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Abstract

An ongoing battle in long term hospital care is the onset of ICU acquired weakness, several
studies have reported the elevated risk of ICUAW in cohesion with pre-existing medical
conditions. Skeletal muscle dysfunction is a hallmark of ICUAW, with several studies reporting
mitochondria can play a significant role; however, the mechanisms responsible are poorly
characterised. Damage associated molecular patterns (DAMPs) are a broad classification of
cellular components, which can modulate inflammatory pathways and are highly prevalent in
chronic inflammatory conditions (e.g., sepsis) - one example of this is heat shock protein (HSP)
60. HSP60 functions as a molecular chaperone when in the intracellular and a cytokine when
in the extracellular environment. We reasoned that eHSP60 may be relevant to muscle
dysfunction in sepsis and looked to evaluate this capability in a pre-clinical in vitro model.
This study aimed to evaluate the impact of Extracellular Heat Shock Proteins on C2C12 cells,
illustrating the potential effect of, eHSP70 and eHSP60 specifically, on the mitochondria and
the effectiveness of TAK242 as an inhibitor of TLR4 which enables the production of
lipopolysaccharide induced inflammatory mediators. C2C12 cells were treated with
increasing concentration of eHSP70 and eHSP60 (5ng/ml, 10ng/ml, 25ng/ml, and 50ng/ml),
with or without TAK242, followed by a 24-hour incubation period. U937 conditioned media
was acquired in order to mimic an environment similar to that of an ICU patient, this was
done by treating U937 cells with 100ng/ml of LPS for 1 hour followed by 1, 2, 4, 24-hour
recovery period, the supernatant was collected and used to treat C2C12 cells.

Cells were counted using a Haematocytometer and quantified using WST-8 assay, assessing
for cell viability. Mitochondrial function was assessed using Seahorse Extracellular Flux
Analysis. Cell viability was seen to reduce when treated with increasing doses of eHSP70 and
eHSP60, a significant reduction seen when treated with 5ng/ml of eHSP60.

Overall parameters of seahorse extracellular flux analysis were seen to increase overall.



1.0 Introduction

1.1 Skeletal muscle and skeletal muscle weakness

Making up 40% of total body mass and 50% of total body weight, skeletal muscle is a vital organ that
is crucial for many processes including maintaining body posture, moving objects, initiating the
swallowing reflex and enabling the breathing mechanism (Rome, Forterre, Mizgier and Bouzkari,
2019). Skeletal muscles are striated in appearance due to the arrangement of actin and myosin
filaments, which combine to make a myofibril, which form skeletal tissue (Finn et al, 1996). Due to
skeletal muscle mass being present throughout the body and over-seeing many important bodily
functions, diseases affecting skeletal muscle mass can quickly become life-threatening especially
when taking into consideration their ability to alter thoracic volume which allows the lungs to fill with
air (Dave, Shook and Varacallo, 2021). There are several diseases which may affect skeletal muscles,
and this can be seen by the manifestation of Skeletal Muscle Atrophy. Skeletal muscle atrophy is seen
in long-term ICU patients but can also be caused by chronic disease such as heart failure, lung disease,
sepsis and dystrophies (Fanzani et al., 2012). Skeletal muscle atrophy is characterised by deregulation
of protein synthesis and pathways inciting degradation of cells (Krasnoff and Painter, 1999). The lack
of muscle usage in critically ill patients, along with the reduced hydrostatic forces and pressures on
the skeletal muscles results in skeletal muscle atrophy. In the setting of ICU, skeletal muscle atrophy
is referred to as ICU-acquired muscle weakness (ICUAW) and presents as symmetrical limb weakness,
seen largely in proximal muscles (Hermans and Van den Berghe, 2015). The exact incidence of ICUAW
is unknown due to a wide variation in the patient population, risk factors, time of assessment and
diagnostic used for criteria; however, it is believed the ICUAW can affect more than half of ICU
patients. ICUAW is directly correlated with increased rates of mortality and can have profound impact
on the health-related quality of life post-discharge. The combined effect of this can be seen on the
healthcare systems as there an increased demand for resources during the stay and after being

discharged from the ICU (Herridge, 2002).

Despite being a common illness seen amongst ICU patients, there are very few treatments and
certainly non that are effective in preventing the onset of ICUAW in those patients whom it is known
will be bed-ridden for long periods of time. Treatments such as insulin therapy and electrical muscle
stimulation have been used however, the use of insulin therapy runs the risk of hypoglycaemia
(Intensive versus Conventional Glucose Control in Critically Ill Patients, 2009), however a study
conducted by Dirk et al., found that electrical stimulation was seen to be an effective intervention

strategy preventing skeletal muscle atrophy (Dirks et al., 2014). On conclusion, the study found no



muscle atrophy in the treated leg on the final day, however a steady decline of type of 1 and type 2
was apparent upon investigating biopsies acquired on the first and final day of the trial. Electric muscle
stimulation is deemed to be cost-effective, and convenient as nursing staff can easily apply it to

sedated patients. No adverse effects have been registered to date (Meesen et al., 2010)

ICUAW is divided into three components: critical illness polyneuropathy (CIP), critical illness myopathy
(CIM) and critical illness neuromyopathy (CINM), however CIP and CIM can be present simultaneously
and cannot be distinguished clinically when together (Stevens et al., 2009). CIP manifests in the form
of symmetric, distal sensory-motor axonal polyneuropathy affecting limb and respiratory muscles,
while also impacting sensory and autonomic nerves (Bolton, 2005). The common understanding is that
CIP is caused by peripheral nervous system organ failure resulting through common systemic
inflammation-induced pathophysiological processes such as reduced oxygen and nutrient delivery due
to macro and microcirculatory impairment caused by myocardial depression, endothelial dysfunction,
and vasodilation (de Letter et al., 2001). Another mechanism causing CIP is disruption of mitochondrial
oxygen utilisation and ATP generation caused by reactive oxygen species and inhibition of
mitochondrial respiratory chain (Latronico et al., 1996). CIM is presented by limb and respiratory
muscle weakness, however, does not affect sensory and autonomic nerves. CIM symptoms result from
alterations of functionality such as membrane inexcitabilty caused by a combined effect of
depolarisation of resting membrane potential and hyperpolarisation of inactivation of sodium
channels. Other contributing factors are decreased contractile protein function, mitochondrial
dysfunction caused by reduced mitochondrial enzymatic activity and disruption of the respiratory
chain function resulting in a significant reduction in oxygen utilisation and ATP production (Appleton

and Kinsella, 2012).

1.2 Proposed molecular mechanisms of ICU-acquired muscle weakness
Protein synthesis and breakdown is crucial to allow rapid responses to differing demands, however

the balance of protein synthesis and breakdown is altered in ICUAW. In a normal, healthy state, the
balance of protein synthesis and breakdown allows muscles fibres to be repaired while also releasing
amino acids to maintain gluconeogenesis (Kohlmeier, 2015) Muscle protein synthesis is seen to
increase when muscles are subject to intensive exercise. Furthermore, the availability of amino acids
impacts MPS as the amino acid leucine works best to stimulate MPS (Biolo et al., 1997. In ICUAW, it
has been demonstrated that this balance is shifted to a catabolic state, and therefore the rate of
muscle fibre degradation is greater than protein synthesis. A highly complex and specific process

known as the Ubiquitin proteasome pathway (UPP) is the main mechanism of protein degradation.



The process is characterised by ubiquitin moieties marking the protein to be degraded, allowing the
proteosome to target that protein and break it down into individual amino acids. Three enzymes play
specific roles in breaking down the protein; E1 is the ubiquitin activating protein, E2 is the ubiquitin
carrier protein and E3 breaks down the ligation of ubiquitin to specific proteins. Collectively, E1 and
E2 are responsible for preparing ubiquitin for conjugation (Lecker, 2003). As myosin and actin
filaments are highly packed together, UPP cannot hydrolyse entirely. However, Calpain and Caspase-
3 are activated during muscle disuse and seen in high concentrations in the diaphragm and limb
muscles. The two enzymes are able to bind and decompose proteins from the cytoskeleton causing
actin and myosin to be released into the extracellular matrix; allowing UPP to complete hydrolysis by
muscle specific E3 ubiquitin (Levine et al., 2011). UPP is upregulated due to several factors such as
inflammatory proteins, increased superoxide and reactive oxygen species (ROS), stress stimuli and
immobility. Interleukin-13 , a pro-inflammatory cytokine upregulated during inflammation and
trauma, has demonstrated the ability to incite the expression of the ubiquitin gene, causing increased

skeletal muscle catabolism (Wolfe, 2005).

Ubiquitin ligases can be expressed specifically in certain tissue. In the case of muscle tissue atrogin
and muscle ring finger-1 (MuRF-1) are seen to be expressed specifically is muscle tissue. MuRF-1 in
particular targets thick myosin filaments, and therefore could be the major factor in ICUAW (Ochala
et al., 2011). Investigations have found that the UPP is induced in numerous atrophic conditions,
amongst these are inactivity and inflammation, two common factors seen in ICU patients. The
increased ubiquitination and degradation of |IkB causes the release of the bound Nf-kB, a
transcriptional factor responsible for regulating the expression of UPP proteins. kB is an inhibitor of
Nf-kB, interaction with kB prevents the nuclear localisation sequence in the Nf-kB, consequently
preventing nuclear translocation and keeping Nf-kB in an inactive state in the cytoplasm (Hayden and
Ghosh, 2008). IkB is composed two catalytic subunits which are IKK-alpha and IKK-beta, and a
regulatory subunit IKK-gamma. Another mechanism by which protein lysis occurs is autophagy-
lysosome system, a basic mechanism regulating and disposing of damaged dysfunctional proteins. It
therefore has a crucial role in maintaining cell homeostasis and degradation. Autophagy-lysosome,
alongside the UPP, is regulated by Forkhead box O protein (FoxO) and mTOR (Mizushima et al., 2008).
The dysregulation of what is a crucial mechanism in cell homeostasis, autophagy-lysosome leads to a
large amount of protein degradation of muscle proteins, resulting in ICUAW. Mitochondrial damage
can also stimulate proteolysis. The mitochondria are involved in several processes such as signalling,

cell differentiation and most importantly energy production. Disuse and aging results in DNA



mutations in the mitochondria causing increased production of ROS, consequently damaging cellular

components and hindering cellular and tissue functionality.

