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ABSTRACT

Nutrient oxidation is normally coupled to ATP production via a proton cycle
across the mitochondrial inner membrane. Small molecule proton transporters
(protonophores) enable protons to enter the mitochondrial matrix independently of ATP
production and thereby ‘uncouple’ mitochondrial respiration. Mitochondrial
protonophore uncouplers improve the efficiency of electron transfer to reduce the
production of reactive oxygen species (ROS) and cause mitochondria to respire at a
maximal rate. Therefore, mitochondrial uncouplers are used as chemical tools to assess
mitochondrial function/dysfunction, and may have clinical applicability in disorders
involving mitochondria-derived ROS such as ischemia-reperfusion injury.

A handful of small molecule mitochondrial protonophore uncouplers are known,
but they have unwanted activity at other membranes. The primary objective of my thesis
project was to identify a mitochondrial uncoupler that lacks activity at the plasma
membrane. Herein | report the discovery and validation of BAM15, a novel
mitochondrial uncoupler that does not have protonophore activity at the plasma
membrane. Structure-activity relationship studies were performed to define the
mechanism by which BAM15 uncouples mitochondria. Finally, we demonstrate that
BAM15 treatment protects mice from renal ischemia-reperfusion injury. In sum, we
conclude that BAM15 is a novel mitochondrial uncoupler that enables a more accurate
analysis of cellular and mitochondrial bioenergetics and may have clinical applicability
for renal ischemia-reperfusion injury. This work provides a foundation for future
chemical engineering and medicinal chemistry to optimize BAM15 for advanced

experimental and therapeutic applications.
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CHAPTER 1: MITOCHONDRIAL BIOENERGETICS AND RENAL ISCHEMIA

REPERFUSION INJURY
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1.1 Mitochondrial bioenergetics
1.1.1 Electron carrier production by mitochondria

Mitochondria are organelles that convert nutrients to ATP through a series of
redox reactions, and consist of two compartments that are separated by inner and outer
membranes. The outer membrane is permeable to metabolites required for energy
production, and the inner membrane is used to maintain a pH and electrical gradient to be
used for ATP synthesis! (Figure 1). The primary pathway for energy production in
aerobic cells involves the oxidation of nutrients in mitochondria via the tricarboxylic acid
(TCA) cycle (Figure 2) to produce the electron carriers nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). Glucose is imported into
the cell by glucose transporters? and oxidized to pyruvate®, which is transported into the
mitochondria by the mitochondrial pyruvate carrier®. Pyruvate is then converted into
acetyl-CoA by a coordinated sequence of reactions catalyzed by pyruvate
dehydrogenase®, which produces CO, and NADH?®®, Citrate synthase then forms citrate
from acetyl-CoA and oxaloacetate at the expense of one ATP molecule’. Aconitase then
converts citrate to isocitrate (with aconitate as an intermediate)®, which is then
dehydrogenated by isocitrate dehydrogenase to produce a-ketoglutarate along with
NADH and CO2°. a-ketoglutarate is then converted to succinyl-CoA by a-ketoglutarate
dehydrogenase, which produces another NADH electron carrier and CO2%. Succinyl-
CoA synthetase then converts succinyl-CoA to succinate!!, which can feed electrons to
the succinate dehydrogenase/FAD* complex (complex 11)%, This process introduces
electrons to complex Il by oxidizing succinate to fumerate, which reduces FAD™ to

FADH,'*. Fumarate is then converted to malate by fumerase®®. Malate is dehydrogenated
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by malate dehydrogenase®® to produce another NADH molecule!” and oxaloacetate as a

final product to complete the TCA cycle?®.
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Intermembrane space

+ LA-} Cytochrome C

1 Inner Membrane

ADP
Succinate 0 K0

NADH
TCA

Cycle Matrix

Figure 1: The mitochondrial electron transport chain.

NADH and FADH: donate electrons to complexes | and I, respectively. Ubiquinone (Q)
is then reduced to ubiquinol by two electrons at either complex I or 1. These electrons
are then transferred to complex 11, which donates electrons to cytochrome C. The final
redox reaction occurs at complex IV where cytochrome C is oxidized and O is reduced
to H2O. In our assays, we monitor the depletion of Oz, which allows oxygen consumption
to be utilized as a measure of electron flow. Complexes I, I11, and IV pump protons from
the matrix space into the intermembrane space to create a pH and electrical gradient
known as proton motive force (PMF). Protons then reenter the matrix through ATP

synthase to generate ATP.
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Figure 2: The TCA Cycle

Pyruvate is converted into acetyl-CoA by pyruvate dehydrogenase, which produces CO>
and NADH?®. Citrate synthase forms citrate from Acetyl-CoA and oxaloacetate.
Aconitase converts citrate to isocitrate, which dehydrogenated by isocitrate
dehydrogenase to produce o-ketoglutarate with NADH and CO-°. a-ketoglutarate is
converted to succinyl-CoA by a-ketoglutarate dehydrogenase, which produces NADH
and COa». Succinyl-CoA synthetase converts succinyl-CoA to succinate, which is
oxidized by complex Il to fumerate to reduce FAD* to FADH,. Fumarate converted to
malate by fumerase. Malate is dehydrogenated by malate dehydrogenase to produce

NADH and oxaloacetate as a final product to complete the TCA cycle.
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1.1.2 Regulation of the mitochondrial proton gradient

