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ABSTRACT

Relating the in vitro mitochondrial effects of drug candidates to likely in vivo outcomes remains
challenging. Better understanding of this relationship, alongside improved methods to assess
mitochondrial dysfunction in vivo, would both guide safer drug candidate selection and better support
discovery programmes targeting mitochondria for pharmacological intervention. The aim of this study
was to profile the in vivo effects of a compound with suspected complex III electron transport chain
(ETC) inhibitory activity (GSK932121A) at doses associated with clinical signs, and relate findings
back to in vitro data with the same compound. Control liver mitochondria or HepG2 cells were treated
in vitro with GSK932121A to assess mitochondrial effects on both calcium retention capacity (CRC)
and oxygen consumption rate (OCR) respectively. The same assessments were then performed on
liver mitochondria isolated from Crl:CD(SD) rats, 5 hours following intraperitoneal (IP)
administration of GSK932121A. Lactate/pyruvate assessment, hepatic microscopy, blood gas
analysis, glutathione profiling and transcriptomics were used to characterise the acute toxicity. In
vivo, GSK932121A caused hypothermia, increased levels of hepatocellular oxidative stress and a
metabolic shift in energy production, resulting in an increased lactate/pyruvate ratio, liver steatosis
and glycogen depletion, together with gene expression changes indicative of a fasted state. As would
be expected of an ETC inhibitor, GSK932121A reduced the CRC of liver mitochondria isolated from
naive control animals and the OCR of HepG2 cells when treated directly in vitro. In contrast,
mitochondria isolated from animals treated with GSK932121A in vivo unexpectedly showed an

increase in CRC and basal OCR. Whilst seemingly contradictory, these differences likely reflect an
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adapted state in vivo resulting from the initial insult in combination with compensatory changes made
by the tissue to maintain energy production. Only the initial, unconfounded, response is observable in
vitro. These findings improve current understanding of the toxicological and molecular consequences
of ETC inhibition. Furthermore, this work highlights key differences in the way that mitochondrial
perturbation is manifest in vivo versus in vitro in terms of functional endpoints and helps guide
endpoint selection for future studies with potential mitochondrial toxicants or drugs designed to

modulate mitochondrial function for therapeutic benefit.

KEY WORDS: Mitochondria, Drug safety, Complex III Inhibitor, Pre-Clinical, Hypothermia

BACKGROUND

The withdrawal of a number of marketed drugs, due in part to deleterious effects on mitochondrial
function (such as cerivistatin and nefazodone), has led to increased emphasis on discharging
mitochondrial liability early in the drug development process [1, 2]. The potent effects of many of
these compounds underscore the potential risks associated with drugs causing mitochondrial toxicity.
Despite this, many of the aforementioned drugs had excellent therapeutic benefits and mitochondria
are increasingly seen as attractive targets for pharmacological intervention i.e. for the treatment of
metabolic diseases, neurodegenerative disorders and cancer. It is clear therefore that drug-induced
modulation of mitochondrial function should not be a pre-requisite for drug-termination. Rather,

methods to improve the risk assessment of mitochondrial-acting drugs in vivo require attention [3].

Compounds are known to initiate mitochondrial toxicity via many different mechanisms which have
been reviewed in [4-6]. Manifestations of clinical mitochondrial toxicity are usually centred around
organs with the highest metabolic activity such as the liver, heart, muscle and central nervous system,
although at variable concentrations and with varying degrees of specificity and severity [7]. This is
not surprising given the cellular differences in mitochondrial activity, morphology and distribution;

but does suggest that the toxicity profile of a mitochondrial agent may differ significantly according to
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drug distribution and target organ characteristics [8]. This complex multi-organ, multi-mechanism and
multi-phenotype nature of mitochondrial toxicity makes risk assessment of compounds known to have
some in vitro mitochondrial activity challenging. Furthermore, it has been postulated that
mitochondria contain an underlying reserve capacity, which confers the ability to adapt to a certain
level of direct or indirect metabolic stress [9]. This further complicates our understanding of how
mitochondrial perturbation in vivo, causes clinical toxicity, what level of mitochondrial dysfunction is

required to trigger toxicity and how it will manifest.

Whilst the past few years has witnessed advances in the development and integration of in vitro
assays to aid pre-clinical screening of agents for mitochondrial effects, efforts to correlate these data
with in vivo outcomes are limited [10]. In vitro / in vivo correlative challenges currently include, (a)
the steep dose response often exhibited by mitochondrial toxicants, (b) the lack of suitable biomarkers
of mitochondrial toxicity, (c) the apparent insensitivity of the animals used in standard pre-clinical
safety testing and, (d) the diversity of drug classes and chemical-structures showing mitochondrial

effects, complicating the task of building predictive SAR tools [11].

GSK932121A was developed as a 4(1H)-pyridone antimalarial drug and is a potent inhibitor of the
mitochondrial respiratory chain complex Il in Plasmodium falciparum (cytochrome bcl ICsy =
0.007uM). The molecule inhibits the same target in mammalian species but with lower potency (two
orders of magnitude less potent on the isolated protein target from rats and three orders of magnitude
less potent in intact rodent cells). Despite this difference in potency, GSK932121A was withdrawn
from development following first time in human trials, due to unexpected toxicology findings in rats,
when dosed via the intraperitoneal (IP) route or orally as a pro-drug to increase exposure. Cross-over
inhibition of mammalian complex III activity by a GSK932121A was considered to be a possibility

[12].

A package of investigative work was initiated to follow up on the toxicological findings. The work
presented here describes initial aspects of this investigative programme whereby the conditions
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known to cause the acute toxicity were recreated in order to study the nature of the toxic response. As
such, the work present aimed to; (a) profile the acute effects of GSK932121A in vivo, based on the
presumption that the observed clinical signs in rat were due to complex III inhibition, via
measurement of mitochondrial function, liver glutathione levels, hepatic microscopy, blood gasses
and lactate/pyruvate ratio alongside gene expression profiling; and (b) analyse the effects of
GSK932121A in vitro by treatment of isolated mitochondria from control animals and cultured cell

lines to add further mechanistic detail and to allow comparison with the in vivo data.

