to portray a relationship between lipid metabolism,
transcriptional regulation and cellular structural stability which could be an issue in
cobalt toxicity. We do not know if the proteins from these genes bind to metal ions.
However, the possibility exists that cobalt could bind to proteins with native zinc or
calcium such as phospholipase C, but that their gene expression would not be as
disturbed as expected. Rather, the downstream or upstream targets of these protein
might be up or downregulated reflecting compensatory changes in gene expression
(Jakutis and Stainier, 2021). We hope that further research will shed light into our own

hypotheses about cobalt toxicity.

Mitochondrial damage was not directly reflected in the RNA-Seq data or by any of the
methods employed. However, several papers attest to cobalt inducing mitochondrial
toxicity in vitro, in vivo and in patients. It is possible that the specific techniques used
in this research are not sensitive enough to detect mitotoxicity, or that the doses and
exposure times used here cannot be used to indicate mitochondrial damage in the
brain, or even that the brain responds to cobalt in different ways than the heart and
does not produce mitochondrial toxicity at the doses used. Future research employing
mitochondrial specific tests might be needed to explain this matter.

From the literature and from our data, cobalt appears to induce metal dysregulation.
Further assays in vitro could elucidate how cobalt interferes directly with calcium and
zinc handling, and how this impacts on cell function. Screening of metal transporters
and identification of subcellular compartments containing cobalt in several cell types
could provide insight into the mechanisms of cobalt toxicity in different organs. In
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addition, pre-selection of the cell types most affected by cobalt in vivo would make this
research far more relevant for patients with MoM implants. In our work, we identified
organs that accumulated systemic cobalt, more specifically kidney, liver and heart
received the highest quantity. Silver staining or other metal imaging techniques could
help determine cell populations with high cobalt uptake. Current in vitro research is
constrained to a few cell types, however, the impact of cobalt in thyroid and sensory
tissues is well known, and we also found a strong response of the choroid plexus,
which has not been suggested before. Diversifying the number and relevance of cell
types studied would support our knowledge on the effect of cobalt in different tissues.

Furthermore, it is difficult to rationally parallel in vitro concentrations in cellular systems

with cobalt levels in MoM patients’ blood. As mentioned in the in vitro experiments

chapter (section 4.1.), the differences between the cobalt range used in our in vitro

experiments are very pronounced: 25-500uM theoretically compares to 1,473-29,465
ug/l levels of cobalt in blood (Co MW=58.93). While the maximum cobalt level in blood
detected is 6,521ug/l (Zywiel et al., 2013), the majority of patients, and even those with
higher values, will have under 300 pg/l cobalt in blood (Langton et al., 2013;
Sidaginamale et al., 2013). Comparisons are complicated by the fact that cobalt binds
to albumin and other molecular components added to cell media in a non-physiological
fashion, which will likely affect the amount of free ionic cobalt taken up by cells. We
detected signs of mild toxicity in the in vivo RNA-Seq data meaning that we did not find
indications of cell death in contrast to our in vitro model. The levels of cobalt seen in
tissues and blood might equate to the lower concentrations used in vitro (<100uM).
This sparks other questions, e.g. could the decrease in cell proliferation or the
inconsistent increase in glycolysis at lower concentrations in vitro be mediated by
activation of CYPs and nuclear receptors? A link between nuclear receptors and
glycolysis has already been described in the literature (Baba et al., 2014), and if the
metabolic regulation of the cells was to fail due to cobalt interfering with CYPs and
nuclear receptors, this effect could potentially activate glycolysis and impair cell
proliferation in the long term. The probabilistic binding of cobalt to receptors and CYPs
would explain inconsistent increase in glycolysis at lower concentrations across doses
and time points. The success of future in vitro models to evaluate cobalt toxicity will
depend on the adjustment of concentrations e.g. by matching the observed effects in
MoM patients with in vitro cobalt toxicity modes. Finally, some of the proposed
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hypotheses extracted from RNA-Seq data could be easily evaluated in vitro, thus

limiting the use of research animals.

Our hypothesis of cobalt toxicity involved the displacement of native metal ligands by
cobalt, which could modify enzyme or protein activity. We identified several protein
families that could potentially bind to cobalt due to their presence in the RNA-Seq data.
Although in a first moment we focused in phosphodiesterases (Pde) and carbonic
anhydrase (Car) metal binding families, we found from the dose-response RNA-Seq
experiment that the disturbance of cytochrome P450 enzymes (CYPs) and nuclear
receptors could also underlie relevant transcriptional changes in hormone metabolism.
The advantage of high-throughput techniques such as RNA-Seq is that it allows for the
exploration of multiple research avenues, however the sheer amount of data produced
and the variety of analysis modes makes it difficult to decide what to prioritise. For our
research, it meant that we could not fully validate our hypotheses, but nonetheless we
were able to gain a perspective on possibly the most relevant modes of action at the
resulting moderate cobalt blood levels. Thus, we defined plausible hypotheses about
the mechanisms of cobalt toxicity that can be further evaluated in vitro and in vivo. In
the future, other researchers would also have the opportunity to review the RNA-Seq
data and extract more valuable information about cobalt effects in the brain e.g. by
relaxing the criteria for the selection of DEGs such as fold-change values or using new
or updated Gene Ontology (GO) databases. Moreover, as the number of transcriptomic
studies increases, our ability to interpret these sort of data will improve. This is likely
to happen with other diseases and even well-known toxins as they are being evaluated
with new High-throughput technologies.