In contrast to up-regulated protein breakdown, significant reduction in protein synthesis is also seen
to be a contributing factor to ICUAW, this being seen more commonly post-surgery where the patient
has been advised bed rest. Reduced protein synthesis has been reported to remain for 3 days in many
studies, although some studies have reported reduced protein synthesis up to 30 days (Petersson et
al., 1990). Regardless of the time frame, the majority of the patients investigated were described to
be in a catabolic state, whereby the amount of protein lysis was far greater than protein synthesis.
Insulin-like growth factor 1 ((IGF-1)/ Akt signalling cascade is deemed to be responsible for the
regulation of protein synthesis. IGF-1 binds to serine/theronine kinase receptor, activating the MAPK
signalling cascade, increasing the myoblast proliferation; the resulting effect is the activation of
mammalian target of rapamycin (mTOR) and inhibition of glycogen synthase kinase-3beta (Glass,
2003). Akt signalling is also responsible for phosphorylating FoxO, which allows the inhibition of MuRF-
1 and atropin, both proteins known for their role in the UP-pathway (Stitt et al., 2004). Investigators
found that IGF-1 is expressed upon contraction and reduced upon disuse, this could suggest the

potential mechanism as to which protein synthesis is reduced.

The mechanisms which mediate muscle mass loss, whether that be increased proteolysis or decreased
protein synthesis, are commonly caused by inflammation. One such phenomenon believed to incite
Inflammation in ICU patients is a cytokine storm, a life threatening systemic inflammatory syndrome
which involves high levels of circulating cytokines and increased activation of immune cells. A cytokine
storm can be caused by several therapies, pathogens and cancers (Fajgenbaum and June, 2020).
Cytokine storm refers to several disorders which present themselves through constitutional
symptoms, systemic inflammation and multi organ dysfunctions which may rapidly lead to multiorgan
failure if not treated (Lee et al., 2019). Amongst the mass of cytokines, three cytokines have been
investigated in relation to critically ill patients; TNF-alpha, IL-1B and IL-6 (Friedrich et al., 2015).
Investigators have found that IL-1 is able to bind to ryanodine receptor 1, which inhibits the release
of calcium ions from the sarcoplasm; therefore, deemed to be a contributor to muscle weakness as
Ca ions are required for muscle tissue contractions (Kraner et al., 2012). TNF-alpha cultured with
myotubes presented with reduced myotube diameter and total muscle protein content (Li et al,,
1998). Winkleman conducted a study in which involved the collection of blood samples from two
groups: ICU patients and healthy controls. It was found that TNF-alpha levels were consistently high

in ICU patients, in comparison to the control group. In line with this, the elevated levels of TNF-alpha



prove detrimental as they can incite mitogen-activated protein kinases, which increases the signalling
to MuRF-1 and Atrogen-1, causing UPP-mediated protein degradation (Li et al., 2005). IL-6 was found
to be elevated in myotubes treated with plasma from patients in septic shock, coinciding with findings
of decreased myosin content and upregulating protein kinases MuRF-1 and atrogen (van Hees et al.,

2011).

When cells undergo stress caused by ROS, specific mechanisms are initiated to limit the extent of the
damage and allow the cell to recover. This protective mechanism is, in part, carried out by a group of
high conserved proteins, termed Heat Shock Proteins (HSPs). Under normal conditions, HSPs function
as molecular chaperones involved in general housekeeping. However, upon exposure to a stress
stimulus, HSPs are upregulated to increase their chaperoning activity and thereby prevent protein

aggregation which can ultimately lead to cell death (Rothman and Schekman, 2011).

1.3 HSP (intracellular) basic biology

HSPs were first discovered by Ritossa in 1962 (Ritossa, 1962), who reported a Drosophilia salivary
gland chromosome puff which came about after exposure to high temperatures. Following this,
numerous investigators have found that the heat shock response is highly conserved and ubiquitous,
in all organisms, as it functions as a defensive mechanism against heat shock, inhibition of energy
metabolism, oxidative stress and a wide range of other cellular insults (Sorger, 1991). Cellular stress
causes the misfolding of important proteins, which are deleterious by nature (Jolly, 2000). Cells deal
with this stress at a molecular level by inducing the synthesis of HSPs. These proteins can be
categorised into two groups; (1) molecular chaperones which are responsible for the folding,
translocation and refolding of intermediates; (2) proteases. One example of the role of proteases is
seen in the ubiquitin-dependent proteasome which ensure damaged and short-lived proteins are

broken down efficiently (Kriegenburg et al., 2012).

The two groups are then divided into families according to their molecular weight I.e, HSP100, HSP90,
HSP70, HSP60, HSP40 and sHSP. Despite a long history of referring to these HSP families by this
nomenclature, the sequencing of the human genome led to the identification of additional proteins
within well-established HSP families. As such, a new nomenclature system was introduced in 2009 by
Kampinga et al. The new nomenclature can be seen in Table 1.1. It should be noted though, that this
nomenclature has not been widely adopted and many of the studies relevant to this thesis refer to
the old naming systems. As such, this thesis will refer to Hsp60 and Hsp70, rather than HSPD1 and
HSPA1A.
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Table 1.1: Old and new nomenclature for HSPs.

Gene Name Current Nomenclature Original Nomenclature
HSPB1 HSPB1 Hsp27

DNAJB1 DNAJB1 Hsp40

HSPD1 HSPD1 Hsp60

HSPA8 HSPA8 Hsc70/Hsp73

HSPA9 HSPA9 Mortalin/ mtHsp70
HSPA1A HSPA1A Hsp72

HSPA5 HSPAS5 GRP78

HSPC1 HSPC1 Hsp90

HSPH2 HSPH2 Hsp110

Members from each HSP family are either constitutively expressed or induced after a stress insult
which may be directed towards different compartments of the cell. Such insults include hypo- and
hyperthermia, UV radiation, pathogens and other forms of stress (Relja and Land, 2019). The HSP70
family is a good example of demonstrating complex growth-regulation and stress-induced gene
expression patterns; Hsc70 and Hsp70 are cytosolic and nuclear, whereas Glucose related protein 78
(GRP78) is localised to the endoplasmic reticulum. mHsp70 is restricted to the mitochondria (Wu,
1995). Investigations on a molecular level have highlighted the significance of the Heat Shock Element
(HSEs), a protein with multiple binding sites, essential for inducing the production of HSPs. HSEs are
found upstream of transcription sites and require the binding of Heat Shock Factors (HSF)
momentarily. Three HSF can be found inside human cells, all essential for inducing HSPs (Figure 1.1).
HSF1 can be found in the cell constantly and has a primary role in regulating protein expression during
proteotoxic stress conditions, despite being constitutively produced it remains inactive until a stress
stimulus is present (Akerfelt et al., 2010). HSF2 is specifically expressed during hemming-induced cell
differentiation and inhibition of ubiquitin-dependent proteosome and finally, HSF4 is expressed in
tissue specific manner and shows DNA-binding activity (Morimoto, 1998). HSPs play a key role in
regulating the oxidative—antioxidant balance, with the aid of the antioxidant system to prevent and
diminish the effects of ROS on cells. ROS are seen to be produced in several systems localised on the
plasma membrane in the cytosol, peroxisomes and on the membrane of mitochondria and
endoplasmic reticulum: all within the skeletal muscle cell (McCord, 1988). Several studies have found

that Hsp70 up regulates the production of the 20S proteasome, allowing it to degrade oxidised
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proteins, therefore preventing the accumulation of oxidised proteins which ensures the cell does not
undergo necrosis. The significance of HSPs regulating the oxidant-antioxidant balance can be seen in
a study conducted by Klumpen et al. which showed an increase in HSPs when ROS levels were
elevated, enabling the HSPs to limit the damage inflicted on cellular components (Klumpen et al.,
2016). HSPs may also bind to oxidised proteins in which case the surface expression of the HSPs is

unregulated and can result in an autoimmune response (Profumo et al., 2018).
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Figure 1.1: Stimulation of HSPs via HSP transcription and translation (Taken from, Tytell and Hooper, 2001). Heat shock factor (HSF) remains inactive by being
bound to Heat shock chaperone (Hsc) or HSPs found in the cytoplasm, when a stress stimuli is received competition between unfolded protein and HSF leads
to the unbinding of HSF from HSP. At this point it is phosphorylated by protein kinase C which promotes it to trimerise. The trimers then enter the nucleus,
where further phosphorylation results upregulating binding to heat shock DNA, consequently stimulating the transcription of mRNA. The timers will then return

to the cytoplasm and associate with HSP, granted enough additional HSP is produced.
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The skeletal muscle is one such tissue that is continuously producing oxidative species, which are kept
balanced with antioxidants. Antioxidants are endogenous or exogenous molecules that diminish all
forms of oxidative stress or its consequences; this is achieved by an enzymatic and non-enzymatic
system work synergistically preventing free radical damage. Antioxidative deficiencies can occur due
to the lack of dietary intake, synthesis of endogenous enzyme or increased antioxidant utilisation
(Kurutas, 2015). Oxidative stress can induce mitochondrial dysfunction, increase ubiquitin
proteasome system activity, increase myonuclear apoptosis and decrease activity of the protein
synthesis pathway causing skeletal muscle dysfunction (Gomes-Marcondes and Tisdale, 2002). A study
found that intracellular HSPs have a cytoprotective role on skeletal muscles cells, after observing a
short-term increase in levels of HSPs. This is indicative of a protective protocol in place to protect the
skeletal muscle cells from contractile induced oxidative stress. The study found that contractile activity
induced Hsp70 in the hindlimb muscle of young mice, however, a greater rise was found in Hsp60
which localised to the mitochondria. This would be indicative of the higher mitochondrial content of
the soleus in comparison to the extensor digitorum longus (EDL) muscles (McArdle et al., 2001).
Stimulating the levels of intracellular HSPs may enable an effective treatment for patients with sepsis-
induced ICUAW. Singleton et al., (2005) found that glutamine led to an increased expression of Hsp70,
which was seen to attenuate metabolic dysfunction. Wischmeyer et al. (2001) also found that
glutamine induced Hsp70 and Hsp27, resulting in no animal deaths from induced sepsis after 20 hours.
Therefore, there is compelling evidence for the of targeting HSPs in treatment for ICU acquired muscle
weakness. However, the above refers to a seemingly protective role of intracellular HSPs within the
muscle cells. Sepsis and other critical illnesses, however, also cause release of large concentrations of
proinflammatory mediators and ‘danger signals’ including HSPs into the extracellular space, and the

role of these extracellular HSPs in terms of muscle cyto-protection is less clear.