The analyses presented here provide additional weight of evidence that the main mechanism of
toxicity with GSK932121A was mitochondrial complex inhibition and provides significant detail
regarding the profile of downstream effects of such inhibition, including molecular adaptive changes.
This comprehensive comparison of multiple endpoints also allows for better informed selection of
endpoints for future mechanistic investigate studies where mitochondrial toxicity or therapeutic
mitochondrial modulation is suspected and highlights the need to consider both in vitro and in vivo
data together when interpreting mitochondrial effects. Finally, the data presented is of significant
value in developing an Adverse Outcome Pathways (AOPs) for mitochondrial ETC inhibition, and
follow-up studies at earlier time points and at lower doses are underway to add even greater detail in

this regard.
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RESULTS

Clinical Signs

Following i.p administration of GSK932121A, significant inter-animal variability was noted in terms
of both the severity and speed of onset of clinical signs. Moderate clinical signs were observed
approximately 3-5 hours post dose and included slight to moderate piloerection, hunched posture,
slightly irregular or deep abdominal breathing and mildly subdued behaviour. Reduction in body
temperature was noted in some animals approximately 1.5h post dose with body temperature
continuing to fall by an average of 3.4°C by 5 hours post dose. The reduction in body temperature
over the course of the study was highly variable but was correlated closely with the plasma
concentration of GSK932121A (R*: 0.9063) (Fig. 2). No body temperature reduction was observed in
two females throughout the course of the treatment period but in these animals the terminal plasma
concentrations of GSK932121A were low (284 ng/mL and 485 ng/mL, respectively). These animals
were excluded from all further analyses. Reduction in body temperature also correlated with adverse
clinical signs, with those animals with the greatest fall in body temperature showing the most severe

clinical effects.

Arterial Blood Gas (pO2 and pCO2) and Bicarbonate (HCO3)

GSK932121A at a dose of 50 mg/kg produced a significant increase in pO, and a significant decrease
in pCO; in arterial whole blood at approximately 5 hours post-dose (depending on observed clinical
signs)(Fig.3). These findings are suggestive of impaired mitochondrial respiration in GSK932121A
treated animals consistent with the mode of action (ETC inhibition). Bicarbonate (HCO;) was also
reduced in GSK932121A treated rats compared to vehicle control (Fig.3) suggesting metabolic

acidosis which is likely caused by increases in plasma lactate concentration (Fig. SE).

Page 6 of 40
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Ratio of Reduced Glutathione (GSH) to Oxidised Glutathione (GSSG)

GSK932121A, at a dose of 50mg/kg caused a statistically significant, 53.7% reduction in the
GSH:GSSG ratio in liver tissue at a terminal 5 hour time-point compared to vehicle control animals
(p<0.001) (Fig.4C). The reduced GSH:GSSG ratio manifest due to a significant reduction in reduced
GSH compared to vehicle control animals (p<0.05, Fig.4A) and a significant increase in oxidised
GSSG in the liver of treated animals compared to vehicle control (p<0.001, Fig.4B). This data
suggests that treatment of rats with S0mg/kg GSK932121A for 5 hours causes increased levels of
oxidative stress and a resulting reduction in the glutathione antioxidant system in the liver, compared

with time matched vehicle controls.

The Metabolic Shift: Lactate/Pyruvate and LM/TEM

Key histological alterations following exposure to GSK932121A in vivo were identified in liver by
light microscopy (LM) (Fig.5A and B). Hepatocellular changes included an increase in periportal lipid
(microvesicular steatosis) highlighted by prominent osmium tetroxide staining in the livers of the

treated group. This is suggestive of reduced fatty acid metabolism within the liver.

TEM was utilised in order to assess the effect of GSK932121A treatment on hepatocyte ultrastructure.
Under TEM, a proportion of the hepatocyte mitochondria appeared swollen with pale matrices and
moderate to severe disorganisation of the cristae. Mitochondrial diameter increased from
approximately 0.45um to 0.55pm on average (Fig.5C and D) alongside a significant increase in the
number of condensed mitochondria, which were frequently observed within phagosomes. Further to
the increase in lipid observed via LM analyses, a reduction in glycogen stores was evident in

GSK932121A treated hepatocytes by TEM (peri-portal region).

To confirm the suspected metabolic shift circulating lactate and pyruvate levels were measured in a
retained whole blood sample. Animals given 50mg/kg GSK932121A had higher blood lactate

concentrations than controls (3.53-fold, p<0.001) and the lactate/pyruvate ratio was increased by 1.66-
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fold (p<0.01) (Fig. SE). Elevated lactate/pyruvate ratios are indicative of deficiencies of the

respiratory chain, tricarboxylic cycle or pyruvate metabolism.

Affymetrix Transcriptomics

Transcriptomic analysis was performed on liver samples from control and GSK932121A treated rats.
Differentially expressed genes were subjected to Ingenuity Pathway Analysis (IPA - Ingenuity
Systems, Redwood City, CA). This analysis identified perturbation of pathways associated with the
cellular response to glycogen depletion, with glucocorticoid receptor signalling the most significantly
up-regulated. Other pathways identified were immunological (IL10, IL6 and Acute Phase response
signalling) and activation of retinoic acid receptor responsive genes. Consideration of these data
alongside the increase in plasma lactate and observed depletion of cellular glycogen (TEM
micrographs) prompted further analysis of individual genes involved in the cellular response to
glycogen depletion in the liver samples collected from treated and control animals. Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (Ppargcla, PGCla) was upregulated 8.2-
fold (p<0.001) and Forkhead box protein O1 (Foxol) expression increased 1.6-fold. PGCla and
Foxol interact to coordinate the expression of genes involved in gluconeogenesis, such as Pepck (1.9-
fold; p<0.001, encoded by Pckl) and Glucose-6-Phosphatase. PGCla and Foxol expression levels
both correlated well with GSK932121A plasma concentrations (R* 0.6587 and 0.7493 respectively)
(Fig. 5F). Insulin Receptor Substrate 2 (Irs2) and Pyruvate Dehydrogenase Kinase 4 (Pdk4), which are
also co-ordinately regulated by Foxol, were upregulated 4.8 and 2.2-fold respectively and also
correlated well with GSK932121A plasma levels (Fig 5F). All Affymetrix gene expression data has
been deposited in NCBI’s Gene Expression Omnibus (GEO) and is accessible through GEO series

accession number GSE65374.



Page 9 of 40

Toxicology Research

Calcium Retention Capacity

CRC is calculated as the difference in optical density (OD) between the point at which mitochondria
are energised and begin to take up a given bolus of calcium, and the point of undergoing
mitochondrial permeability transition (i.e. lowest OD prior to undergoing permeability transition) and
releasing calcium back into the experimental space, thus increasing OD once more. When tested in
vitro, i.e. by direct in vitro treatment of fresh mitochondria isolated from the liver of naive rats,
GSK932121A (100uM-1uM) reduced the CRC in a concentration dependent manner with an ICs, of
1.36uM (Fig.6). In direct contrast to the effects observed in vitro, the CRC of liver mitochondria
isolated from rats treated in vivo with 50mg/kg GSK932121A was increased, (Fig.7A, for clarity
mean kinetic data is shown). When calculated as delta-OD, the increase in liver mitochondria CRC
following GSK932121A treatment (n=10) was 79% (p<0.01) compared with mitochondria from
control animals (n=12), (Fig. 7B). These data demonstrate a desensitisation to calcium-induced

mitochondrial permeability transition pore opening following in vivo treatment with GSK932121A.