Although we established the important emergence of choroid plexus markers, it was
not possible to detect the tissue-specific effects of cobalt in the individual brain parts
precisely due to the considerable presence of the brain-CSF barrier markers. Future
research might want to study the effect of cobalt in the isolated pref. cortex, cerebellum
and hippocampus without the contribution of the choroid plexus. In addition, the
specific stress response of the choroid plexus could have contributed towards the
interpretation of the proposed mechanism of cobalt toxicity. Further studies in isolated
brain areas, heart and other tissues affected by systemic cobalt toxicity will result in

more robust analyses.
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Protein and gene expression could be partially used for the validation of our
hypotheses. RT-qPCR could quickly validate the gene expression of Cyp family and
Hmgn5 genes. Given that our difficulties to observe protein expression might be due
to the use of uncorrelated tissue for gene and protein expression, other techniques
that allow spatial tissue localisation such as in situ hybridisation, immunofluorescence
microscopy or even histology, could be helpful and used to observe the localised
effects of cobalt. If co-localization of gene and protein expression does still not occur,
the comparison of RNA-Seq outcomes with other methods such as high-throughput
mass spectrometry might establish which mRNAs are being translated to protein.

We also propose that the integration of protein structure information and transcriptomic
data could be a useful premise for the discovery of toxicity mechanisms. Fortunately,
metal binding information has already been integrated in the Gene Ontology (GO)
databases through the Molecular Function GO ontology, which has simplified our
research. For other toxins, the integration of protein structural information might not be
as straightforward. Nevertheless, whether cobalt interferes directly with CYPs or
nuclear receptors remains to be tested. Due to the probabilistic nature of receptor
binding and signal activation, the individual response of the animals rather than pooled
samples should also be taken into consideration. Moreover, it is known that nuclear
receptors and hormones play an important role in heart (Vega and Kelly, 2017) and
bone remodelling (Bae et al., 2020). Thus, it would be beneficial to find out if this
hypothesis also translates to tissues such as heart or bone e.g. in the development of
heart disease, pseudotumous and osteolysis by patients with CoCr prostheses
(Bijukumar et al., 2018).

Finally, cost limitations impacted on the study design with regards to the number of
rats per group (n=4). This led to the choice of only male rats to reduce housing cost
and, we thought, hormonal variability. Selecting only male rodents is a common
practice in neuroscience (Will et al., 2017). However, the decision not to use female
rats is part of a wider culture in which they tend to be excluded due to the
misconception that the estrous cycle induces variability. The assumption that hormone
fluctuations will reduce statistical power has been refuted in a study of the literature
that evaluated neuroscience research looking at rat behaviour, histology,
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electrophysiology, and neurochemistry independently of the estrous cycle (Becker et
al., 2016). Sex differences were obvious regarding body and organ weights, which we
documented in our in vivo studies. Unfortunately, the implication of this bias is poorer
treatment outcomes for women because of overlooked sex-specific adverse responses
(Mauvais-Jarvis et al., 2021). Women could have a more reactive immune system
(Desai and Brinton, 2019) and they tend to show worse prosthetic outcomes (Haughom
et al., 2015; Inacio et al., 2013). If only male patients or animal models are used to
research cobalt toxicity the indicated safe metal levels in blood for women could be
misleading, and clinicians might miss preventable cases of toxicity. Therefore, given
the available evidence today, future research teams might want to focus solely on
female animals, which might endure more obvious responses, or further investigate

sex differences to cobalt exposure.

7.3. Significance of our research for patients with MoM implants and
arthroprosthetic cobaltism

We concluded that, in a rodent model with moderate levels of cobalt in blood similar to
those seen in patients (average range: 17-38ug/l), cobalt accumulated significantly in
brain parts leading to transcriptional effects in the brain that could go as far as
chromatin remodelling. These transcriptional changes occur before the accumulation
of cobalt is statistically significant in these brain areas e.g. with 0.1 mg/kg B.W. CoCl:
dosage (average cobalt in blood: 4ug/l). Moreover, we identified a possible disruption
of hormone, steroid and lipid synthesis by cobalt, which we suggest could be initiated
by cobalt interfering with metal-binding cytochrome P450 proteins (CYPs) and nuclear
receptors (Fig. 51). In our research, although cobalt appeared to accumulate in a dose
and time-response fashion in blood and tissue, we could not detect a dose-response
relationship in terms of the number or the fold change of transcripts. Increasing the
number of concentrations and time points evaluated would provide further insight since
we used a limited number of doses and time points. However, we proposed that the
probabilistic nature of nuclear receptor activation could lead to a stochastic dose
response rather than to a linear deterministic dose response (Kanno, 2016). This
conclusion offers an explanation as to why the systemic effects of cobalt do not appear
to follow a straightforward dose-response in patients meaning that while some patients
with considered low levels of cobalt develop systemic toxicity (Mao et al., 2011), other

patients with very high cobalt levels appear asymptomatic (Ho et al., 2017). In the cited
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references Mao et al. report symptoms around 10-25ug/l (Mao et al., 2011), and so
does Ho et al. who, in addition, did not observe a correlation of systemic effects in MoM
patients with cobalt serum levels even in patients with concentrations of cobalt over
100pg/l (Ho et al., 2017).