1.4 Extracellular HSPs (eHSPs) - basic biology and externalisation
The prevailing understanding of HSPs, for many years, was that they remain localised within the cell

and are only released upon cell necrosis by a passive mechanism (Calderwood, 2007). This was due to
the fact that HSPs lack a leader sequence which allowed for classical Golgi-mediated release.
Therefore, the common understanding was that HSPs were responsible for intracellular functions.
However, in the mid 1980’s a team of researchers discovered that HSPs can in fact be released into
the extracellular space. The group were studying newly synthesised glial proteins transferring into the
axon, at which point they discovered one of the proteins was similar in molecular weight to Hsp70.
Further investigation by the group reported an increase in Hsp70 and Hsp95 in the glial sheath and
reduction of other proteins, furthermore the higher rate of transfer of Hsp70 and Hsp95 into the axon

suggested the release to be a protective mechanism against metabolic stress and injury, suggesting
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the cytoprotective role of HSPs in the extracellular space. Despite the lack of knowledge with regard
to the mechanism of release, there seem to be several mechanisms. Hightower and Guidon, based on
the observation that actin and another form of cytoplasmic protein is accompanying the HSPs,
suggested that the mechanism of release is that HSPs could be released as a component in a group of
proteins located in the sub-plasmalemmal network, suggesting the theory that membrane bound
vesicles are shed from the outer membrane as seen in dendritic and tumour cells (Hightower and
Guidon, 1989). In support of this, it was found that Hsp70 and Hsp90 are associated with the
membrane micro domain which is found to be present during lipid rafts in the membrane (Chen et al.,
2005), a direct correlation was found between the sorting of proteins into exosomes and lipid rafts
(Petrov et al., 2017). lon-conducing channels are another route for HSP release into extracellular
space. This was demonstrated by Negulyaev et al (Negulyaev et al., 1996) who found that 30 - 100 ug
of 2:3 mixture of Hsc70 and Hsp70 from bovine skeletal muscle, can activate K+ (potassium) channels
in human promonocyte cells. In more recent times, it was found that HSPs can be released into the
extracellular space in free form utilising the lysosomal pH gradient (Mambula and Calderwood, 2006).
The majority of the findings suggest the most common mechanism of release into the extracellular
space is through vesicles. Exosomes containing HSPs possess a wide range of properties, of which
immmuno-stimulatory and immuno-suppressive are also included; this is determined by factors such

as protein content of the exosome, origin and target cell (Gastpar et al., 2005).

15



estradiol
aclLDL

I
R oA RA) | =
Hsp27 : A
\J Lysosome : A
PO3 |
LAMP-1 :
: -
Hsp70 |
Lysosomal : Exosomal e Protein.
Pathway ! Pathway translocation

Figure 1.2: Diagram showing the propolsed mechanisms of HSP release into extracellular environment
(Taken from, Batulan et al., 2016). The diagram shows three, amongst several other, pathways HSPs
may use to be released into extracellular space. In the lysosomal pathway, HSPs move into the
lysosome through channels, the lysosome then fuses with the membrane and releases the HSPSs into
the extracellular space. In the exosomal pathway, late endosomes engulf HSPs into exosomes and then
travels to the membrane where they fuse with it, consequently releasing the HSPs into the extracellular
space. The third mechanism is through protein translocation either through transporters such as ABC

transporters, or by the direct association of HSPs to the cell membrane creating channels for HSPs to

travel through.
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When released into the extracellular space, the roles of HSPs depend on various factors as discussed
before and by the receptors they bind to. The binding to receptors can either stimulate an immuno-
stimulatory pathway or can cause an immuno-suppressive response. Cells undergoing stress or dying
will release signalling molecules such as high ability group box 1 protein, initiating an innate immune
response. The molecules released by the cells are referred to as damage associated molecular patterns
(DAMPs) and several studies found eHsp70 to be DAMP, binding to toll-like receptor 2 and 4 (TLR2
and TLR4). This was displayed in the study conducted by Asea et al. in which eHsp70 bound to TLR-4
and increased the expression of tumour necrosis factor alpha (TNFa), interleukin 1beta (IL-1B) and IL-
6 in human monocytes. The study also showed that eHsp70 can induce two different signalling
pathways; one dependent on C14 and intracellular calcium, upregulating the production of IL-1p, IL-6
and TNF-a, and the other independent of CD14 but dependant on intracellular calcium, which

increased TNF-a but no expression of IL-1 and IL-6 (Asea et al., 2000).

HSPs can also function as pattern-associated molecular patterns (PAMPs). PAMPs bind to the pattern
recognition receptors on macrophages and dendritic cells, hence activating the innate immune
system. Commonly, it is seen that the NKK and MAP-kinase pathways are activated when PAMPs bind
to a PRR, most like toll-like receptor (TLR). This binding will activate inflammatory factors Nf-kB and

stimulate the production of cytokines (Colaco et al., 2013).

eHSPs also play a role as pro-inflammatory factors, activating pathways to induce inflammation and
killing of cells. A study conducted by Daniels et al (Daniels et al., 2004). found that elevated Hsp70
levels in targeted tissue therapy led to necrotic cells, inducing profound inflammation and cytotoxic T
lymphocyte (CTL) killing. It was observed that eHsp70 initiated the production of IL-6, TGF-beta and
the highly inflammatory IL-17 and tumour rejection by antigen specific CTL (Daniels et al., 2004).
Incidentally, Xinjing et al. reported that eHsp70 played an inhibitory role on the stimulation of
inflammatory cytokines, expressed by the activation of signalling pathways such as MAPK and NF-kB.
The study conducted observed that TNF-a activated the mentioned pathways therefore increasing the
expression of IL-6, IL-8 and MCP-1, however Hsp70 was able to inhibit the activation of this pathway
(Luo et al., 2008). The difference of role is yet to be understood, but one could assume that the

difference comes about due to the type of cells releasing the HSPs and the cells the HSPs will bind to.

1.5 Intra and Extracellular HSPs and skeletal muscle
Skeletal muscles cells are able to express HSPs (commonly Hsp70), indicative of a cytoprotective

mechanism. Intracellular Hsp70 have demonstrated anti-inflammatory properties in skeletal muscles

cells, being cytoprotective through anti-apoptotic mechanisms, inhibiting gene expression and
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regulating cell cycle progression (Bittencourt and Porto, 2015). Aside from the commonly known
chaperone function of Hsp70, recent studies have found that it is able to inhibit nuclear NF-kB
activation, implicating significant effects on immunity, inflammation and cell survival. The inhibition
can be seen at different levels; For example, heat induced Hsp70 is able to directly bind to IkB kinase
gamma, therefore inhibiting the expression of TNFa, consequently preventing apoptosis (Beere,
2005). Several studies have suggested that Hsp70 is a natural inhibitor of the Nf-kB pathway, as it was
seen that Hsp70 was able to inhibit the effect of TNF-a induced phospholipase A2, the suppression of
nitric oxide expression correlating with decreased expression Nf-kB (Homem de Bittencourt and Curi,
2001). Additionally, the inhibitory effect of Hsp70 on apoptosis is profound. Caspases initiate an
apoptotic cascade by the intrinsic pathway, characterised by the release of mitochondrial pro-
apoptotic factors into the cytosol. The inhibitory effect of Hsp70 on apoptosis is characterised by many
intracellular pathways e.g., JNK, NF-kB and Akt, which are either directly or indirectly blocked by Hsp70
(Rossi et al., 2000). Hsp70 massively impacts skeletal muscle disuse and wasting, as NF-kB expression
has been shown to increase 3-fold in prolonged periods of atrophy and 5-fold in aged-disuse muscle
(Jackman et al., 2012). However, increasing the expression of Hsp70 allows for the reversal of muscle

wasting; achieved by inhibiting NF-kB activity (Dodd et al., 2008).

HSPs have demonstrated their ability to interact with several signalling molecules, regulatory factors
and kinases such as IKKb, Akt and JNK. The anti-apoptotic functionality of HSPs has shown to
specifically target the INK pathway (Meriin et al., 1999). A study conducted by Park et al. showed that
preventing the induction of Hsp72 allowed for the complete activation of the JNK pathway, in a mouse
embryonic fibroblast cell line treated with a mild heat shock (Park et al., 2001). Furthermore, Hsp72
has been shown to prevent the onset of diet-induced insulin resistance in skeletal muscle cells. It was
found that daily intake of Lipoic acid induced Hsp72 expression, which prevented insulin resistance
(Gupte et al., 2009). The possible mechanisms accounting for the inhibitory effect of HSPs on the JNK
pathway, are still under research. One possible mechanism is the direct binding of HSP, preventing
the upstream activation of SAPK/Erk kinase 1 and MAP kinase kinase 7. Direct binding would also
suggest inhibition of enzymatic activity of JNK or inhibiting the interaction between its substrate c-jun
(Park et al., 2001). Another possible mechanism for the inhibition of JNK pathway is activating the
upstream phosphates such MAP kinase phosphatase or dual leucine zipper-bearing kinase (Meriin et

al., 1999).

Hsp70 has received notable attention for its role in maintaining skeletal muscle integrity and mass,

protecting against muscle damage and promoting muscle recovery and regeneration. Studies have
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shown Hsp70 to have increased in the case of exercise (Morton et al., 2009), muscle injury (Senf et al.,
2013) and has been shown to promote muscle recovery and regeneration followed by exercise and
muscle injury. Interestingly, it was found that Hsp70 also reduces during periods of muscle inactivity,
therefore suggesting Hsp70 plays a significant role in muscle plasticity. McArdle et al., (2003) were the
first to correlate Hsp70 and muscle plasticity, and this was achieved by using two groups of mice: wild
type (WT) and Hsp70 transgenic mice (Tg). The findings of this study showed that Tg mice displayed
significantly less muscle damage and were able to recover much more quickely in comparison to the
WT; thus, suggesting Hsp70 is protecting against muscle damage and increasing muscle recovery. A
similar study conducted by Miyabara et al., (2012) also displayed similar observations in the Tg mice,
demonstrating increased recovery of fibre cross sectional area and functionality following induced

muscle atrophy.

In contrast to the aforementioned studies investigating the significance of Hsp70 for muscle recovery,
growth and prevention of muscle damage, another series of studies investigated the absence of Hsp70
and the resulting impact it would have on skeletal muscle cells; an meaningful investigation as the
regeneration capabilities of skeletal muscle cells reduces as age increases, preventing muscle recovery
and growth (Vasilaki et al., 2002). Senf, (2013) investigated the effect of direct injury using
cardotoxins, which induces muscle fibre necrosis, in mice lacking the Hsp70 gene. The investigators
observed that the mice lacking the Hsp70 gene displayed delayed inflammation in response to induced
injury, which later followed up with inflammation, muscle fibre necrosis and reduced regeneration of
myofibers. The findings of this study provide concrete evidence in support of Hsp70’s role in muscle
recovery and regeneration, also highlighting Hsp70 expression decline with age. Taking into
consideration the vast amount of studies investigating the role of intracellular HSPs and their findings,
there is significant evidence to prove that HSPs have a profound role in maintaining muscle mass and
integrity, inducing muscle regrowth and preventing muscle mass damage. However, most of what is
known relates to intracellular HSPs, and relatively little is known about their role as extracellular HSPs

in skeletal muscles.