Mitochondrial Bioenergetics

Exposure of HepG2 cells to GSK932121A in vitro (n=3) resulted in decreases in key bioenergetic
parameters, demonstrated using a mitochondrial stress test (Fig.8A). The response observed was
typical of what would be expected with a mid-respiratory chain inhibitor, i.e. reducing the amount of
molecular oxygen consumed at mitochondrial complex IV via inhibition of the upstream ETC.
Specifically, significant and concentration-dependent reductions in basal respiration and ATP-
synthase linked respiration (concentrations of 7.5uM and above) were observed alongside a reduction
in maximal respiration (concentrations of 0.75uM and above) following GSK932121A treatment of
the cells in vitro (Fig. 8B). OCR parameters are calculated as described in the supplementary data of
[13]. Concentrations of GSK932121A were chosen to match plasma drug concentrations achieved in

vivo (up to ~75uM).
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In contrast to the effects seen in HepG2 cells, mitochondria isolated from the livers of rats treated in
vivo with GSK932121A, showed an increase in basal respiration of 30.3% compared to vehicle
control (p<0.001) (Fig. 9A and B). A similar degree of increased respiratory demand is maintained
throughout state 3 (27.5%, p<0.01) and state 4 (28.4%, p<0.001), demonstrating increased
background levels of oxygen consumption linked to ATP production (Fig. 9A and B). This increase in
oxygen consumption further coincides with an 11.9% (p<0.001) increase in proton leak across the
inner mitochondrial membrane. Whilst increased proton leak is suggestive of a decline in efficiency
of the OXPHOS machinery, the percentage of total OCR linked to ATP synthesis is the same between
control and treated mitochondria after normalisation to basal respiration (Fig. 9C). Furthermore the
respiratory control ratio (state 3/state 4 ratio), often used as a gold-standard measure of general
mitochondrial health / coupling, was not significantly altered between mitochondria isolated from
vehicle control (4.25) and GSK932121A treated (4.20) rats (p>0.05 — data not shown). FCCP was
used to uncouple mitochondria and determine the maximum respiration rate (often termed the
maximal uncoupled or state 3u respiration). This was reduced by 24.7% in mitochondria isolated from
GSK932121A treated rats (p<0.001) indicating a diminished maximal capacity of the ETC in the
uncoupled state. This is particularly visible in Fig.9C where normalisation of data to basal respiration
highlights the maximal OCR deficit following FCCP-induced uncoupling. Importantly, this
difference does not simply reflect differences between isolated mitochondria and cells since, with
regard to oxygen consumption, isolated mitochondria from naive animals responded to GSK932121A

treatment in the same manner (supplementary data 1).

DISCUSSION

It is important for successful drug development that we improve our understanding of how
mitochondrial toxicity is manifest in our preclinical test species. To this end, and as part of a
mechanistic toxicology investigation, the present study profiled the acute toxicity caused by a

candidate molecule (GSK932121A), suspected of causing acute toxicity by complex III inhibition in

10
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vivo. The work highlighted the utility of a multi-system approach for detecting mitochondrial
dysfunction in vivo, and should aid other investigators in designing studies and selecting endpoints for
future studies with mitochondrially active molecules. The liver was a key target organ in the toxic
response to GSK932121A in vivo and to ensure the complete coverage of the biological variation, a
range of assessments was pursued, although due to the quantity of tissue required, it was anticipated
that drug-exposure levels would vary between liver regions. Upon refinement to a more targeted set of
endpoints, tissue sampling from a single lobe may be possible and analysis of drug concentration

across the liver regions could be assessed.

GSK932121A is a potent inhibitor of the mitochondrial respiratory chain complex III in the target
species, P. falciparum. 1t is two orders of magnitude less potent on the isolated target from rats, and
three orders of magnitude less potent in intact rodent cells [12]. At the dose of GSK932121A used in
the present study, the plasma concentrations achieved were 2-6 times above the ICs in rodent cells
and, consistent with this, was acutely toxic. Blood gas analysis in the present study confirmed
inhibition of respiratory function highlighted by an increase in the levels of arterial O, and a reduction
in arterial CO,. Despite increased levels of plasma oxygen, it is likely that the rats treated with
GSK932121A in vivo are in a state of cytotoxic hypoxia, characterised by effective oxygen
deprivation (i.e. inability of cells to utilise oxygen as opposed to impaired oxygen availability). This
has been highlighted as central cause of toxicity relating to other respiratory chain inhibitors, such as

cyanide [14] .

Body temperature changes have been reported with a range of mitochondrial toxins acting by different
mechanisms, for example, 2,4-dinitrophenol (mitochondrial uncoupling) causes hyperthermia [15]
and 3-nitroproprionic acid (complex II inhibition) causes hypothermia [16]. In the present study, the
magnitude of hypothermia correlated well with plasma levels of the drug, suggesting that respiratory
chain inhibition was the primary cause of the reduced thermal energy generation. Of the gross in-life
measures, body temperature appeared to be the most sensitive marker of mitochondrial impairment, at
least when monitored internally (core temperature) and measured regularly (15 minute intervals) via

11
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the implanted chips used in this study. The liver is a major thermoregulatory organ in the rat [17] and
therefore the reduction in body temperature may be directly associated with disruption of
mitochondrial function and morphology changes noted in this organ. The value of monitoring body
temperature demonstrated here, combined with the ease of data collection when using implantable
chips (which are primarily used for animal identification), means that this endpoint would be suitable

for consideration in all in vivo studies with compounds suspected of having mitochondrial activity.

Lactic acidosis and an increase in hepatic lipid (steatosis) are common outcomes of mitochondrial
dysfunction [18], as observed with the early nucleoside reverse transcriptase inhibitors [19]. The
increase in lactate/pyruvate ratio observed here suggests an increase in glycolytic metabolism and this
is supported by the TEM evidence of glycogen depletion in the liver of treated rats. Furthermore, the
blood gas data was also suggestive of metabolic acidosis, with a reduction in bicarbonate noted.
Combined with body temperature, lactate levels are a potentially useful marker of drug induced
mitochondrial toxicity [20] and it has been suggested that a rise in blood lactate concentrations
alongside a reduction in core body temperature may be indicative of a generalised adverse event [21].
Further studies with GSK932121A at sub-toxic doses are ongoing and it will be interesting to see if

lactate/pyruvate ratio can be utilised as a marker of more mild underlying mitochondrial perturbation.