Problems in the synthesis and signalling of hormones and nuclear hormone receptors
are likely to be dependent on gender. Moreover, cobalt can bind to steroid hormones
(Stevenson et al., 2019), and has been exceptionally used in combination with
hormone replacement therapy to reduce estrogen levels in menopausal women
(Wright, 2005). Thus, cobalt systemic effects could be different and more pronounced
in females. There is a plethora of cofounding factors such as implant head size, and a
few other studies have found contradicting results (Donahue et al., 2018; Renner et
al., 2016) but, in the cobalt literature, it is suspected that females present a higher
incidence of pseudotumors, osteolysis and hip failure (Haughom et al., 2015; Van Der
Straeten et al., 2020). It has been shown that women with total joint replacements are
more prone than men to develop metal sensitivity and to experience aseptic pain and
be positive for metal sensitivity testing as measured by lymphocyte transformation test
(LTT) (Caicedo et al., 2017). The authors stated that this increased metal sensitivity in
females could be associated with the reported higher failure rates presented by women
with MoM hip resurfacing arthroplasties (Haughom et al., 2015) and unilateral THR
(Inacio et al., 2013). A recent study tested this hypotheses in rodents and confirmed
that young female mice showed increased DTH responses to wear debris (Samelko et
al., 2021). Women are at higher risk of autoimmune diseases such as multiple
sclerosis, lupus or rheumatoid arthritis due to the endocrine transitions they endure
during their lifetime, and the interplay between the endocrine and the immune system
(Desai and Brinton, 2019). The results by Samelko et al. and Caicedo et al. suggest
that the modulatory effect of hormones in a challenged immune system is at play,
apparently increasing women’s susceptibility to metallic wear (Caicedo et al., 2017;
Samelko et al., 2021). However, given the sparse number of case reports it is difficult
to make similar statements regarding systemic cobalt toxicity (Zywiel et al., 2016).
Whether cobalt could also be a causative factor of differential gender effects through
cobalt affecting sex-specific hormones differently could be of interest to other research
groups. There are several hormone level tests either in blood or urine that could help
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establish whether cobalt interferes with any of these hormones in patients with MoM

implants.

We also face certain difficulties with the interpretation of these results. One of them is
that we cannot establish that conditions such as depression, anxiety, and memory loss
are induced by cobalt in the research animals due to the inherent difficulty to translate
these complex issues to a rodent model. Thus, even when our data shows clear
transcriptional effects in the brain, we cannot assume that the transcriptomic effects
observed in our in vivo experiments are the cause of the symptoms described by some
patients with cobaltism. Nevertheless, hormonal fluctuations are known to lead to
mood changes (Dwyer et al., 2020), the choroid plexus is involved in
anxiety behaviours (Vincent et al., 2021), and nuclear receptors regulate the formation
of synapses (Cao et al.,, 2020) which modulate learning and memory. Previous
epidemiological research has suggested that screening of patients with MoM implants
for cardiac effects should be introduced to investigate the effects of subtle pathological
changes (Lassalle et al., 2018; Lodge et al., 2018). Further research in this area would
be needed to evaluate the impact of cobalt exposure on the brain and to determine
whether a screening programme for systemic symptoms in patients with MoM implants

is needed.

We consider that the results described here pave the way to new research in cobalt
toxicity. Our investigation defines a new plausible mechanism of cobalt toxicity that
might eventually lead to serious neurological health issues. Just as the doctors from
the Quebec Beer Drinkers case were unable to identify the symptoms displayed by the
patients with any previous established heart diseases, such as beriberi or alcoholic
cardiomyopathy (Alexander, 1972), the current transcriptomic results cannot be
completely assimilated to other datasets or previous studies as revealed by GO
enrichment and PPl network analysis. The clues shown here point towards a new
aetiology and less known mechanism of metal toxicity, which does not primarily involve
ROS or other gene expression patterns previously identified in cobalt toxicity and
instead appears to be related with metal endocrine disruption (Stevenson et al., 2019),
changes in the lipidome and adaptive immunological responses at least throughout the
concentrations used. Thus, our findings have important implications for patients with
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MoM implants both by providing a mechanism of cobalt toxicity and an explanation for

the non-deterministic dose response seen in patients.
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Appendices

Appendix A: RNA quality of samples obtained from brain tissue

This appendix provides the information about the quality of the RNA samples used for
RNA-Seq and RT-gPCR experiments shown in this thesis. The parameters evaluated
are the concentration of RNA, and the ratios of absorbance found at 260 nm and 280
nm (260/280), and at 260nm and 230 nm (260/230) with the Nanodrop
spectrophotometer. These ratios indicate the purity of nucleic acid, and lowered values
may point towards the presence of contaminants. The ribosomal RNA 28S/18S ratio
and the RNA quality indicator (RQI) value are estimations of the integrity of the samples
obtained through Experion automated electrophoresis system. Lower 28S/18S ratio
and RQI values could indicate that the RNA has been degraded. The accepted
parameter values for RNA are: [260/280]~2; [260/230]>2; [28S/18S]>0.7; RQI>7.

Table 26 and Table 27 display the information about the cerebellum and the pref.
cortex from the in vivo time-response. The quality check of samples from the dose-
response experiment in the pref. cortex are in Table 28, values from the cerebellum
are in Table 29, and for hippocampus in Table 30. The parameters were also measured
in the pooled samples before being sent for RNA-Seq analyses.