As previously mentioned, upon release into extracellular space, HSPs can bind to a wide range of
receptors and incite several signalling pathways, depending on the type of cell they bind to.
Extracellular HSPs have been seen to have immunostimulatory functions when released into the
extracellular space. Studies conducted upon heart, skin and liver tissue have demonstrated the
recruitment of immune cells to the site of injury while also initiating pro-inflammatory processes. Senf

et al. (2013) carried out a study which involved stimulating the release of Hsp70 into the extracellular
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space, in mice lacking the Hsp70 gene. The investigators observed that in doing so they were able to
induce a complete early immune infiltration into damaged muscle cells. Hsp70, commonly, is known
to regulate the inflammatory response in skeletal muscles. Being an endogenous ligand for immune
cell receptors means that it can stimulate macrophages, neutrophils and chemotaxis (Giraldo et al.,
2009). Some investigators predict that Hsp70 is realised from necrotic cells, or through active
secretion from compromised cells to act as a danger signalling molecule (Bausero et al., 2005).
Evidence suggests eHSPs have a significant effect on skeletal muscles, however further investigation
is required to properly understand the mechanism allowing eHSPS to have a potential protective role

on skeletal muscle cells.

1.6 Aims, Objectives and Hypothesis:

1.6.1 Aim
Given the aforementioned gap in knowledge, this project aims to investigate the impact of eHSPs,
particularly Hsp60 and Hsp70, on skeletal muscle, specifically examining their impact on muscle

growth and metabolism.

1.6.2 Objectives
1. Analyse the viability of human skeletal muscle cells when treated with increasing

concentrations of recombinant eHSPs

2. Investigate the effect of recombinant eHSPs on human skeletal muscle cells
assessing mitochondrial activity

3. Investigate the effect of monocyte secretome (stimulated to secrete a pro-

inflammatory profile) on muscle cell viability and mitochondrial activity

1.6.3 Hypothesis:
eHSPs can positively interact with skeletal muscle cells and modulate muscle growth and

metabolism.
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2.0 Materials and Methods

Details of the materials used in this thesis, can be seen in Table 2.1.

Table 2.1: Details of the materials used in this thesis.

Reagent Manufacturer Catalogno.
Dulbeccos modified eagles medium Lonza BE12-604
C2C12 murine myoblast cell line ATCC CRL-1772
Fetal Bovine Serum Gibco 10438026
L-Glutamine Lonza BE17-605E
Gentamicin Sigma-Aldrich G1272
Human Recombinant Insulin Sigma-Aldrich 91077C
Hepatocyte human growth factor Gibco PHGO0321
Epidermal human growth factor Gibco RP-10914
Fibroblast human growth factor Gibco J67402 EXF
Dexamethascne Sigma-Aldrich D4092
Penicillin/Streptomycin Lonza 09-757F
Trypsin EDTA Lonza BE17-161E
Myelomonocytic Cell Line ATCC CRL-1593.2
Rosewell Park Memorial Institute Lonza 12-167Q
Trypan Blue Gibco 15250061
Recombinant HSP 60 Bio-techne AP-140-050
Recombinant HSP 70 Bio-techne AP-100-050
TAK242 Bio-techne 6587/5
WST-8 Abcam ab228554
Medium-199 Lonza BE12-604

2.1 Cell Culture
The C2C12 murine myoblast cell line (ATCC, CRL-1772) was cultured in growth medium composed of

99% (v/v) Dulbecco’s modified eagles medium, medium-199 supplemented (Lonza, BE12-604) with
20% (v/v) heat inactivated fetal bovine serum (Gibco, 10438026.), 1% (v/v) L-glutamine (Lonza, BE17-
605E), 1% (v/v) penicillin/streptomycin (Lonza, 09-757F), 10ug/ml gentamicin (Sigma-Aldrich, G1272.),
human recombinant 5ug/ml human insulin (Sigma-Aldrich, 91077C), 2.5 ng/ml hepatocyte human
growth factor (Gibco, PHG0321), 5 ng/ml epidermal human growth factor (Gibco, RP-10914), 0.5
ng/ml fibroblast human growth factor (Gibco, J67402.EXF), 0.2ug/ml| dexamethasone (Sigma-Aldrich,
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D4092) and 25 ng/ml of fetal growth factors (Thermo Fisher, A4766801). Cells were incubated in a 5%
CO; incubator until 80% confluence. Once C2C12 cells were 80% confluent, Trypsin EDTA (BE17-161E)

was used to detach adherent cells from flask, allowing for sub-culture.

The U937, myelomonocytic cell line (ATCC, CRL-1593.2) was cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Lonza, 12-167Q), supplemented with 10% (v/v) heat inactivated fetal
bovine serum and 1% (v/v) penicillin/streptomycin. Cells were incubated in a 5% CO, incubator and

regularly passaged to maintain a cell density of 1 X 10° and 2 X 108 viable cells/mL.

Prior to each experiment, cells were counted and assessed for cell viability using the Trypan Blue
Exclusion method. Briefly, a 1:1 ratio of cell culture: trypan blue (Gibco, 15250061) was added to a
haemocytometer and inserted into the TC10 automated cell count analyser (BioRad). Experiments
were only performed when cell viability was >95%. Cell counts were adjusted accordingly prior to
experiments by diluting in relevant medium. Using the equation C; x V1 = C; x V3, in the rearranged
format of V1= (C; x V) / C4, the amount of solution containing cells required to achieve the desired cell

density was calculated.

2.2 Recombinant HSP treatments
C2C12 cells were seeded at a density of 12 x10%/ well in 100ul of growth media in 96 well plates.

Following seeding, cells were left to pre-incubate for 24 hours in a 5% CO; incubator for 24 hours to
adhere to the plate. HSPs were reconstituted in 38ul of DMSO, following this 3.86ul of HSP solution
was added to 1ml of DMEM; allowing for a stock solution of 5mg/ml. Stock solution was further diluted
using DMEM to achieve desired concentrations for treatment. The C2C12 cells were then treated with
10ul of the corresponding concentrations (5ng/ml, 10ng/ml, 25ng/ml, 50ng/ml) of recombinant HSP
(Bio-Techne, AP-140-050, AP-100-050) or TLR4 inhibitor TAK242 (Bio-techne, 6587/5) and left to
incubate for 24 hours. A media control was used by adding 10ul of DMEM to cells. This was used for

all experiments.

2.3 Isolation of U937 conditioned media
Following adjustment of cell counts across T25 flasks, U937 cells were resuspended in DMEM media,

since RPMI media was shown to effect viability of C2C12 cells in downstream experiments. Cells were
treated in flasks accordingly. U937 cells were treated with 100ng/ml LPS made up in DMEM (Lonza,
BE12-604) for either 1,2 4 or 24 hours at 37°C. After the corresponding treatment time, cells were

washed and resuspended in fresh DMEM. For the controls, one flask remained untreated and
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incubated at 37°C, while another, the ‘heat shock control’, was incubated at 42°C for 1 hour followed
by a 23-hour recovery at 37°C. After the recovery period had elapsed, cells were centrifuged at 500g
for 5 minutes and the supernatant was collected. Conditioned media was then used to treat C2C12

cells in attempt to mimic the environment similar to an ICU patient.

2.4 Cell viability (WST-8 assay)

Cell viability was assessed using the WST-8 assay. This is a tetrazolium salt, colorimetric assay which
produces a water-soluble, orange-coloured formazan dye as its end product. WST-8 is bioreduced by
cellular dehydrogenases to an orange formazan product. The amount of formazan produced is directly
proportional to the number of living cells. This assay was chosen for the present work since, the
detection sensitivity is significantly higher than assays using the other tetrazolium salts such as MTT,
XTT, MTS or WST-1. WST-8 assay can also be indicative of increased metabolism to prevent cellular
death as a result of stress. Enzymes such as SIRT3 and IDH2 are overproduced in attempt to counteract
the effects of oxidative stress and may lead to the increased production of NADPH, the bioreducing
molecule to produce formazan dye (Smolkova and Jezek, 2012).

C2C12 cells were seeded at a density of 12 x10%/ well in 100ul of growth media in 96 well plates.
Following seeding, cells were left to pre-incubate for 24 hours in a 5% CO; incubator for 24 hours to
adhere to the plate.

For U937 cells, these were seeded at 3 X 10° cells/well in 100ul of RPMI growth media and treated
immediately. The C2C12 or U937 cells were treated with 10ul of the corresponding treatment
(recombinant HSP, TAK242 or U937-conditioned media) and left to incubate for 24 hours. The C2C12
cells were then treated with 10ul of WST-8 solution (Abcam, ab228554) and left to incubate for 1 hour
before reading the plate in an absorbance reader at the recommended 450nm. A dead cell control
(DCC) was included in the WST-8 assay; C2C12 or U937 cells were treated with 70% Ethanol for 24

hours.

2.5 Extracellular Flux Analyser to assess mitochondrial oxygen consumption
Oxygen consumption rate (OCR) of C2C12 cells was measured using the XFp extracellular flux analyser

(Seahorse Bioscience, Agilent technologies). OCR provides a direct indicator of mitochondrial
respiration. However, ATP production can also occur independently of oxygen, via glycolysis
(conversion of glucose to lactate). Measurement of the extra-cellular acidification rate (ECAR) gives a
direct indicator of lactate production, since the lactate in the cell culture medium causes acidification

of the medium, again providing an indication of mitochondrial respiration.
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Cells were seeded at a concentration of 5x10%/well in 100ul of growth media in a XFp cell culture plate
and left to incubate for 24 hours in a 5% CO; incubator. The C2C12 cells were then treated with doses
of corresponding treatment and left to incubate for 24 hours in a 5% CO; incubator. The sensor
cartridge was hydrated using XFp calibrate and left to incubate in a non- CO; incubator overnight.
Growth media was substituted with Seahorse XF base medium (Agilent, 102353-100) supplemented
with 10mM glucose (Sigma, D9434), 2mM L-glutamine (Sigma, G8540) and 1mM pyruvate (Thermo
Fisher, 11360070). In order to determine proton leak, maximal respiration and non-mitochondrial
OCRs, Oligomycin (20uL), FCCP (22uL) and Rotenone (25uL) were loaded onto a XFp cartridge plate.
OCR and extracellular acidification were automated by Wave software (Agilent technologies).
Collected data was expressed as pmol of oxygen/min and normalised to total cellular protein

according to the Bradford assay (Olson BJ, 2016).