Interestingly, the switch in metabolism towards glycolysis, indicated by ultrastructural changes and
blood lactate levels, was also reflected in the gene expression findings. Foxol, up-regulated following
GSK932121A treatment, has been shown to play a central role in the response to glycogen depletion
via activation of gluconeogenesis [22]. Foxol interacts with PGCla to regulate the expression of
gluconeogenic genes by binding and activating promoter regions, for example, the PGC1a-dependent
transcription of Pepck [23]. Pepck catalyses the first committed step in gluconeogenesis via
conversion of oxaloacetate to phosphoenolpyruvate [24]. Foxol is also essential to the up-regulation
of Pdk4 and Irs2 in response to glycogen depletion and fasting and these were up-regulated in the
present study [22]. This fasted/starvation-like transcriptional response has previously been associated
with respiratory chain deficiency and mitochondrial myopathy [25]. These gene findings demonstrate

12

Page 12 of 40



Page 13 of 40

Toxicology Research

a potentially adaptive response to reduced liver glycogen by activation of gluconeogenesis via Foxol

mediated transcription.

With regard to the functional mitochondrial endpoints, specifically OCR and CRC in this study,
GSK932121A had effects both in vivo and in vitro, however the direction of change was not
consistent. It is unlikely that this difference is due to a metabolite of GSK932121A since it is known
that there is limited metabolism of the compound within the timescale applicable here. In vitro,
GSK932121A reduced basal mitochondrial OCR in galactose-conditioned HepG2 cells, entirely
consistent with its proposed complex III inhibitory activity and data with other known respiratory
chain inhibitors [26, 27]. Culturing the HepG2 cells in a galactose (rather than glucose) based media
increases the cells reliance on OXPHOS for ATP generation improving the metabolic similarity to the
in vivo situation and this was reflected by the compound toxicity observed. Isolated liver mitochondria
from naive control rats directly exposed to GSK932121A showed similar changes to the HepG2 cells
(supplementary data 1). In contrast, the opposite was true with liver mitochondria isolated from rats
treated with GSK932121A in vivo, where basal OCR was seen to be increased. In the same vein, the
CRC of isolated liver mitochondria from naive control rats was reduced following direct exposure to
GSK932121A, again consistent with the effects of other known respiratory chain inhibitor
compounds, but opposite to the effect observed in mitochondria isolated from the livers of rats treated

with GSK932121A in vivo.

It is clear then that our in vitro functional data are consistent with GSK932121A’s proposed complex
[T inhibitory mechanism and published data regarding other tool ETC inhibitors. Likewise the body
temperature findings, LM/TEM, gene expression, blood lactate and gas analyses are also point
convincingly to GSK932121A blocking mitochondrial complex activity as expected. So why are the
functional measures (OCR and CRC) obtained with the mitochondria isolated from animals treated

with GSK932121A in vivo seemingly at odds with the overall picture?

13
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In terms of the OCR data, it may be that GSK932121A washes out during isolation of the liver
mitochondria from treated rats, however here we tested samples of isolated mitochondria from the in
vivo experiment and appreciable levels of GSK932121A were detected (supplementary data 2). We
also observe a reduction in the maximal OCR following FCCP treatment and a clear effect in the CRC
assay (discussed below) in the mitochondria isolated from treated animals, arguing against washout of
compound and reversal of effects during the isolation procedure. An alternate possibility is that the
increase in OCR reflects a compensatory increase in the overall ETC activity within the isolated
mitochondrial population as a result of increased proton leak due to ROS-induced mitochondrial
damage. Consistent with other respiratory chain inhibitors (i.e. antimycin a [28]), an increase in
oxidative stress was indicated in the livers of GSK932121A treated animals (significantly reduced
GSH: GSSG ratio), but for ROS-induced damage to be a causative factor in the observed OCR
increase, this would again rely on the de-inhibition of the ETC. A third possibility may be linked to

stabilisation of the mitochondria and this is discussed below.

Mitochondria play a key role in regulating intracellular calcium concentrations during both normal
and pathological states [29]. However, excess calcium is able to trigger the mitochondrial
permeability transition pore (mPTP), characterised by a non-selective increase in the permeability of
the inner mitochondrial membrane [30, 31]. mPTP activity is affected by compounds that interfere
with mitochondrial function and this can be monitored by measurement of CRC in mitochondrial
isolates. Respiratory chain inhibitors typically reduce the CRC of isolated mitochondria when treated
in vitro [32] and this is exactly what was observed with GSK932121A (ICsy of 1.36 uM, well below
the plasma concentrations of GSK932121A achieved in the in vivo study, ~30-75uM). In contrast
liver mitochondria isolated from GSK932121A treated rats showed a significant and unexpected
increase in CRC. It has been reported that the mPTP can be desensitised to calcium-induced opening
during times of myocardial infarction due to a reduction in pH [33]. It is possible that the lactic-
acidosis induced pH reduction, observed in rats treated with GSK932121A, may cause an effect on
the mPTP in vivo that persists and is maintained throughout the isolation procedure and CRC assay,
i.e. despite the mitochondria being prepared and the CRC assay being performed in neutral pH

14
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buffers. Furthermore, the observed desensitisation of mPTP triggering could act to stabilise the
mitochondria during the stressful isolation process, resulting in a higher proportion of intact (non-
permeabilised) mitochondria per mg of measured protein; potentially explaining the increased in basal

OCR level observed with mitochondria from the treated animals.

Mitochondria are capable of responding to increased energy demand or stress by utilising their spare
respiratory reserve (i.e. the difference between basal respiration and maximal possible respiration
rates) [34]. Significant depletion of this reserve capacity has been noted in response to increased ROS,
aging, following drug exposure [35] and importantly, has been demonstrated to precede cell death
[36]. One consistent functional effect observed both in vitro and in vivo in our study was an apparent
reduction in the maximal respiration rate following GSK932121A exposure (i.e. uncoupled OCR
following FCCP injection). This raises the question of whether monitoring for erosion of maximal
respiratory capacity, in the absence of overt clinical signs, could be a way to overcome a key
limitation of current preclinical safety testing with respect to detecting mitochondrial toxicity; namely
the use of healthy young animals with inherently high reserve capacity. This current pre-clinical
model is at odds with the low underlying metabolic reserves of many of our key patient groups who
are often elderly, on co-medications, have co-morbidities etc. A more detailed analysis of metabolic
reserve capacity using doses of GSK932121A below that which cause overt clinical signs would help

to test this possibility and this is on-going.