291



Table 26: Quality check of RNA samples from the cerebellum tissue obtained
from the in vivo time-response experiments (Chapter 5). Parameters shown are
RNA concentration (ng/ul), and ratios [260/280] and [260/230] indicating RNA purity,
in addition to ratio [28S/18S] and RQI indicating RNA integrity. The bottom part of the
table shows the pooled samples. ‘Crbm X.Y’ abbreviation refers to cerebellum sample
number Y from group X (group 4; control group which had dH20 i.p. injection treatment,
and group 5; treatment group which had 1 mg/kg B.W CoCl: daily i.p. injections for 28
days). There are n = 3 samples per each control or treatment group, each group was
later pooled into a single sample for RNA-Seq evaluation.

Quality check of RNA samples from the cerebellum
Samples RNA Ratio Ratio Ratio

concentration | [260/280] [260/230] | [28S/18S]
(ng/ul)
Cerebellum 442.2 2.07 2.26 - -
Control
(Crbm 4.1)

Cerebellum 407 1 2.07 2.19 - -
Control

(Crbm 4.2)
Cerebellum 478.1 2.07 2.23 - -
Control

(Crbm 4.3)
Cerebellum 368.2 2.04 213 - -
Treatment
(Crbm 5.1)
Cerebellum 380.8 2.06 2.20 - -
Treatment
(Crbm 5.2)
Cerebellum 499.2 2.00 2.00 - -
Treatment
Crbm 5.3

Pooled samples
Cerebellum 433.4 2.08 2.07 1.37 9.7
Control

(Crbm 4)
Cerebellum 3854 2.07 2.16 1.32 9.4
Treatment
(Crbm 5)
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Table 27: Quality check of RNA samples from the pref. cortex tissue obtained
from the in vivo time-response experiments (Chapter 5). Parameters shown are
RNA concentration (ng/ul), and ratios [260/280] and [260/230] indicating RNA purity,
in addition to ratio [28S/18S] and RQI indicating RNA integrity. The bottom part of the
table shows the pooled samples. ‘Crtx X.Y’ abbreviation refers to pref. cortex sample
number Y from group X (group 4, control group which had dH-2O treatment; and group
5, treatment group which had 1 mg/kg B.W CoCl daily i.p. injections for 28 days).
There are n = 3 samples per each control or treatment group, each group was later
pooled into a single sample for RNA-Seq evaluation.

Quality check of RNA samples from the pref. cortex
Samples RNA Ratio Ratio Ratio

concentration | [260/280] [260/230] | [28S/18S]
(ng/pl)
Pref. cortex 288.3 2.07 2.19 - -
Control
(Crtx 4.1)

Pref. cortex 456.9 2.01 2.01 - -
Control
(Crtx 4.2)
Pref. cortex 345.1 2.03 2.03 - -
Control
(Crtx 4.3)
Pref. cortex 412.3 2.07 2.20 - -
Treatment
(Crtx 5.1)
Pref. cortex 474 1 2.05 2.19 - -
Treatment
(Crtx 5.2)
Pref. cortex 581.1 2.08 2.27 - -
Treatment
Crtx 5.3

Pooled samples
Pref. cortex 347.7 2.06 218 1.01 9
Control
(Crtx 4)
Pref. cortex 488.8 2.08 212 1.27 9.5
Treatment
(Crtx 5)
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Table 28: Quality check of RNA samples from the pref. cortex tissue obtained
from the dose-response in vivo experiments (Chapter 6). Parameters shown are
RNA concentration (ng/ul), and ratios [260/280] and [260/230] indicating RNA purity,
in addition to ratio [28S/18S] and RQI indicating RNA integrity. The bottom part of the
table shows the pooled samples. ‘Crtx X.Y’ abbreviation refers to pref. cortex sample
number Y from group X (group 1 is the control group which had daily dH2O i.p. injection
treatment; 2, 3 and 4 treatment groups had 0.1, 0.5 and 1 mg/kg B.W CoClz daily i.p.
injections for 28 days respectively). There are n = 4 samples per each control or
treatment group, each group was later pooled into a single sample for RNA-Seq

evaluation.

Quality check of RNA samples from the pref. cortex
Samples RNA Ratio Ratio Ratio

concentration | [260/280] | [260/230] | [28S/18S]
(ng/pl)
Pref. cortex 237.3 2.08 2.16 1.30 9.4
Control
(Crtx 1.1)

Pref. cortex 309.3 2.08 2.30 1.59 9.6
Control
(Crtx1.2)
Pref. cortex 208.9 2.06 2.27 1.39 9.7
Control
(Crtx 1.3)
Pref. cortex 278.0 2.07 2.25 1.34 9.7
Control
(Crtx 1.4)
Pref. cortex 410.8 2.08 2.24 1.30 9.3
0.1 mg/kg BW
(Crtx 2.1)
Pref. cortex 178.0 2.07 2.02 1.53 9.2
0.1 mg/kg BW
(Crtx 2.2)
Pref. cortex 375.2 2.09 2.21 1.53 9.4
0.1 mg/kg BW
(Crtx 2.3)
Pref. cortex 437.9 2.09 2.26 1.17 8.9
0.1 mg/kg BW
(Crtx 2.4)
Pref. cortex 260.2 2.06 2.29 1.31 9.3
0.5 mg/kg BW
(Crtx 3.1)
Pref. cortex 256.6 2.09 2.20 1.35 9.2
0.5 mg/kg BW
(Crtx 3.2)
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Pref. cortex
0.5 mg/kg BW
(Crtx 3.3)

291.0

2.07

2.24

1.42

9.5

Pref. cortex
0.5 mg/kg BW
(Crtx 3.4)