2.6 Data Handling and Statistics
All data was analysed using GraphPad PRISM 9. In WST-8 assays, data were normalised the

experimental controls; The dead cell control (DCC represented 0% cell survival, while the media
control represented 100% cell survival. The effect of treatments (recombinant HSPs, TAK242 or U937
conditioned medium) on C2C12 viability or mitochondrial respiration was tested using the one-way
ANOVA with Dunnett’s post hoc test, in addition with Kolmogorov-Smirnov to test for normality, using
p<0.05 as the threshold for significance. Significant differences from the control are indicated on the

corresponding figures.

24



3.0 Results

3.1. The effect of extracellular (recombinant) Hsp70 and Hsp60, and the TLR4
inhibitor, TAK242, on myoblast viability.

3.1.1 Effect of extracellular HSPs on myoblast viability
The first step in this project was to determine the effect of extracellular Hsp70 on the viability of the

myoblasts, to ascertain whether this circulating inflammatory mediator could be involved in muscle

cell degradation.

C2C12 cells were treated with varying (physiologically relevant) concentrations of recombinant HSP70
for 24 hours before assessment of cell viability using the WST-8 assay (Figure 3.1). The results show
an overall trend of decreasing viability as the concentration of Hsp70 is increased. Statistical analysis
revealed a significant decrease in cell survival at concentrations of 10ng/ml, 25ng/ml and 50ng/ml.

Data are presented as a mean +/- SD * p 0.05 against control (N=6)
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Figure 3.1: The effect of recombinant Hsp70 on cell viability of C2C12 myoblasts. C2C12 cells were
treated for 24 hours with (or without) varying doses of HSP70. DCC represents the dead-cell control.
Statistical analysis was performed using the one-way ANOVA with Dunnett’s post hoc test, using
p<0.05 as the threshold for significance. Significant differences from the control are indicated with *.
N=6 for each treatment group.

Likewise, the effect of extracellular Hsp60 on the viability of the myoblasts was studied. Again, C2C12
cells were treated with varying (physiologically relevant) concentrations of recombinant Hsp60 for 24
hours before assessment of cell viability using the WST-8 assay (Figure 3.2). The results show an overall
decrease in cell survival with all treatments; however, this was only seen to be statistically significant

at a concentration of 5ng/ml. Data are presented as a mean +/- SD * p 0.05 against control (N=6)
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Figure 3.2: The effect of recombinant Hsp60 on cell viability of C2C12 myoblasts. C2C12 cells
were treated for 24 hours with (or without) varying doses of Hsp60. DCC represents the dead-
cell control. Statistical analysis was performed using the one-way ANOVA with Dunnett’s post
hoc test, using p<0.05 as the threshold for significance. Significant differences from the control

are indicated with *. N=6 for each treatment group.
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3.2. The effect of extracellular (recombinant) Hsp70 and Hsp60, and TAK242 on
myoblast respiration

The effects of extracellular Hsp70 on several aspects of cellular respiration, (1) non-mitochondrial
respiration, (2) basal respiration, (3) maximal respiration, (4) proton leak, (5) ATP production, (6) spare
respiratory capacity and (8) coupling efficiency, was studied using the Seahorse XF Analyser. Non-
mitochondrial respiration is a measurement of the oxygen consumed by other cellular processes
outside of the mitochondria such as NADPH oxidases, which consume a vast amount of oxygen in
macrophages. Rotenone plus antimycin A is able inhibit the mitochondrial electron transport chain
enabling the visualisation of mon-mitochondrial oxygen consumption. Non-mitochondrial respiration
was seen to increase when treated with 5ng/ml Hsp70, although this was not statistically significant
(Figure 3.4A), and despite the initial observation of an increase following 10ng/ml Hsp60 (Figure 3.4B),
this was also statistically insignificant. Overall, none of the concentrations of Hsp70 or Hsp60 tested
had a significant effect on non-mitochondrial respiration (Figure 3.4). Data are presented as a mean

+/-SD * p 0.05 against control (N=4)
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Figure 3.4: The effect of recombinant (A) Hsp70 and (B) Hsp60 on non-mitochondrial respiration in
C2C12 myoblasts. C2C12 cells were treated for 24 hours with (or without) varying doses of Hsp70 or
Hsp60. Statistical analysis was performed using the one-way ANOVA with Dunnett’s post hoc test,

using p<0.05 as the threshold for significance. N=4 for each treatment group.
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Basal respiration represents the energetic demand of cells under basal conditions. A change in basal
respiration rate indicates there is some change taking place. However further investigations are
required to pinpoint the nature and location of the change. Overall, no significant differences were
observed in basal respiration at any of the Hsp70 or Hsp60 concentrations tested (Figure 3.5), despite
a general trend of decreased activity at 10 and 50ng/ml Hsp70 (Figure 3.5A) and a general trend of
increased activity at 10ng/ml Hsp60 (Figure 3.5B). Data are presented as a mean +/- SD * p 0.05 against

control (N=4).
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Figure 3.5: The effect of recombinant (A) Hsp70 and (B) Hsp60 on basal respiration in C2C12 myoblasts.
C2C12 cells were treated for 24 hours with (or without) varying doses of Hsp70 or Hsp60. Statistical
analysis was performed using the one-way ANOVA with Dunnett’s post hoc test, using p<0.05 as the

threshold for significance. N=4 for each treatment group.
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Maximal respiration is the maximum capacity the electron transport chain can achieve, this can be
achieved by the addition of an uncoupler, such as FCCP. The increased demand in energy does not
increase substrate supply, causing a lack of cytoplasmic ATP to maintain catabolic pathways. Increased
maximal respiration is indicative of mitochondrial dysfunction. Again, none of the Hsp70 or Hsp60
concentrations tested resulted in a significant change in maximal respiration (Figure 3.6). Data are

presented as a mean +/- SD * p 0.05 against control (N=4).
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Figure 3.6: The effect of recombinant (A) Hsp70 and (B) Hsp60 on maximal respiration in C2C12
myoblasts. C2C12 cells were treated for 24 hours with (or without) varying doses of Hsp70 or Hsp60.
Statistical analysis was performed using the one-way ANOVA with Dunnett’s post hoc test, using

p<0.05 as the threshold for significance. N=4 for each treatment group.
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Proton gradient on the inner mitochondrial membrane ensures respiratory oxygen to be used in ADP
phosphorylation/ATP generation, hence why the proton gradient is crucial for ATP production. Proton
leak takes place when protons migrate independently of ATP synthase. Proton leak can be mimicked
using oligomycin, an ATP synthase. Despite a seemingly noteworthy rise in proton leak following
treatment with 5ng/ml Hsp70 (Figure 3.7A) and 10ng/ml Hsp60 (Figure 3.7B), statistical analysis
revealed that neither Hsp70 nor Hsp60 do not affect proton leak in C2C12 cells at any of the

concentrations tested (Figure 3.7). Data are presented as a mean +/- SD * p 0.05 against control (N=4).

Basal Respiration

-
@
<}

Proton Leak

@ ~
o o
- [
[ B
<) (=)

wi
o
-
o
-]

S
o
@
=]

OCR (pmoles/min)

w
o

@

=]

OCR (pmoles/min)

N

o
B
1<)

-
o

~

(=]

o

— p . =

=}

Control Sng/ml 10ng/mil 25ng/ml 50ng/ml
Control Sng/ml  10ng/ml 25ng/ml  50ng/ml

Figure 3.7: The effect of recombinant (A) Hsp70 and (B) Hsp60 on proton leak in C2C12 myoblasts.
C2C12 cells were treated for 24 hours with (or without) varying doses of Hsp70 or Hsp60. Statistical
analysis was performed using the one-way ANOVA with Dunnett’s post hoc test, using p<0.05 as the

threshold for significance. N=4 for each treatment group
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ATP is an immediate power source for cell processes. During the exergonic process of electron
transport, an electrochemical gradient enables protons to move back into the inner mitochondrial
membrane, resulting in the production of ATP. In healthy cells, ATP production is unaffected but is
reduced during mitochondrial dysfunction. None of the concentrations of Hsp70 or Hsp60 tested
resulted in a statistically significant change in ATP production (Figure 3.8). Data are presented as a

mean +/- SD * p 0.05 against control (N=4).
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Figure 3.8: The effect of recombinant (A) Hsp70 and (B) Hsp60 on ATP production in C2C12 myoblasts.
C2C12 cells were treated for 24 hours with (or without) varying doses of Hsp70 or Hsp60. Statistical
analysis was performed using the one-way ANOVA with Dunnett’s post hoc test, using p<0.05 as the

threshold for significance. N=4 for each treatment group
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Spare respiratory capacity (SRC) is how well the supply of substrate and electron transport can
respond to an increase in energy demand. Reduced SRC is indicative of mitochondrial dysfunction
which may otherwise not be visible under basal conditions. SRC remained similar to control across all
concentrations of both Hsp70 and Hsp60 tested (Figure 3.9). Data are presented as a mean +/-SD * p

0.05 against control (N=4).
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Figure 3.9: The effect of recombinant (A) HSP70 and (B) Hsp60 on spare respiratory capacity in C2C12
myoblasts. C2C12 cells were treated for 24 hours with (or without) varying doses of Hsp70 or Hsp60.
Statistical analysis was performed using the one-way ANOVA with Dunnett’s post hoc test, using

p<0.05 as the threshold for significance. N=4 for each treatment group.
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Coupling efficiency is defined by how well two substrates bind together, in the case of the
mitochondrion it would be substrate oxygen and ATP generation. Coupling efficiency is greatly
impacted by proton leak, therefore making it a good marker of mitochondrial dysfunction. The
coupling efficiency is seen to remain statistically unchanged in the presence of increasing
concentrations of Hsp70 (Figure 3.10A) and Hsp60 (Figure 3.10B). Data are presented as a mean +/-
SD * p 0.05 against control (N=4).
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Figure 3.10: The effect of recombinant (A) HSP70 and (B) Hsp60 on coupling efficacy in C2C12
myoblasts. C2C12 cells were treated for 24 hours with (or without) varying doses of Hsp70 and Hsp60.
Statistical analysis was performed using the one-way ANOVA with Dunnett’s post hoc test, using

p<0.05 as the threshold for significance. N=4 for each treatment group.
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3.2.1 Effect of TAK242 on cellular respiration

As previously discussed, eHsp70 and eHsp60 are known to bind TLR-4. Therefore, the effect on
respiration, of blocking TLR4 function using the TLR-4 specific inhibitor, TAT242, in the presence of the
eHSPs was studied. TAK242 alone appeared to have an effect on mitochondrial respiration, but this
was found to be statistically insignificant. Treating the cells with this inhibitor alongside the HSPs had
no impact on non-mitochondrial respiration (Figure 3.11). Data are presented as a mean +/- SD * p