CONCLUSIONS

1. The in vitro and in vivo data presented here supports the proposition that GSK932121A
administered at 50mg/kg via the IP route causes acute toxicity in rats due to perturbation of

mitochondrial function, most likely via inhibition of the electron transport chain.
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Building understanding around the progression of toxicity from complex III inhibition to
adverse in vivo outcomes (clinical signs) required consideration of both the in vitro and in
vivo data; neither on its own would have been sufficient. The in vitro data informed on the
likely molecular initiating event and initial (non-confounded) respiratory response, whist the
in vivo data provided a view of the integrated state of the mitochondria in response to the
initial insult plus the compensatory adaptations made by the tissue and organism. The in vivo
experiment also informed on the final adverse outcomes and provided a platform to
investigate specific molecular and morphologic changes in a key tissue, for example,
highlighting the role of the metabolic switch gene Foxol and the downstream effectors

PGCla, Pepck, Pdk4 and Irs2 in the cellular response to glycogen depletion in the liver.

Mitochondrial toxicity contributes significantly to clinical adverse events and to preclinical
safety-related compound attrition (the largest source of attrition in the pharmaceutical
industry). Conversely there is also increasing interest in targeting mitochondria for
therapeutic benefit, since mitochondrial perturbation is central to the aetiology of many
poorly treated human diseases. As such, developing our understanding of mitochondrial
perturbation from molecular initiating events to clinical outcomes is of significant
importance, as is developing new methods to assess mitochondrial function, and dysfunction,
in vivo. This study provides significant detail regarding the in vivo manifestation of
respiratory chain inhibition including key markers of the adverse outcome, e.g. core body
temperature reduction and increased plasma lactate, plus transcriptomic and morphologic
details around the switching of metabolism from OXPHOS to glycolysis. This type of multi-
system mechanistic toxicology analysis is invaluable to those developing adverse outcome
pathways (for ETC inhibition in this case) yet it is rare to see them published for terminated
pharmaceutical candidates. The data presented here provides the ground work for developing
AOPs around ETC inhibition and also provides a platform for evaluation new methods for
evaluating underlying mitochondrial perturbation. Further work based on a systems approach

is required in order to further understand the downstream mechanisms and pathways [37].

16

Page 16 of 40



Page 17 of 40

Toxicology Research

EXPERIMENTAL PROCEDURES

Animals

The in vivo study in rats was ethically reviewed and carried out in accordance with the Animals
(Scientific Procedures) Act 1986 and the GSK Policy on the Care, Welfare and Treatment of Animals.
Female Crl:CD(SD) rats were obtained from Charles River UK (Margate, Kent), and were housed
under controlled environmental conditions (19-23°C, 55% =+ 10% relative humidity, 12h dark-light
cycles), with free access to both water and SLF2 EURodent Diet (Purina Mills International, St Louis,
MO, USA). Female rats were used because previous tolerability studies using GSK932121A showed
slightly more pronounced in-life effects in female rats than in males. All animals were implanted with
an intrascapular Plexx™ microchip (Plexx B.V., Elst, The Netherlands) on arrival for the purposes of
identification and body temperature measurement. Animals were acclimatised for at least 12 days

prior to dose administration, and were 10 to 14 weeks old on the day of dosing.

Drug Selection and Experimental Design

The objective of this study was to evaluate markers of mitochondrial dysfunction in vitro and in vivo
using GSK932121A. All doses and concentrations are expressed in terms of the parent compound
(Fig. 1). A nanomilled and spray-dried formulation of GSK932121A (49.5% w/w), containing
mannitol (44.5% w/w), hydroxypropylmethylcellulose Pharmacoat 603 (5% w/w) and sodium lauryl

sulphate (1% w/w) was suspended in sterile water for IP administration.

A dose of 50 mg/kg was selected based on data generated in previous GSK932121A single-dose
tolerability studies where dose-limiting clinical signs were noted in a proportion of the animals at
approximately 5.5 hours post-dose. The aim of the investigation was to follow-up on the toxicological
issue which led to GSK932121A’s termination from development and therefore the 50mg/kg dose
(which replicated the acute toxicity observed) was selected and a time-point of 5 hours was chosen

(i.e. to induce mitochondrial derived toxicity without generating prolonged in-life effects). A single
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dose of either 50 mg/kg GSK932121A or vehicle (shown above, minus test article) was administered

by IP injection to female rats (12/group) at a dose volume of 10 mL/kg.

Body temperature readings were recorded telemetrically prior to dosing and at approximate 15 minute
intervals following dose administration, alongside close monitoring of clinical signs. Animals were
killed at a five hour time point by exsanguination via the abdominal aorta under terminal isoflurane
anaesthesia. Two terminal blood samples were collected for analysis of lactate and pyruvate (100uL
transferred into 400puL 0.4M perchloric acid) and plasma concentration of GSK932121A (300uL
whole blood + ethylenediaminetetraacetic acid [EDTA] and centrifuged to prepare plasma). The liver
was excised and dissected, with the left lateral lobe used immediately to isolate mitochondria for
assessment of mitochondrial bioenergetics and calcium retention capacity (CRC). The right lateral
lobe was processed for transmission electron microscopy (TEM) and light microscopy (LM) whilst

the median lobe was snap frozen for gene expression analysis and glutathione assessment.

Blood Gas (pO2 and pCO2) and Bicarbonate (HCO3)

For blood gas analysis (pO,, pCO, and HCOs) a separate group of animals (n=6) underwent surgery to
place vascular access ports at the site of blood collection. The jugular artery was isolated, cannulated
(catheter entered approximately 2 cm into the jugular artery) and the catheter secured in place with
ligatures of non-absorbable suture material (Ti-cron®, Medline Industried Inc, IL, USA). A 2ml
saline flush was given at the jugular surgical site prior to wound closure using absorbable suture
material (PDS®, Ethicon Ltd, NJ, USA). After surgery a 1 week recovery period was permitted prior
to administration of GSK932121A or vehicle control as previously described. Whole blood samples
were collected via vascular access ports into heparinized syringes. Blood was sampled at 5 to 6 hours
post dose (dependent on the observed clinical signs). All blood samples were analysed using a Roche
OPTI CCA Blood Gas Analyzer (Opti Medical System Inc, GA, USA), according to manufacturer’s
recommendations, within 2 hours of collection for pCO,, pO, and HCO;. Data are expressed as a

percentage of baseline (pre-dose) measurement values.