293.0

2.09

2.25

1.54

9.5

Pref. cortex
1 mg/kg BW
(Crtx 4.1)

282.7

2.07

2.27

1.34

9.7

Pref. cortex
1 mg/kg BW
(Crtx 4.2)

279.2

2.09

1.98

1.43

9.3

Pref. cortex
1mg/kg BW
(Crtx 4.3)

308.9

2.1

1.32

1.47

9.3

Pref. cortex
1 mg/kg BW
Crtx 4.4

Pref. cortex
Control

352.4

2521

2.06

Pooled sam
2.06

ples

2.18

2.22

1.58

1.38

9.7

9.5

Pref. cortex
0.1 mg/kg BW
Treatment

280.7

2.06

215

1.41

9.0

Pref. cortex
0.5 mg/kg BW
Treatment

272.2

2.06

2.22

1.25

8.5

Pref. cortex
1 mg/kg BW
Treatment

260.4

2.06

1.90

1.34

9.5
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Table 29: Quality check of RNA samples from the cerebellum tissues obtained
from the in vivo dose-response experiments (Chapter 6). Parameters shown are
RNA concentration (ng/ul), and ratios [260/280] and [260/230] indicating RNA purity,
in addition to ratio [28S/18S] and RQI indicating RNA integrity. The bottom part of the
table shows the pooled samples. ‘Crbm X.Y’ abbreviation refers to cerebellum sample
number Y from group X (group 1 is the control group with daily i.p injections of dH20;
and 2, 3 and 4 treatment groups had 0.1, 0.5 and 1 mg/kg B.W CoCl> daily i.p.
injections for 28 days respectively). There are n = 4 samples per each control or
treatment group, each group was later pooled into a single sample for RNA-Seq
evaluation. Some of the samples could not be obtained and less samples than n=4
were pooled.

Quality check of RNA samples from the cerebellum
Samples RNA Ratio Ratio Ratio

concentration | [260/280] [260/230] | [28S/18S]
(ng/pl)
Cerebellum 199.8 2.06 2.24 1.44 9.7
Control
(Crbm 1.1)

Cerebellum 360.8 2.10 2.31 1.64 9.9
Control
(Crbm 1.2)
Cerebellum 307.8 2.08 2.13 1.45 9.6
Control
(Crbm 1.3)
Cerebellum 303.9 2.08 2.30 1.45 9.7
Control
(Crbm 1.4)
Cerebellum 365.6 2.03 2.21 1.46 9.7
0.1 mg/kg
BW

(Crbm 2.1)
Cerebellum 366.4 2.07 2.25 1.59 9.9
0.1 mg/kg
BW

(Crbm 2.2)
Cerebellum 351.2 2.09 2.28 1.49 9.3
0.1 mg/kg
BW

(Crbm 2.3)
Cerebellum 283.6 2.06 2.22 1.48 9.8
0.1 mg/kg
BW

(Crbm 2.4)
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Cerebellum
0.5 mg/kg
BW

(Crbm 3.1)

330.2

2.09

2.32

1.55

9.6

Cerebellum
0.5 mg/kg
BW

(Crbm 3.2)

354.6

2.09

2.29

1.66

9.8

Cerebellum
0.5 mg/kg
BW

(Crbm 3.3)

388.9

2.09

2.24

1.57

9.8

Cerebellum
0.5 mg/kg
BW

(Crbm 3.4)

221.3

2.06

2.28

1.74

8.3

Cerebellum
1 mg/kg
BW

(Crbm 4.1)

454.5

2.09

2.25

1.38

9.1

Cerebellum
1 mg/kg
BW

(Crbm 4.2)

372.7

2.09

2.31

1.41

9.7

Cerebellum
1mg/kg BW
(Crbm 4.3)

345.3

2.10

1.88

1.58

9.8

Cerebellum
1 mg/kg
BW

Crbm 4.4

Cerebellum
Control

534.3

278.7

2.09

Pooled sa
2.07

2.31

ples
2.22

1.49

1.35

9.6

Cerebellum
0.1 mg/kg
BW
Treatment

309.5

2.08

2.25

1.43

9.4

Cerebellum
0.5 mg/kg
BW
Treatment

300.8

2.08

2.25

1.53

9.8

Cerebellum
1 mg/kg
BW
Treatment

401.1

2.08

214

1.52

9.6
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Table 30: Quality check of RNA samples from the hippocampus tissues obtained
from the in vivo dose-response experiments (Chapter 6). Parameters shown are
RNA concentration (ng/ul), and ratios [260/280] and [260/230] indicating RNA purity,
in addition to ratio [28S/18S] and RQI indicating RNA integrity. The bottom part of the
table shows the pooled samples. ‘Hppc X.Y’' abbreviation refers to hippocampus
sample number Y from group X (group 1 is the control group which had daily i.p.
injections of dH20; and 2, 3 and 4 treatment groups which had 0.1, 0.5 and 1 mg/kg
B.W CoCl. daily i.p. injections for 28 days respectively). There are n = 4 samples per
each control or treatment group, each group was later pooled into a single sample for
RNA-Seq evaluation. Some of the samples could not be obtained and less samples
than n=4 were pooled.