0.05 against control (N=4).
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Figure 3.11: The effect of TAK242 alone, or in combination with Hsp70 or Hsp60 on non-mitochondrial
respiration in C2C12 myoblasts. C2C12 cells were treated for 24 hours with TAK242 (xng/ml) with or
without Hsp70 (50ng/ml) or Hsp60 (50ng/ml). Statistical analysis was performed using the one-way
ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=4 for each

treatment group.
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Basal respiration was seen to increase in comparison to control with all treatments, however
blocking TLR-4 with TAK242 had no effect on how the cells behaved in response to eHsp70 or

eHsp60 (Figure 3.12). Data are presented as a mean +/- SD * p 0.05 against control (N=4).
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Figure 3.12: The effect of TAK242 alone, or in combination with Hsp70 or Hsp60 on basal respiration
in C2C12 myoblasts. C2C12 cells were treated for 24 hours with TAK242 (ng/ml) with or without Hsp70
(50ng/ml) or Hsp60 (50ng/ml). Statistical analysis was performed using the one-way ANOVA with

Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=4 for each treatment group.
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Likewise, although there appeared to be an increase in maximal respiration in some of the
treatment groups, statistical significance was not observed in any of the data sets (Figure 3.13). Data

are presented as a mean +/- SD * p 0.05 against control (N=4).
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Figure 3.13: The effect of TAK242 alone, or in combination with Hsp70 or Hsp60 on maximal
respiration in C2C12 myoblasts. C2C12 cells were treated for 24 hours with TAK242 (ng/ml) with or
without Hsp70 (50ng/ml) or Hsp60 (50ng/ml). Statistical analysis was performed using the one-way
ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=4 for each

treatment group.
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Proton leak was seen to increase when treated with Hsp60, 70, Hsp60 and the HSPs in combination
with TAK242. Yet only a statistically significant increase was seen with HSP60 + TAK242. Data are

presented as a mean +/- SD * p 0.05 against control (N=4).
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Figure 3.14: The effect of TAK242 alone, or in combination with Hsp70 or Hsp60 on proton leak in
C2C12 myoblasts. C2C12 cells were treated for 24 hours with TAK242 (ng/ml) with or without Hsp70
(50ng/ml) or Hsp60 (50ng/ml). Statistical analysis was performed using the one-way ANOVA with

Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=4 for each treatment group
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ATP production remained when cells were treated with eHsp70 in Hsp60 in the presence of TAK242

(Figure 3.15). Data are presented as a mean +/- SD * p 0.05 against control (N=4).
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Figure 3.15: The effect of TAK242 alone, or in combination with Hsp70 or Hsp60 on ATP production in
C2C12 myoblasts. C2C12 cells were treated for 24 hours with TAK242 (ng/ml) with or without Hsp70
(50ng/ml) or Hsp60 (50ng/ml). Statistical analysis was performed using the one-way ANOVA with

Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=4 for each treatment group.
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Spare respiratory capacity was seen to increase with each treatment, a small statistically insignificant
increase was seen when treated with HSP70 + TAK242 and TAK242, a greater statistically insignificant
increase was seen when treated with HSP60, HSP70 and HSP60 + TAK242. Data are presented as a

mean +/- SD * p 0.05 against control (N=4).
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Figure 3.16: The effect of TAK242 alone, or in combination with Hsp70 or Hsp60 on spare respiratory
capacity in C2C12 myoblasts. C2C12 cells were treated for 24 hours with TAK242 (ng/ml) with or
without Hsp70 (50ng/ml) or Hsp60 (50ng/ml). Statistical analysis was performed using the one-way
ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=4 for each

treatment group.
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The addition of TAK242 to Hsp70 and Hsp60 treatments did not affect coupling efficacy at the

concentrations tested (Figure 3.17). Data are presented as a mean +/- SD * p 0.05 against control

(N=4).
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Figure 3.17: The effect of TAK242 alone, or in combination with Hsp70 or Hsp60 on coupling
efficiency in C2C12 myoblasts. C2C12 cells were treated for 24 hours with TAK242 (ng/ml) with or
without Hsp70 (50ng/ml) or Hsp60 (50ng/ml). Statistical analysis was performed using the one-way
ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=4 for each

treatment group.
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3.3. The effect of U937-conditioned medium on myoblast viability

In-vivo, monocytes are well-known major producers of pro-inflammtory cytokines during the cytokine
storm, and the release of extracellular HSPs. To determine whether the monocyte ‘secretome’ as a
source of native HSPs had any effect on muscle cell dysfunction, the U937 monocytic cell line was
treated with Lipopolysaccharide to stimulate cytokine and HSP release, and the resutlant supernatant
was collected before being applied to C2C12 cells. The results show a statistically significant decrease
when C2C12 cells were treated with conditioned media from the LPS-stimulated U937s or LPS directly.
As can be seen in Figure 3.18, U937 conditioned media had a significant effect on the viability of the
C2C12 cells after 24 hours of treatment, and this effect was similar to that induced when treating the
C2C12 cells directly with LPS. However, RPMI treatment alone also affected the viability of the C2C12
cells cultured in that media for 24 hours, and so from this, it was determined that any future
experiments involving U937 conditioned media, needed to be conducted in DMEM. Data are

presented as a mean +/- SD * p 0.05 against control (N=6)
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Figure 3.18: The effect of U937 conditioned media (CM) or direct treatment of LPS (1000ng/ml| for 1

hour) on the viability of C2C12 myoblasts. C2C12 cells were treated for 24 hours. Statistical analysis

was performed using the one-way ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold

for significance. N=6 for each treatment group. * Indicates significance.
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Next, a time-course experiment was set-up to investigate whether varying the duration of LPS-
treatment on the U937s before collection of the conditioned media (in DMEM, not RPMI), had any
downstream effect on the viability of the C2C12 cells. As seen in Figure 3.19, U937s treated for just 1
and 2 hours with LPS, produced conditioned media that had a significant effect in reducing C2C12 cell
viability, in comparison with the control. Interestingly, this was not the case with treatments of longer

duration (4 hours and 24 hours). Data are presented as a mean +/- SD * p 0.05 against control (N=6).
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Figure 3.19: The effect of U937 conditioned media (CM), media on the viability of C2C12 myoblasts.
U937 cells were treated for the indicated times with LPS (1000 ng/ml) before the cells were washed
and left to ‘recover’ for 24 hours. The conditioned media was then collected and applied to C2C12 cells
for 24 hours. Statistical analysis was performed using the one-way ANOVA with Dunnett’s post hoc

test, using p<0.05 as the threshold for significance. N=6 for each treatment group.
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3.3.1: Effect of U937 conditioned media on Myoblast respiration

The effects of LPS-stimulated U937 conditioned media on C2C12 cellular respiration was studied.
U937s were stimulated for varying times (as indicated) before being allowed to recover for 24 hours
in LPS-free media. The conditioned media (DMEM not RPMI) was then collected and applied to C2C12

cells for a further 24 hours.

In contrast to the insignificant effects observed by the extracellular recombinant HSPs, non-
mitochondrial respiration was seen to increase in C2C12 cells treated with LPS-stimulated U937
conditioned media at all time points tested. Data are presented as a mean +/- SD * p 0.05 against

control (N=8).
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Figure 3.20: The effect of U937-conditioned media, induced by LPS treatments (1000ng/ml) for 1hr, 2hr, 4hr and
24hr, on the non-mitochondrial respiration of C2C12 myoblasts. Statistical analysis was performed using the one-
way ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=8 for each treatment

group. **** ndicates significance.
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In the same set of experiments, basal respiration was seen to increase across all treatment periods
apart from the 24 hour treatment group which showed basal respiration levels similar to those in

untreated samples (Figure 3.21). Data are presented as a mean +/- SD * p 0.05 against control (N=8).
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Figure 3.21: The effect of U937-conditioned media, induced by LPS treatments (1000ng/ml) for 1hr, 2hr, 4hr and
24hr, on the basal respiration of C2C12 myoblasts. Statistical analysis was performed using the one-way ANOVA

with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=8 for each treatment group.
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Maximal respiration was seen to increase as the period of treatment increased, however dropped
profoundly at 24hr, however there was no statistical significance. Data are presented as a mean +/-

SD * p 0.05 against control (N=8)
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Figure 3.22: The effect of U937-conditioned media, induced by LPS treatments (1000ng/ml) for 1hr, 2hr, 4hr and
24hr, on the maximal respiration of C2C12 myoblasts. Statistical analysis was performed using the one-way

ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=8 for each treatment

group.
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No significant difference in proton leak across treatment groups was observed, despite an apparent
increasing trend with 1 hour and 2 hour treatments (Figure 3.23). Data are presented as a mean +/-

SD * p 0.05 against control (N=8)
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Figure 3.23: The effect of U937-conditioned media, induced by LPS treatments (1000ng/ml) for 1hr, 2hr, 4hr and

24hr, on the proton leak of C2C12 myoblasts. Statistical analysis was performed using the one-way ANOVA with

Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=8 for each treatment group.
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ATP production displayed a statistical increase when treated for 1 hour and 4 hours. ATP production
was negligible when treated for 2 hours and 24 hours (Figure 3.24). Data are presented as a mean

+/- SD * p 0.05 against control (N=8)
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Figure 3.24: The effect of U937-conditioned media, induced by LPS treatments (1000ng/ml) for 1hr, 2hr, 4hr and
24hr, on the ATP Production of C2C12 myoblasts. Statistical analysis was performed using the one-way ANOVA

with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=8 for each treatment group.

47



Spare respiratory capacity was seen to decrease significantly after 1,2,4 and 24 hours of treatment
when compared to untreated samples (Figure 3.25). Data are presented as a mean +/- SD * p 0.05

against control (N=8)
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Figure 3.25: The effect of U937-conditioned media, induced by LPS treatments (1000ng/ml) for 1hr, 2hr, 4hr
and 24hr, on the SRC of C2C12 myoblasts. Statistical analysis was performed using the one-way ANOVA with

Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=8 for each treatment group.
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Coupling Efficacy was not affected by the periods of treatment, despite the apparent increase seen

after 1 and 24 hours of treatment (Figure 3.26). Data are presented as a mean +/- SD * p 0.05

against control (N=8).
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Figure 3.26: The effect of U937-conditioned media, induced by LPS treatments (1000ng/ml) for 1hr, 2hr, 4hr
and 24hr, on the Coupling Efficacy of C2C12 myoblasts. Statistical analysis was performed using the one-way

ANOVA with Dunnett’s post hoc test, using p<0.05 as the threshold for significance. N=8 for each treatment

group.
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4.0 Discussion:

Objective:
HSPs have been investigated intracellularly for several decades, in many ways highlighting their key

role as a molecular chaperone in the cell. Despite the significant role HSPs play intracellularly, there is
lack of knowledge of their mechanisms once they are released into extracellular space. Current
knowledge highlights their main role in immunity, assisting the activation of immune responses;
however, while being mediators of immunity they can also induce pro-inflammatory cytokines which
may produce free-radicals. NO, a free-radical, has been investigated to directly affect the functionality
of the mitochondria by inducing respiratory inhibition (Brown, 2008). Therefore, this study
investigated the role of eHsp60 and 70 in cell viability, mitochondrial function and whether there is

cytotoxic or cytoprotective role.