18

Page 18 of 40



Page 19 of 40

Toxicology Research

Assessment of Glutathione (Oxidised and Reduced)

Measurement of the ratio between reduced glutathione (GSH) and oxidised glutathione (GSSG) was
made in 100mg of median liver lobe (from control and treated animals) using the NWLSS™
Glutathione Assay Kit (Northwest Life Sciences Specialities, Portland Oregon, USA) according to
manufacturer’s recommendations. Data was recorded using a Spectramax Plus 384 Spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA) and is expressed both in pmol/mg of liver tissue and as a

ratio between GSH: GSSG.

Lactate / Pyruvate

Blood was collected into perchloric acid as detailed above. Lactate was measured on a Siemens Advia
1650 clinical chemistry analyser (Siemens Healthcare Diagnostics, Surrey, UK) using a Lactate assay
kit (Randox Life Sciences, Crumlin, Northern Ireland) according to the manufacturer’s instructions.
Pyruvate was also measured on this analyser using reagents from Sigma-Aldrich. Pyruvate estimation
was made by measuring the reduction in absorbance at 340nm due to oxidation of NADH to NAD as
previously described [38]. Pyruvate concentration was determined from a standard curve of between
0 and 0.45mmol/L pyruvate. All concentrations were expressed in mmol/L and presented as a ratio

between lactate and pyruvate.

Light Microscopy (LM) and Transmission Electron Microscopy (TEM)

LM: Formalin fixed samples of liver (<4 mm in thickness) were post-fixed in a final working solution
of 2.5% potassium dichromate and 1% osmium tetroxide in distilled water for 8 hours at room
temperature. The osmicated tissue samples were rinsed in running water for 2 hours, processed to
paraffin block and sectioned at 5 microns. Tissue sections were stained with the routine hematoxylin
and eosin (H&E) method and evaluated using a routine severity grading system (mild, moderate and
marked). Two sections per liver (n=4 females) were initially analysed blind and then by group to
confirm observations.
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TEM: Small blocks of the right lateral lobe of the liver were fixed in 4% formaldehyde/1%
glutaraldehyde. These were post-fixed in 1% aqueous osmium tetroxide and processed into Agar
100 resin (Agar Scientific). 1 um toluidine blue stained survey sections were prepared and examined
by LM to locate the areas of interest (such as the periportal region). Ultra-thin sections (approximately
90nm thick) were then prepared, stained with uranyl acetate and lead citrate and examined in a
Hitachi H7500 transmission electron microscope (one grid section per animal, n=3). The AMT XR41
Digital Camera System v 600.202 was used to capture TEM digital images. TEM samples were blind

analysed and then analysed by group to confirm observations. No scoring system was employed.

Transcriptomics

Total RNA was isolated from snap frozen median lobe of liver using the SV Total RNA isolation
system (Promega, Madison, WI, USA). RNA concentration was determined using the NanoDrop ND-
1000 (Wilmington, DE, USA) and RNA integrity was analysed using the Agilent 2100 Bioanalyser
(Santa Clara, CA, USA). Samples not reaching the required RNA integrity number (RIN) of 7.5 were
re-processed (as per the manufacturer’s guidelines). 200ng of total RNA was prepared for Affymetrix
whole transcriptome (WT) microarray analysis using the Ambion WT Expression Kit (Life
Technologies, Paisley, UK) and targets were fragmented, labelled and hybridized onto Rat Gene 2.0
ST Arrays (Affymetrix, Santa Clara, CA, USA) according to the protocols supplied (1 array per liver
sample). Arrays were hybridized for 17 hours at 45°C (65rpm rotation) and then immediately washed,
stained and scanned on the Affymetrix Genchip® Scanner 3000. Differential gene expression analysis
was performed using Array Studio Version 7.0 (www.omicsoft.com) and data was normalised using
the robust multichip average (RMA) method [39]. Differentially expressed genes were defined as

those with greater than 1.5 fold change in expression, at p<0.05.
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Mitochondrial Isolation

Mitochondria were prepared from the livers of control and GSK932121A treated animals using the
Qproteome™ Mitochondria Isolation kit (Qiagen, Limburg, Netherlands) according to the
manufacturer’s instructions with minor modifications. Briefly, 1.3g of liver was minced using a
scalpel prior to homogenisation in ice cold lysis buffer using a Qiagen Tissue Ruptor. The
homogenate was incubated on an end-over-end shaker for 10 minutes at 4°C prior to centrifugation at
1300g for 13 minutes. The resulting pellet was resuspended in disruption buffer firstly by gentle
pipetting and secondly using a Dounce homogenizer (4 strokes at 200rpm). The resulting lysate was
centrifuged at 1000g for 13 minutes with the resulting supernatant washed and pelleted twice at 6000g
for 13 minutes. The crude mitochondrial pellet was finally resuspended in Incubation Buffer B
(130mM sucrose, 50mM KCI, 2.5mM KH,PO, and 5mM N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid [HEPES], pH7.4 with KOH) and protein content was measured using a

bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA).

Calcium Retention Capacity

The CRC of freshly isolated liver mitochondria was determined as previously described by [40] and
[41] with minor modifications. Briefly, mitochondria were suspended at 0.2mg/ml in Incubation
Buffer B, supplemented with 100uM arsenazo III, 2.5uM rotenone and 1pg/mL oligomycin in each
well of a 96 well microplate (control and treated mitochondria were assayed simultaneously) and
absorbance measured every 2 seconds at 650nm in a FlexStation3 microplate reader (Molecular
Devices, Sunnyvale, CA, USA). After approximately 1 minute of reading, Ca*" was added (1pumol/mg
mitochondrial protein) shortly followed by the addition of 10mM succinate as the mitochondrial
substrate. The CRC was calculated as the difference in optical density (AOD) between the point at
which mitochondria were energised and were undergoing mitochondrial permeability transition (i.e.

the lowest OD reading following calcium release via MPT).

The direct effect of GSK932121A on CRC was also examined by treating freshly isolated
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mitochondria from a control female Crl:CD(SD) rat in vitro following the above procedure with the
following modification: GSK932121A was added in a five point concentration range (100puM-

0.01uM) alongside a 0.5% DMSO control, to the mitochondrial suspension prior to reading.