Quality check of RNA samples from the hi
Samples RNA Ratio Ratio Ratio

concentration | [260/280] | [260/230] | [28S/18S]
(ng/pl)
Hippocampus 184.4 2.1 2.18 1.41 9.6
Control (Hppc
1.1)

Hippocampus 158.6 2.08 1.56 1.50 9.4
Control (Hppc
1.2)
Hippocampus 372.6 2.08 2.28 1.13 9.3
Control (Hppc
1.3)
Hippocampus 154.1 2.04 2.18 1.22 9.5
Control (Hppc
1.4)
Hippocampus 109.2 2.05 2.15 1.24 9.3
0.1 mg/kg BW
(Hppc 2.1)
Hippocampus 89.3 2.03 1.95 1.21 8.2
0.2 mg/kg BW
(Hppc 2.2)
Hippocampus - - - - -
0.2 mg/kg BW
(Hppc 2.3)
Hippocampus 207.7 2.07 1.98 1.51 9.6
0.2 mg/kg BW
(Hppc 2.4)
Hippocampus - - - - -
0.5 mg/kg BW
(Hppc 3.1)
Hippocampus 141.9 1.97 1.87 1.56 9.8
0.5 mg/kg BW
(Hppc 3.2)
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Hippocampus
0.5 mg/kg BW
(Hppc 3.3)

174.2

2.07

2.27

1.61

9.7

Hippocampus
0.5 mg/kg BW
(Hppc 3.4)

227.9

2.07

2.31

1.27

8.9

Hippocampus
1 mg/kg BW
(Hppc 4.1)

Hippocampus
1 mg/kg BW
(Hppc 4.2)

286.5

2.08

2.20

1.44

9.2

Hippocampus
1mg/kg BW
(Hppc 4.3)

Hippocampus
1 mg/kg BW
Hppc 4.4

Hippocampus
Control

185.0

Pooled sam
2.06

dbles

1.97

1.30

9.6

Hippocampus
0.1 mg/kg BW
Treatment

115.3

2.04

1.99

1.31

9.7

Hippocampus
0.5 mg/kg BW
Treatment

153.0

2.05

2.24

1.36

9.6

Hippocampus
1 mg/kg BW
Treatment

260.0

2.06

2.20

1.43

9.4
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Appendix B: Selection of reference genes for the normalisation of target gene
expression through RT-qPCR

The selection of appropriate reference genes is vital in order to calculate relative gene
expression accurately (Bustin et al., 2009). For the selection, we measured the Ct
values of all the reference genes from all the control and treatment samples and used
RefFinder software to determine the most stable gene for RT-qPCR calculations

(https://www.heartcure.com.au/reffinder/). RefFinder is a robust software tool that

compares the variability of Ct results from reference genes within certain experimental
conditions and ranks them from more to less stable (Xie et al., 2012). The candidate
reference genes for normalisation of gene expression data were Ywhaz, Pes and Thp.
Fig. 52 and Fig. 53 present the RefFinder ranking of most stable genes for the time-
response experiment in the pref. cortex and the cerebellum respectively, the results of
which were presented in Chapter 5. Ywhaz was selected as the most stable reference
gene for the pref. cortex, while Thp was preferred for the cerebellum. RefFinder results
corresponding to the dose-response experiment presented in Chapter 6 were also
calculated. Fig. 54 shows the RefFinder ranking results for the pref. cortex tissue from
the dose-response experiment while Fig. 55 shows the results for the hippocampus.

Pes1 gene was selected for the pref. cortex and Ywhaz for the hippocampus.
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Comprehensive gene stability

2.5

1.682

1.5

0.5

YWHAZ_Cx PES1_Cx TBP_Cx

<== Most stable genes Least stable genes ==
Fig. 52: RefFinder ranking of three reference genes Ct values in pref. cortex
samples from the in vivo time-response experiment. Only the samples from the
rats dosed with i.p. injections for 28 days with dH20 (controls) and 1mg/kg B.W. CoCl>
(treatment group) were analysed. The candidate reference genes were Ywhaz, Pes1
and Thp. The most stable and gene selected for further RT-gPCR assays in the pref.

cortex samples of the time-response experiment is Ywhaz (Chapter 5).
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Comprehensive gene stability

2.5

1.5 1.414
1.189

0.5

TBP_Cm YWHAZ_Crn PES1_Cm
<== Most stable genes Least stable genes ==

Fig. 53: RefFinder ranking of three reference genes Ct values in cerebellum
samples from the in vivo time-response experiment. Only the samples from the
rats dosed with i.p. injections for 28 days with dH20 (controls) and 1mg/kg B.W. CoCl>
(treatment group) were analysed. The candidate reference genes were Ywhaz, Pes1
and Thp. The most stable and gene selected for further RT-gPCR assays in the
cerebellum samples of the time-response experiment is Tbp (Chapter 5).
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Comprehensive gene stability

1.5 1.414
1.189

PES1 8P YWHAZ
<== Most stable genes Least stable genes ==

Fig. 54: RefFinder ranking of three reference genes Ct values in pref. cortex
samples from the in vivo dose-response experiment. Only the samples from the
rats dosed with i.p. injections for 28 days with dH20 (controls) and 1mg/kg B.W. CoCl>
(treatment group) were analysed. The candidate reference genes were Ywhaz, Pes1
and Thp. The most stable and gene selected for further RT-gPCR assays in the pref.

cortex samples of the time-response experiment is Pes? (Chapter 6).
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Comprehensive gene stability