4.1 Cell Viability:
4.1.1 Effect of recombinant HSPs on cell viability:

Cell viability is often used to visualise the effects of test compounds on cell proliferation or to highlight
any cytotoxic effects induced by the test compound, which would cause cell death. A WST-8 assay was
carried out on C2C12 cells treated with increasing doses of HSP60, it was found that the cell viability
significantly reduced when treated with 5ng/ml alongside with the reduction of viability seen across
all treatments. This cytotoxic effect of HSP60 could be hypothesised in two such ways; the first being
its ability to stimulate inflammatory pathways, as discussed before HSPs can bind to several receptors
such as TLR2 and TLR4, stimulating a plethora of inflammatory pathways inciting cell necrosis. Another
potential mechanism is the lack of eHSPs stimulating immunostimulatory pathways, prevent a
protective mechanism activating against cytotoxic molecules in the external environment. C2C12 cells
treated with increased doses of HSP70 displayed a decrease in cell viability as the concentration
of HSP70 increased, the most significant decrease was seen when treated with 50ng/ml. This falls in
line with the findings of Daniels et al, who reported that an increase in eHSP70 expression incited cell
necrosis and the profound production of inflammatory cytokines such as TGF-beta, IL-6 and the highly
inflammatory IL-17 in melanocytes (Daniels et al, 2004). The ability of eHSP70 to bind to several
receptors alongside being in high concentration could explain this effect. However, several studies
have found that eHSP70 is able to stimulate anti-inflammatory pathways, alongside being an inhibitor
for the NF-kB signalling pathway; therefore, it could be hypothesised that high concentrations of
eHSP70 binding to toll-like receptors are upregulating the production of cytokines, resulting in a

cytotoxic effect.
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4.1.2 Effect of U937 conditioned media on C2C12 cell viability:

The first set of these experiments determined that RPMI itself can induce significant decreases in
C2C12 cell viability (figure 3.19). A decrease seen when treating with RPMI could potentially be due
to the fact C2C12 murine cells were under stress in the media, as the recommended media from the
manufactureris DMEM (C2C12 | ATCC, 2021). Taking this into consideration, the C2C12 cells have not
had the optimum growth environment which will consequently impact the viability overall.
Conditioned media (CM) was seen to reduce a similar amount to RPMI, suggestive of the reduction in
cell viability being due to cell growth conditions and not the contents of the supernatant used to treat
the C2C12 cells. These results dictated that future experiments involving U937 conditioned media be
conducted in DMEM. In these future experiments, the cell viability of C2C12 cells was seen to be
significantly reduced following treatment of conditioned media collected from LPS-stimulated U937
cells (Figure 3.19). LPS is an endotoxin and is found as a component of the cell wall in gram negative
bacteria, it is highly immunogenic and has a profound effect on the activation of immune cells with
CD14/TLR4 receptors (Yicel et al., 2017). Vogel et al. found that LPS is potent inducer of inflammatory
cytokines such as TNF-a, cyclooxygense-1 and IL-6, therefore the supernatant could cause
inflammatory stress upon the C2C12 cells resulting in apoptosis and necrosis ((Vogel et al., 2012; Place
and Kanneganti, 2019). In the experiments presented in Figure 3.19, it is interesting that just 1 hour
of LPS treatment causes a change in the conditioned medium that can have a profound effect when
subsequently applied to C2C12s; the initial response of the U937s to the LPS treatment will be the
production of pro-inflammatory cytokines and extracellular HSPs, but it would be interesting to
investigate the time period associated with the transcription, translation and trafficking of these
events. Indeed a study conducted by Morton et al found that increased Hsp70 expression was
undetectable up until 24 hours of stimuli, suggesting a 24 hour period is required to initiate HSP
production and release (Morton et al., 2006). The decrease in viability could be indicative of unknown
cytotoxic molecules in the supernatant which interestingly reduce cell viability. However, allowing a
24 hour recovery period for the U937 cells, as opposed to the 1 hour, before extracting the
supernatant and treating the C2C12 cells displayed increased viability; this could be due to molecules

such as eHSP70 initiating a repair and recovery mechanism.

4.2 Changes in myocyte cellular respiration

Non-mitochondrial respiration is representative of oxygen consumption by cellular processes other
than the mitochondria, this can be due to detoxification and desaturation enzymes, but is not limited

to that. Approximately 10% of non-mitochondrial oxygen consumption is accounted for by
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desaturation and detoxification enzymes (Chacko et al., 2014). eHSPs possess the ability to induce
inflammatory cytokines such TNF-a, IL-17 and IL-6, this results in the production of ROS (Asea et al.,
2000) . ROS are able to deteriorate the outer mitochondrial membrane causing oxygen to leave the
mitochondria, consequently more oxygen is available for non-mitochondrial oxygen consumption
(Murphy, 2008). Figure 3.4A displays an increase in non-mitochondrial oxygen consumption when
treated with 5ng/ml, this could potentially be due to a potential cytotoxic effect of eHSPs at low
concentrations. HSPs are constitutively expressed intracellularly, chaperoning proteins (Relja and
Land, 2019). However they are released into extracellular space when a stress stimulus is registered
(Hightower and Guidon, 1989). One could hypothesise this is since a low concentration of eHSPs bind
TLR-4 inducing the production of cytokines, resulting in a high concentration of ROS present in the
cell. As there is no stress stimulus present, HSF remains inactive and HSP production is not unregulated
in contrast to cytokine production, therefore allowing ROS to have a profound effect on the cell. ROS
production causes oxidative damage to mitochondrial proteins, membranes and DNA therefore
impairing synthesis of ATP and other metabolic functions. The resulting affect is upregulated
expression of detoxification enzymes consuming more oxygen. Figure 3.4B shows a statistically
insignificant increase in non-mitochondrial respiration, whereas it remains unchanged with 5, 25 and
50ng/ml. Despite Hsp60 belonging to the group of danger signalling molecules, it is able to induce
cellular cytokine synthesis such Interferon-gamma and TNF-alpha; resulting in the production of ROS
(Pockley et al., 2008). As mentioned before ROS are able to damage mitochondrial membranes,
proteins and DNA; altering the mitochondrial membrane could result in an increased amount of
substrate oxygen leaving the mitochondria and consumed by enzymes breaking down organelles and
detoxification enzymes stabilising ROS present in the cytosolic space (Capranico et al., 1986). TAK242
was able to decrease NMOC across all treatments, however there was no statistical significance.
Complete inhibition of TLR-4 could potentially reduce the level of detoxification enzyme, hence

reducing NMOC, however there is very little literature to support this (Zandi et al., 2019).

Basal respiration is largely affected by ATP demand as it is controlled by ATP usage, while a partial role
is played by substrate oxidation and proton leak. Therefore, a significant change in maximum
respiratory capacity or proton leak will impact basal respiration. Figure 3.5A shows the basal
respiration to increase when treated when treated with 5 and 25ng/ml, this could be due to the ability
of Hsp70 to induce cytokine, TNF-alpha, which results in the production of NO. NO is known to damage
the mitochondrial membrane and cardiolipin, a constituent of mitochondrial membranes in the
mitochondria. Similarly, figure 3.5B shows an increase of basal respiration which again could be due

the ability of Hsp60 inducing TNF-alpha. A decrease in basal respiration is displayed in figure 3.5a, one
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potential mechanism causing this could mitochondrial stress caused by a decrease of calcium ions.
Calcium ions communicate with mitochondrial Ca2+ uniporter (MCU) which activates mitochondrial
dehydrogenase and ATP synthesis; therefore it could be hypothesised eHSP70 impacts the calcium ion
concentration, causing a reduce activity MCU resulting in reduced ATP production and consequently
lowering basal respiration (Tarasov et al., 2012). Figure 3.12 shows an increase in basal respiration
over control across all treatments, the largest increase seen when treated Hsp60 + TAK242; this could
potentially occur due to ROS induced by inflammatory cytokines, the oxidative damage causing

increased proton leak therefore increasing basal respiration (Hahn et al., 2014).

Maximal respiration is representative of the maximum capacity of the electron transport chain, this
can be visualised using FCCP, despite the increased demand of energy, substrate supply does not
increases therefore resulting in a lack of ATP. Maximal respiration increase is indicative of
mitochondrial dysfunction. Figure 3.6A shows there to be no significant increase of maximal
respiration and this could be due to the protective mechanisms of AMPK. AMP-activated protein
kinase is activated when intracellular level of adenosine monophosphate (AMP) is increased due to
ATP hydrolysis. AMPK shuts down anabolic pathways and initiates catabolic pathways to produce ATP
(Steinberg and Kemp, 2009). Song and his team found that AMPK is required for mitochondrial
biogenesis (Zong et al., 2002), a process in which mitochondria grow in their size and number. Figure
3.6B shows an increase of maximal respiration when treated with 10ng/ml. eHsp60 is known to induce
the production of cellular cytokines, which in turn activate iNOS causing the production of NO, which
is able to damage the mitochondrial membrane and inhibit the respiratory chain, consequently
resulting in mitochondrial dysfunction (Poderoso et al., 2019). Furthermore, NO directly impacts
cardiolipin, a part of the membrane which the proton passes through back to intramembrane space
ensuring an electrochemical gradient is maintained. Damaged and reduced cardiolipin would
imminently cause maximal respiration to increase as the electron transport chain cannot function
effectively in the absence of an electrochemical gradient (Wilson and Hunt, 2002). When treated with
Hsp60 + TAK242, a statistically insignificant increase maximal respiration; taking into consideration
TAK242's role as a TLR-4 inhibitor; stimulation of the coreceptor CD40 can stimulate the production
of TNF-a (Elgueta et al., 2009), TNF-a causes induces the production of ROS, resulting in a loss of

available substrate due to membrane oxidation allowing ‘leaking of substrate’ (Suematsu et al., 2003).
Protons help to establish an electrochemical gradient on the inner mitochondrial membrane, which

enables substrate oxygen to be used on ADP phosphorylation/ATP generation. For this reason,

protons are crucial for the continual production of ATP (Mitchel, 1961). A statistically insignificant
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increase was seen in both figure 3.7A and 3.7B when treated with 5ng/ml or 10ng/ml. This could be
due to the ability of both HSP60 and 70 to induce cellular cytokines which in turn cause the production
of ROS, resulting in phospholipid oxidation. As a result of this proton leak is increased, electrical
resistance is decreased and the membrane thickness is reduced (Brookes, 2005). Lipid oxidation is a
self-propagating reaction therefore can cause severe damage, resulting in an increase proton loss
(Ayala et al., 2014). Figure 3.14 shows a significant increase in proton leak when treated with Hsp60 +
TAK242, a potential cause for this could be CD14s role as a co-receptor of TLR-4, a study found that
unregulated activation of this coreceptor increases inflammation (Fassbender et al., 2003). Increased
inflammation caused by cytokines causes oxidative damage to the cardiolipin, causing an increase in

proton leak.