Measurement of Oxygen Consumption Rate in HepG?2 Cells

Human hepatocellular liver carcinoma (HepG2) cells were obtained from the European collection of
cell cultures (ECCAC, Sailsbury UK). Cells were grown in DMEM medium (Invitrogen #11966)
supplemented with 10mM galactose, 100uM sodium pyruvate, SmM HEPES, 2mM GlutaMAX, 10%
fetal bovine serum and 5Spg/ml gentamycin. Cells were maintained in a 37°C, 5% CO, humidified
atmosphere. Measurement of OCR was performed essentially as described in [26] with minor
modifications. Briefly, HepG2 cells were seeded in an XF96-well plate at 20,000 cells / 80uL cell
culture medium / well and incubated in a 37°C, 5% CO, humidified atmosphere for 24 hours.
Following incubation the culture medium was replaced with 175uL pre-warmed, serum-free XF Base
Assay Media (Seahorse Bioscience, Billerica, MA), supplemented with 2mM L-glutamine, 1mM
sodium pyruvate and 10mM glucose (pH 7.4) and incubated at 37°C for one hour. GSK932121A was
maintained in DMSO and a five point dose response (0.075uM - 75uM), plus 0.1% DMSO control,
was diluted to 8X concentration in XF Assay media and 25uL was loaded into Port A of the XF
Assay Cartridge (15 technical replicates per concentration of GSK932121A / DMSO control).
Oligomycin (2uM final), FCCP (0.25uM final) and antimycin A / rotenone (1uM final) were loaded
into ports B, C and D at 9X, 10X and 11 X concentrations respectively (all 25uL volume). Following
calibration of the XF Assay Cartridge, the cell plate was inserted into the analyser and 3 basal
measurements were made using a 3minute mix, 3 minute measure protocol. The compounds were
then injected pneumatically into each well from ports A-D (GSK932121A first followed by mito-
stress test compounds) with three, 3 minute mix, 3 minute measure cycles performed between each
injection. Data is expressed in pmol/min OCR and represent the mid-point of each measurement

period.
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Measurement of Oxygen Consumption Rate in Isolated Liver Mitochondria

To assess bioenergetic parameters in liver mitochondria, the Seahorse XF24 Extracellular Flux
Analyser (Seahorse Biosciences, Billerica, MA) was utilised. Oxygen consumption rate (OCR) was
monitored as previously described [42]. Briefly, sequential measurements of basal respiration, state 3,
state 4 and uncoupled driven respiration were made through real-time additions of reagents through
the drug-injection ports. Accordingly, ADP (5mM), oligomycin (2uM), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazon [FCCP] (4uM) and antimycin A (4pM) (concentrations expressed
as final concentrations and optimised as recommended by manufacturers) were loaded into the 4
injection ports of the XF Assay Cartridge and sequentially injected into each well throughout the
assay. Mitochondria were diluted to a concentration of 10png protein/well in MAS-1 buffer (220mM
mannitol, 70mM sucrose, 10mM KH,PO,, SmM MgCl,, 2mM HEPES, 1mM ethylene glycol-bis(2-
aminoethylether)-N, N, N',N'-tetraacetic acid [EGTA] and 0.2% BSA in sterile water, pH 7.2 adjusted
with KOH) supplemented with 10mM succinate. Mitochondria were seeded (control and treated
samples on the same plate) at a volume of 50puL into each well (5 technical replicates) of a XF24 V7
microplate and centrifuged for 20 minutes at 2000g (4°C). Following centrifugation, 450uL of MAS-
1 buffer, supplemented with 10mM succinate and 2uM rotenone, was added to each well. The
mitochondria were viewed briefly under a microscope to ensure consistent seeding/adhesion and then
placed at 37°C for 8 minutes prior to loading into the XF24 analyser. Following a 12 minute
equilibration, two baseline measurements were made using a 30 second mix, 4 minute measure cycle
(mean of the two baseline measurements is presented). Reagents were then sequentially injected into
each well with a further 30 second mix, 1 minute wait, 4 minute measure cycle between each

injection.

Statistics

Results are presented as the mean =+ standard deviation (sd) unless otherwise stated. Statistical

evaluation was performed using one way analysis of variance (ANOV A) with a post-hoc Dunnett’s t-
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test. Differences with a value of p<0.05 were considered statistically significant. (p<<0.05*, p<0.01**,

p<0.0017%%%),
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FIGURE LEGENDS

FIGURE 1: Chemical structure of GSK932121A (mw: 425.786). This pyridone molecule was
designed for the treatment of the Plasmodium falciparum malaria infection. GSK932121A was

withdrawn from clinical trials due to a potentially narrow therapeutic index.

FIGURE 2: Relationship between core body temperature and plasma GSK932121A
concentration. The correlation is shown between reduction in body temperature observed at 5 hours
post treatment with GSK932121A (50 mg/kg) and plasma drug concentration (R*=0.9063, p<0.001).
Two animals (circled) showed little reduction in body temperature but also had a very low plasma
concentration (284-485ng/mL) to GSK932121A. These animals were excluded from all further

analyses.

FIGURE 3: Analysis of arterial blood gasses (p0, and pC0,) and bicarbonate (HCQO;) in whole
blood of animals treated with GSK932121A (50mg/kg). GSK932121A (50mg/kg — open bars)
caused a significant reduction in arterial pCO, and HCOs; at 5 hours post-dose compared with vehicle
controls (solid bars). A significant increase in arterial pO, was also observed in GSK932121A treated

animals which is suggestive and characteristic of respiratory chain inhibition. Results are mean + sd

(n=6) **p<0.01.

FIGURE 4: Analysis of liver GSH, GSSG and GSH:GSSG ratio following treatment of rats with
50mg/kg GSK932121A compared to vehicle control. GSK932121A (50mg/kg — open bars, n=10)
caused a significant reduction in GSH (panel A), a significant increase in GSSG (panel B) and a
significant reduction in GSH:GSSG ratio (panel C) in the liver, compared with vehicle controls

(Omg/kg - solid bars, n=12). Results are mean =+ sd. *p<0.05, **p<0.01, ***p<0.001.
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FIGURE 5: The metabolic switch following treatment of rats with GSK932121A. Panels A +B
(200x magnification) show H&E stained liver sections post-fixed in osmium tetroxide. (A) Vehicle
control rat, note the rare hepatocytes that contain a small number of osmium tetroxide-stained lipid
droplets (black arrow depicted). (B) Rat treated with 50 mg/kg GSK932121A; note that the
cytoplasmic droplets within hepatocytes are extensively and darkly stained with osmium tetroxide
which confirms the accumulation of neutral lipid. Panels C+D show electron micrographs of rat
hepatocytes from the right lateral lobe focussed on the mitochondria at 50,000X magnification
(Images shown are taken from peri-portal regions of the liver). (C) Mitochondria from vehicle control
animal, with intact membrane structure and normal histology. Stores of glycogen are depicted by red
arrows (D) Mitochondria from GSK932121A treated animal which appear swollen with pale matrices
and a significant increase in the number of condensed degenerative mitochondria were observed
(white stars). Glycogen stores (highlighted by arrows in C) were reduced in animals treated with
GSK932121A. (E) GSK932121A treatment (n=10, open bar) causes an increased blood
lactate/pyruvate ratio compared to vehicle control (n=12, closed bar). Data shown is mean = sd. (F)
Correlation between terminal plasma GSK932121A concentration in treated rats and the copy number
of four hepatic gluconeogenic response genes, Foxol (blue crosses) (R*:0.7943), Pdk4 (red squares)
(R*:0.7389), Ppargcla (green circles) (R*:0.6587) and Irs2 (black triangles) (R*:0.5457). The

expression of all four genes was significantly increased compared to control (p<0.001). ** p<0.01.