25

1.682

1.5

0.5

YWHAZ TeP PES1
<== Most stable genes Least stable genes ==

Fig. 55: RefFinder ranking of three reference genes Ct values in hippocampus
samples from the in vivo dose-response experiment. Only the samples from the
rats dosed with i.p. injections for 28 days with dH20 (controls) and 1mg/kg B.W. CoCl>
(treatment group) were analysed. The candidate reference genes were Ywhaz, Pes1
and Thp. The most stable and gene selected for further RT-gPCR assays in the
hippocampus samples of the time-response experiment is Ywhaz (Chapter 6).
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Appendix C: MIQE checklist

Table 31: MIQE checklist from the MIQE guidelines (Bustin et al., 2009) for
reproducibility and assessment of experimental RT-qPCR conditions. Essential
information must be made available in the manuscript (E) while desirable information
(D) is only made available if possible. Unless indicated otherwise, the protocol details
required in the checklist have been presented in Chapter 3, where we described the

materials and methods for the in vivo work.

Item to check Checklist

Experimental Design

Definition of experimental E | Yes
and control groups
Number within each group E | Yes

Assay carried out by the D |Yes
core or investigator’s
laboratory?
Acknowledgement of D -
authors' contributions
Sample
Description E | Yes
Volume/mass of sample | D | Yes
processed
Microdissection or E | Yes
macrodissection
Processing procedure E | Yes
If frozen, how and how E | Dissected samples were immediately
quickly? submerged in RNALater and incubated at 4°C

overnight. The day after, RNALater was
removed and samples were frozen at -80°C
If fixed, with what, how E | Not applicable
quickly?
Sample storage conditions E | Yes
and duration especially for
formalin-fixed, paraffin-
embedded (FFPE) samples
Nucleic Acid Extraction
Procedure and/or E |Yes
instrumentation
Name of kit and details E | Yes
of any modifications

305



Source of additional D |Yes
reagents used
Details of DNase or RNAse | E | Not needed due to the presence of gDNA
treatment Eliminator Solution in the isolation kit (RNeasy
Plus Universal Midi Kit (Qiagen, UK))
Contamination assessment | E | No-reverse transcription (RT-) and no-template
(DNA or RNA) controls (NTC) were included
Nucleic acid quantification E | Yes, through Nanodrop-2000c
spectrophotometer
Instrument and method E | Yes
Purity (A260/A280) D | Yes (provided in Appendix A)
Yield D | Yes (provided in Appendix A)
RNA integrity E | Yes, via Experion Automated Electrophoresis
method/instrument System
RNA integrity E | Yes (provided in Appendix A)
number/RNA quality
indicator (RIN/RQI) or Cq of
3' and 5' transcripts
Electrophoresis traces D |No
Inhibition testing (Cq E | No, we used new reagents and the company's
dilutions, spike or other) recommended concentrations
Reverse Transcription
Complete reaction E |Yes
conditions
Amount of RNA and E | Yes
reaction volume
Priming oligonucleotide if | E | Yes
using gene-specific priming
(GSP) and concentration
Reverse transcriptase E |Yes
and concentration
Temperature and time E |Yes
Manufacturer of reagents | D | Manufacturer is provided, but not the catalogue
and catalogue numbers numbers.
Cgs with and without D |Yes
reverse transcription
Storage conditions of cDNA | D Synthesised cDNA was kept at -20°C
qPCR Target Information
Gene symbol E |Yes
Sequence accession E |Yes
number
Location of amplicon D |Yes
Amplicon length E |Yes
In silico specificity screen | E | Yes
(BLAST, and so on)
Pseudogenes, D | Primers retrieving pseudogenes from the target

retropseudogenes or other
homologs?

gene were used when there were no more
options
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Sequence alignment D |No
Secondary structure D |No
analysis of amplicon
Location of each primer by E |No
exon or intron (if applicable)
What splice variantsare | E | No
targeted?
qPCR Oligonucleotides
Primer sequences E | Yes
RTPrimerDB Identification D |No
Number
Probe sequences D |No
Location and identity of any | E Not applicable
modifications
Manufacturer of D | Yes, Integrated DNA Technologies (IDT,
oligonucleotides Belgium)
Purification method D |No
gPCR Protocol
Complete reaction E | Yes
conditions
Reaction volume and E | Yes
amount of cONA/DNA
Primer, (probe), Mg++ E | Yes
and deoxynucleoside
triphosphate (ANTP)
concentrations
Polymerase identityand | E | Yes
concentration
Buffer/kit identity and E | Yes
manufacturer
Exact chemical D | No (not provided by manufacturer)
constitution of the buffer
Additives (SYBR Green |E | No
|, DMSO, and so forth)
Manufacturer of D |Yes
plates/tubes and catalog
number
Complete thermocycling E |Yes
parameters
Reaction setup D | Manual setup
(manual/robotic)
Manufacturer of gqPCR E |Yes
instrument
qPCR Validation
Evidence of optimisation D |No
(from gradients)
Specificity (gel, sequence, E | Yes, melt curve

melt, or digest)