ATP is the immediate power source for a cell and is formed by phosphorylating ADP with a phosphate
molecule, supported by an electrochemical gradient created by protons moving across the cardiolipin.
Healthy cells display an unaffected production of ATP, whereas cells experiencing mitochondrial
dysfunction will have reduced ATP production. Figure 3.8A shows an insignificant decrease in ATP
production when treated with 10 and 50ng/ml, this could be caused by Hsp70 inducing IL-17 (Kottke
et al., 2007) which in study conducted by Kim et al displayed inhibitory functions on the expression of
Oxidative phosphorylation systems (OxPhos) components, causing a reduction in ATP production (Kim
et al., 2017). Figure 3.8B shows a statistically insignificant increase of ATP production when treated
with 10ng/ml, one possible mechanism for this was found by Marino Gammazza et al (Marino
Gammazza et al., 2018), Hsp60 is able to induce the phosphorylation of AMPK which activates the
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a) which is known to be
the ‘master regulator’ of mitochondrial biogenesis (White et al., 2013). Increase of mitochondrial
biogenesis would consequently result in greater production of mitochondrion therefore increasing
ATP production. Figure 3.15 displays a statistically insignificant increase ATP production, it can be
hypothesised the inhibition of TLR and increased binding to other receptors such as CD14, CD40 is
inducing changes to the energy demand of the cell (Yi and Bishop, 2014)

SRC is the ability of the substrate supply and electron transport to respond to changes in energy
requirement and a reduced SRC is indicative of mitochondrial dysfunction. SRC is mediated by the
integrity of the respiratory chain and proton permeability. Although different cell types would have
different effects, the respiratory chain components play a crucial role in SRC maintenance (Carbognin
et al., 2016). It was found that complex | and complex Il both maintain SRC levels however SRC levels

still increased when complex | was inhibited. It was found in myeloid leukaemia cells that reduced
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enzymatic activity of complex Ill reduced SRC levels (Sriskanthadevan et al., 2012). Another crucial
factor controlling SRC is proton permeability. The presence of the phospholipid cardiolipin is essential
in ensuring a proton gradient is is maintained which is paramount for ATP synthesis. Taking this into
consideration, regulating inner mitochondrial membrane integrity is key (Nguyen et al., 2016). Figures
3.9A and 3.9B both show SRC to remain similar across all treatments. This could be due to the
protective mechanisms of the mitochondrion initiating AMPK signalling pathways in response to ROS
production caused by cytokines production through TLR-2/4 signalling. Figure 3.16 displays a small
increase when treated with Hsp60, hsp70, Hsp70 + TAK242, however a much larger statistically
insignificant increase when treated with hsp60 + TAK242; as TAK242 is an inhibitor of TLR, Hsp60 is
more inclined to bind to CD14 and CD40 receptors (Pockley et al., 2008). Binding to these receptors
induces defensive mechanisms such as the activation mitogen activated protein kinase and Signal
transducers and activators of transcription-3 which could be mechanism responsible for the increase

in SRC, however there is no substantial evidence to support this (Yuan et al., 2013).

Coupling Efficacy is the quantification of how effectively of two substates bind together, such as
substrate oxygen and ATP. The mitochondria respiratory chain is highly sensitive to oxidative damage
so production of ROS will directly impact the coupling efficacy as damaged respiratory chain and
mitochondrial membrane will result in the following: increased proton leak into intracellular matrix
while movement of electron down the respiratory chain is reduced due to oxidative damage.
Consequently, the binding of substrate oxygen and ATP is reduced impacted (Sas et al., 2007). Figure
3.10A shows a small statistically insignificant decrease, this could be due to the cytotoxic effects of
TNF-alpha through ROS production. However, coupling efficacy is seen to increase as the dosage of
Hsp70 increases, the reasons behind this are unknown but a speculation is that Hsp70 maybe
indirectly inducing AMPK activation, which activates PGC-1alpha. Figure 3.10B displays a decrease in
coupling efficacy with no statistical significance, thus could be occurring due to the oxidative damaged
caused to the mitochondrial membrane resulting in the aforementioned, increased proton leak,
resulting in decreased coupling efficacy (Jastroch et al., 2010). Figure 3.17 shows the addition of
TAK242 with treatments of Hsp60 and 70, this could be due to TAK242 inhibiting TLR 2 and 4
preventing the production of cellular cytokine production. Consequently, the mitochondrion is not
subject to membrane oxidation which maintains the electrochemical gradient allowing the binding of

substrate oxygen and ATP (Paradies, 2014).

Xfp mitochondrial stress was also conducted using supernatant acquired by treating U937 cells for 1,

2,4 and 24 hours. The data shows a statistically significant increase in NMOC, which could babe caused
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by the release of COX-1 and lipoxygenase-activating protein from the U937 cells (Kargman et al.,
1993), furthermore the NMOC could be increased due to the eHPSs in the supernatant inducing the
up regulation of HSP production, this will result in more enzymatic activity such as RNA polymerase.
As a result of increased NMOC, the energy demand will also increase. This is reflected in figures 3.21
and 3.24, where the basal respiration and ATP production have increased significantly to see the
requirements of the cellular energy demand. Cellular energy demand can increase when due to the
increase of enzymatic activity, we have already discovered that LPS is able to induce the production
of COX-1 and 5-lipoxygenase activating protein (FLAP) (Vogel et al., 2012)(Kargman et al., 1993),
furthermore, it was speculated that supernatant would be HSP-rich; considering this is the case then
it can be hypothesised there is an increase of protein synthesis due to increased HSP stimulation.
Figure 3.25 is indicative of SRC depleting, which could be due to the increased cellular energy demand

as the rate of ATP Production and NMOC is increased.

4.3 Limitations and improvements:
The following limitations presented in the study. The first limitation of this study was the inability to

conduct protein assay on conditioned media to identify whether HSPs were present in the media and
which cytokines were released during LPS treatments, cell viability was reduced during the first set of
experiments with U937 cells. When given the manufacture recommended media and 24-hour
recovery period, cell viability was seen to increase. In depth protein analysis would allow us to
highlight any molecules which could potentially have a cytotoxic effect, decreasing the cell viability.
Future experiments should entail using DMEM (BE12-604) when culturing cells, as U937 cells are very
robust and are able to grow in various media (Chanput et al., 2015), whereas C2C12 cells are sensitive
to the growth media in which they are inoculated. Another limitation was the large variance of
10ng/ml of HSP70 results, this was due to experimental error and repeating the experiment was
required, however due to time constraints this was not possible. Another limitation of this study was
assessing the effect of TAK242 on cell viability, as this would highlight whether the inhibitory effect of
TAK242 was able to proliferate C2C12 cell viability. The third limitation presented in the form of HSPs
having no effect on cellular respiration, this being a limitation as it is hindering the effect of TLR-
inhibitor TAK242 and cannot illustrate the inhibitory effects. To improve the quality of data derived
from this study, protein assays should be carried out to ensure the presence of HSP release into
extracellular environment, identify cytotoxic proteins which could also be contributing to the
decreased cell viability and what type of cytokines are present. Understanding this will enable us to
understand the mechanism behind reduction of cell viability as HSPs effects are dependent on the
origin of cell releasing the protein and the receptor it will bind to. Another limitation of this study is

the fact the cells do not effectively represent a multinucleated environment, like that of a muscle
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environment. This can be overcome by maturing the myocytes into myoblasts, which would be more

representative of a muscle environment.

4.4 Future implications:
When taking into account the incidence rate of ICUAW and its lack of effective treatments, there is

need for investigation for more effective treatment. The findings of studies may not directly present
the treatment to help eliminate ICUAW; but surely does cast light on a potential mechanism taking
place. Further studying the effects of heat shock proteins on a multinucleated structure would
potential bring to light the exact mechanism to be targeted for therapeutic interventions. Additionally,
a combination of protein assays and cellular function analysis would provide significant data for the
prevention of ICUAW, as it could bring to light potential signalling molecules leading up to the onset

of ICUAW; allowing early prevention.

5.0 Conclusion

In conclusion, recombinant Hsp70, when applied exogenously to C2C12 murine myocytes were found
to cause a significant reduction in cell viability, and this effect was shown to be dose dependent.
Recombinant Hsp60 when applied exogenously also appeared to have some effect on cell viability,

particularly at a concentration of 5ng/ml, but certainly not to the same degree as Hsp70.

Despite their apparent cytotoxic effects, neither recombinant Hsp70 or Hsp60 when applied
exogenously had any significant effects on any aspects of cellular respiration, including non-
mitochondrial respiration, basal respiration, maximal respiration, proton leak, ATP production, spare
respiratory capacity or coupling efficiency.

When an inhibitor of TLR-4, TAK242, was applied to the cells in combination with the HSPs, there was

also no effect on any aspects of cellular respiration.

Conditioned media from a monocyte-derived cell line, U937, that had been pre-stimulated with LPS
was found to have significant effects on both the C2C12 cell viability and on aspects of C2C12 cellular
respiration, including a significant increase in non-mitochondrial respiration, basal respiration and ATP
production, and a significant reduction in spare respiratory capacity.

Further work is needed to determine the inflammatory profile of the U937 secretome following LPS

simulation, to determine the precise factors that may be responsible for this change in metabolism.
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However, since the use of recombinant Hsp70 and Hsp60 did not show any effects on aspects of
metabolism, further work will be required to understand if there is any link between the high levels
of extracellular HSPs found in critically ill patients, and the development of muscle ICU-acquired

muscle weakness. Certainly, the work presented here would point to other factors as a stronger cause.
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