FIGURE 6: Analysis of liver mitochondrial calcium retention capacity (CRC) following in vitro
treatment of control liver mitochondria with GSK932121A. (A) Representative CRC recording
demonstrating the reduction in CRC of control isolated liver mitochondria following in vitro treatment
with 100uM and 10pM GSK932121A. (B) Freshly isolated liver mitochondria from female control
Crl:CD (SD) rats (n=3) were treated in vitro with GSK932121A. A significant reduction in CRC was
observed following treatment with 100uM, 10puM, and 1pM GSKO932121A (IC50: 1.36uM,

R*:0.9031) (p<0.05). Data shown is mean = sd.
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FIGURE 7: Analysis of liver mitochondrial CRC following treatment of rats with GSK932121A
in vivo. (A) Mitochondria isolated from rats treated with 50 mg/kg GSK932121A (open circles)
displayed an increased CRC compared to control animals (squares) treated with vehicle alone. Data
shown in this kinetic trace are mean only (variability shown in Fig.5.B) (B) The increase in
GSK932121A-induced CRC is displayed as increase in AOD (difference in optical density between
point of succinate substrate addition and mitochondria undergoing permeability transition, i.e. lowest

OD value before calcium release). Data shown is mean + sd. ** p<0.01.

FIGURE 8: Analysis of HepG2 mitochondrial oxygen consumption rate following acute in vitro
treatment with GSK932121A (measured using Seahorse XFe96 analyser). HepG2 cells were
treated in vitro with GSK932121A (0.075uM-75uM, 15 technical replicates per plate) and basal OCR
was assessed. A mitochondrial stress test was then performed in order to assess the effect of
GSK932121A on key bioenergetic parameters (n=3). (A) A representative graph of OCR outputs from
the XFe96 analyser of DMSO control (blue line) and GSK932121A treated (various colours,
0.075uM-75uM) and the response to oligomycin, FCCP and antimycin A /rotenone (A/R). (B)
GSK932121A caused a statistically significant reduction in basal respiration and ATP-linked
respiration (concentrations of 7.5uM-75uM). A significant reduction in maximal respiration was also
observed following GSK932121A treatment (0.75uM-75uM). The observed reductions were
generally in a concentration-dependent manner. OCR parameters were calculated as described in
([13]-supplementary). Data shown is mean + sd (n=3), mid-point OCR. Significance stars depict

reduction in OCR compared to DMSO control *p<0.05, **p<0.01, ***p<0.001.

FIGURE 9: Analysis of liver mitochondrial bioenergetics using the Seahorse XF24 analyser
following treatment of rats with GSK932121A in vivo (A) Representative OCR data for liver
mitochondria isolated from animals treated with GSK932121A (broken line) or vehicle control (solid

line). (B) Effect of GSK932121A treatment (open bars) on basal, state 3, state 40, state 3u respiration
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and on proton leak, compared with vehicle controls (solid bars). (C) Normalisation of OCR data to
basal respiration, demonstrating the lack of significant change in total ATP linked OCR (shaded box)
between mitochondria isolated from control (solid line) and treated (broken line) animals and the
reduction in maximal uncoupled respiration. Data shown is mean = sd (n=12 control, n=10
GSK932121A treated) of the mid-point OCR. Each biological replicate is the mean of 5 technical

replicate wells / XF24 plate ** p<0.01, *** p<0.001
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FIGURE 3
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FIGURE 6

Representative ex vivo treatment of 125 =
isolated control liver mitochondria
with GSK932121A

oo~ o 100uM

v

1.00 4 ¥y v ¥ 10uM

B 2% B

e .5% DMSO Control

Y% Calicum Retention Capacity

Optical Density (650nm)
(=]
o

0.50 4 25
0 100 200 300 400 -3 2 =1 0 1 2
71SK 932 “onee i
Tirne!(s) Logyg GSK932121A Concentration (M)

37



Toxicology Research Page 38 of 40

FIGURE 7

16 o 109
*%
084 —
. »E
£ i
2 =]
2 4 0
S5 N Nl e gL
v 8 U 0.6 4
e o = 2
5 = g'g
£ B *% =B
5 8 = A
2 g g
o 2 0 =
=) MO o4
- o - = .4 -
E2 55
-] -]
28 3 2
S OB
- a
M Vchicle Control 0.2
0.4 - - 50mgikg GSK932121A
02 T T T 1 0.0 T
0 S| 100 150 200 5
Omgkg SOmgkg
l'ime (s) )
GSK932121A Dose

38



Toxicology Research

Page 39 of 40

g E
o} =
o £
(-9
2 Z
M =
= £
z
¢ K
-
5
-4
O
(<]
> 3
s £
g 4
~ B
Q
<«
£
T
2
£ Wy
= K3
= <©
£ w,
3 @
&~ <
g &,
& ©,°
&
75
I5) o
r %,
" L] L] L] L] L}
o (o4
= = = o = o S
W) [} v [} Wy
o o — —
(urwyjowd) YDO
(urwyjowd) YO
<
(> o]
=)
@)
]
S5

39



FIGURE 9

g
e
o
(@]

2000

1500

1000

= Vehicle Control
== 50mgkg GSK932121A

Toxicology Research

by

600 = Vehicle Control
- = 50mgke GSK932121A
FCCP Antimycin A
Oligomycin FCCP Antimycin A
400 ADP Oligomycin
’,
Ay
< l l LR
g &
2 N
\
\}
200 + \
\
\
\
i\
)
T T T 1 0 T T T T T 1
i & = & 5 10 15 20 25 30 3
Time (mins) Time (mins)
skskook
2500 = ®% —
E  Vehicle Control
2000 3 50mgkg GSK932121A
= 1500 4
o)
=
&
~ 1000 o & 3k ok T
B 0
5 %k ok sk
500 o
L I | Ll W
Basal State 3 State 40 State 3u Proton Leak

40

Respiratory state

Page 40 of 40