307



For SYBR Green |, Cq of E |Yes
the NTC
Calibration/Standard curves | E | No
with slope and y intercept
PCR efficiency E | PCR efficiencies were calculated but not
calculated from slope applied due to the limited range of the standard
curve for some primers meaning that the Cts
from the most diluted samples of the 5-fold
serial dilution (Ct>26) were close to the reliable
limit of quantification (Ct~40) in the case of low
copy number genes.
Confidence interval (ClI) | D | No
for PCR efficiency or
standard error (SE)
r2 of standard curve E | No
Linear dynamic range E | No
Cq variation at lower limit | E No
Confidence intervals D |No
throughout range
Evidence for limit of E |No
detection (LOD)
If multiplex, efficiency and E | Not applicable
LOD of each assay.
Data Analysis
gPCR analysis program E | Yes
(source, version)
Cq method determination | E | Yes
Outlier identification and | E | No data points were excluded as outliers
disposition
Results of NTCs E | Cts of non-template controls were labelled as
‘Undetermined’ by the software meaning that
they were below the detection limit.
Justification of number and | E | Yes (provided in Appendix B)
choice of reference genes
Description of normalisation | E | Yes
method
Number and concordance of | D | Yes
biological replicates
Number and stage (RT or E |Yes
gPCR) of technical
replicates
Repeatability (intra-assay E |Yes
variation)
Reproducibility (inter-assay |D | No
variation, %CV)
Power analysis D | Not applicable
Statistical methods forresult | E | Yes

significance
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Software (source, version)

m

Yes

Cq or raw data submission
using RDML

No
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Appendix D: Pathway mapping of genes obtained with PathView software

We mapped the DEGs from the pref. cortex and hippocampus in response to cobalt
treatment with 0.5 and 1 mg/kg B.W. CoCl> compared to control animals (dH20) to
biological pathways with PathView software (https://pathview.uncc.edu/) (Habermann

et al., 2015). The software identified two significantly enriched pathways "rno00140
Steroid hormone biosynthesis" (g-value = 0.01) and "rno04640 Hematopoietic cell
lineage" (g-value = 0.046). Fig. 56 shows the steroid hormone biosynthesis pathway,
and Fig. 57 displays the KEGG pathway with the haematopoietic cell lineage pathway.
The red numbered squares represent mapped genes. The names of these genes have
been indicated in the captions.
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56: Mapped ‘rno00140 Steroid hormone biosynthesis’ pathway with

common DEGs from the pref. cortex and hippocampus in response to cobalt

treatment with 0.5 and 1 mg/kg B.W. CoCl. compared to the control samples from
rats treated with dH20. Rats were dosed for 28 days with i.p. injections and brain

tissues were obtained for posterior RNA isolation and RNA-Seq analysis. The red

squares represent genes present on the data with the following numeration: 1.14.14.32
and 1.14.14.19 is Cyp17a, 1.14.15.6 is Cyp11a1, 1.14.14.1 is Cyp3a23/3a1, and

2.4.1.17 represents Ugt1a1.
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Fig. 57: Mapped ‘rno04640 Hematopoietic cell lineage’ pathway with common

DEGs from the pref. cortex and hippocampus in response to cobalt treatment

with 0.5 and 1 mg/kg B.W. CoCl. compared to the control samples from rats
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treated with dH20. Rats were dosed for 28 days with i.p. injections and brain tissues
were obtained for posterior RNA isolation and RNA-Seq analysis. The genes in red
squares are differentially expressed in the RNA-Seq data: Cd8a corresponding to Cd8,
Cd3g corresponding to Cd3, Cd19, Fcer2 corresponding to Cd23, //1r2 corresponding
to Cd121, and //6.
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Appendix E: Comparison of number of DEGs with different cutoff values

We obtained the number of DEGs from the dose-response in vivo treatment (Chapter
6) according to the different fold change and p-value cutoffs. Animals were dosed for
28 days with i.p. injections of CoCl2 at three different concentrations: 0.1, 0.5 and
1mg/kg B.W. The control group was treated equally with only dH2O. The RNA isolated
from the brain samples was pooled in a single sample per group to be analysed through
RNA-Seq (n’=1). Fold change over 2 is an arbitrary cutoff value widely used in RNA-
Seq and microarray analyses (Maleki et al., 2020; Zhao et al., 2018). The number of
DEGs resulting from the conditions |fold change|> 2 and p <0.05 is presented in Fig.
58 , while the number of DEGs after applying a |fold change|> 2 cutoff is displayed Fig.
59. The number of DEGs resulting from applying |fold change|> 2 and p <0.05
conditions is lower (range: 51-151) than when only applying a |fold change|> 2 cutoff

(range: 703-823), thus the former condition is more stringent.
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Fig. 58: Number of up-regulated (red) and down-regulated (blue) DEGs (cutoff
|fold change|>2 and p<0.05) in pref. cortex, cerebellum and hippocampus
according to cobalt dose treatment: 0.1, 0.5 and 1 mg/kg B.W. CoCl2. Animals
were dosed i.p. daily, for 28 days with those doses or dH20. Data were extracted from
RNA-Seq experiments in which n=4 samples were pooled to get n’=1, except in the
case of the hippocampus treatment group 0.5 mg/kg B.W. CoCl> where n’=n=3, as well

as for 1 mg/kg B.W. CoCl> where n’=n=1.
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Fig. 59: Number of up-regulated (red) and down-regulated (blue) DEGs (cutoff
|fold change|>2 only) in pref. cortex, cerebellum and hippocampus according to
cobalt dose treatment: 0.1, 0.5 and 1 mg/kg B.W. CoCl.. Animals were dosed i.p.
daily, for 28 days with those doses or dH2O. Data were extracted from RNA-Seq
experiments in which n=4 samples were pooled to get n’=1, except in the case of the
hippocampus treatment group 0.5 mg/kg B.W. CoCl, where n’=n=3, as well as for 1
mg/kg B.W. CoCl; where n’=n=1.
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