The electron transport chain (ETC) consists of a series of protein complexes
which utilize electrons from NADH and FADH: generated in the TCA cycle to pump
protons from the mitochondrial matrix, across the inner mitochondrial membrane, and
into the intermembrane space!®. Electrons can be donated to the ETC by two routes:
NADH donates electrons to complex I (NADH:ubiquinone oxidoreductase, NADH
dehydrogenase)!®?° and oxidation of succinate by complex II/FAD" (succinate
dehydrogenase)'213, Complexes I and 11 utilize these electrons to reduce ubiquinone to
ubisemiquinone with one electron and then ubiquinol with two electrons?*?2, which
serves as an electron donor for complex 1112, Following complex 111 oxidation of
ubiquinol to ubiquinone, complex 111 then transfers electrons to Cytochrome C2, which
acts as an electron conduit to complex 1V, in which the electrons are transferred to Oz to
form water?*,

The first suggestion of how mitochondria can utilize nutrient oxidation to
generate ATP was in 1961 by Peter Mitchell. Mitchell proposed the Chemiosomaotic
Theory, which states that mitochondria create a pH and electrical gradient across the
mitochondrial inner membrane that is utilized by ATP synthase to generate ATP%. The
energy provided by electrons at complexes I, 111, and 1V allows them to pump protons
across the mitochondrial inner membrane, which results in a high concentration of
protons in the intermembrane space?®. This creates a pH (ApHm) and an electrical
mitochondrial membrane potential (A%¥m) known as the proton motive force (PMF),
which defines how much potential energy exists to “push” a proton back into the

mitochondrial matrix?8. Protons reenter the mitochondrial matrix through ATP synthase
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to generate ATP from ADP. Importantly, the primary limitation of electron flow is
PMF?’. As PMF increases, electron flow decreases due to the inability of the ETC
complexes to pump protons across a higher electrochemical gradient into the

intermembrane space?®.

1.1.3 ATP synthase

ATP synthase can be separated into two parts, coupling factor 1 (F1), which
contains the catalytic site for ATP synthesis, and coupling factor o (Fo)?°. The mechanical
part of ATP synthase centers on Subunit-C, which is an 8-subunit membrane protein ring
known as the c-ring that spans the mitochondrial inner membrane?®. Protons are shuttled
through the c-ring by protonation and deprotonation of the carboxylate portion of Glu59
in the c-ring. Resting above the c-ring is Subunit-A, which consists of two aqueous
channels that allow protons to the carboxylate group of Glu59, which allows for a
protonation and deprotonation reaction®°.

Inhibition of ATP synthase is commonly performed to study mitochondrial
metabolism. Oligomycin was recognized as an inhibitor of ATP synthase in 19582%31,
Oligomycin binds the F, subunit?®, and it was originally believed that oligomycin binding
induced a conformation change in F, that was transmitted to F1, which reversibly altered
the catalytic site of ATP synthesis by inhibiting substrate binding®2. X-ray
crystallography studies now demonstrate that oligomycin likely binds to Subunit-C
chains that are in contact with the Subunit-A proton channels, which blocks proton access
to Glu59 and thus ATP synthesis and hydrolysis with little change in Subunit-C

conformation?®. Direct inhibition of ion transport by oligomycin is further supported in its
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other target, Na*/K* ATPases, in which oligomycin blocks Na* binding without inducing

conformational changes®3.

1.1.4 Mitochondrial uncoupling and proton leak

Oxidative phosphorylation in cells is not completely efficient as some electron
transfer is not used for ATP synthesis3*. This was first documented by David Nicholls,
who observed that proton conductance relative to ATP production in mitochondria
increases nonlinearly at AWm above 200 mV. Thus, ATP production was not completely
coupled to electron flow and the chemiosmotic theory in its current form was not valid=,
This was initially thought to be due to a phenomena described as “proton slip”, in which
the electron transport chain complexes were not completely efficient and would accept an
electron but not translocate a proton at high PMF3¢-38, However, an alternative theory
suggested that protons could passively leak back into the mitochondrial matrix
independent of ATP synthase®**, and this theory, termed “proton leak”, was quickly
favored due to the irreproducibility of primary experiments supporting proton slip*?43,

Protons that reenter the matrix through ATP synthase are said to be “coupled” to
ATP production, while electron flow and proton translocation that occurs independent of
ATP synthase are described as “uncoupled” because the potential energy used to move
the proton into the matrix is not contributing to ATP production2%44, Proton leak
accounts for 20-30% of respiration in hepatocytes*?, approximately half of skeletal
muscle respiration and is estimated to account for 20-25% of the whole body basal
metabolic rate®**°.

Mitochondria have endogenous uncoupling mechanisms known as uncoupling

proteins (UCPs), which allow for the passive diffusion of protons into the matrix. UCPs
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contribute to proton leak by acting as dimerized proton channels in the mitochondrial
inner membrane*®. There are five known UCP proteins designated UCP1-5. The first
UCP to be discovered was UCP1, which is almost exclusively found in brown adipose
tissue where it makes up 8% of total mitochondrial protein®. UCP1’s primary function in
the production of heat by thermogenesis, as illustrated by the fact that UCP1 is activated
by the sympathetic nervous system*’ and mediates nonshivering thermogenesis and in
response to cold exposure in mice*®4® and penguins®. UCP2 and UCP3 were designated
as uncoupling proteins due to protein homology and close amino acid sequence identity.
UCP2 and UCP3 are 56-57% identical to UCP1°°2, UCP2% and UCP4>** have also
been shown to be upregulated in response to cold exposure.

Fatty acids (FAs) are required for UCP1 activation®°, and the mechanism by
which FAs activate UCP1 has been debated since its discovery. FAs were first thought to
activate UCP1 through allosteric modulation, which would increase proton channel
conductance. A second theory suggests that FAs act as proton donors and acceptors
within the channel with or without the aid of aspartate and glutamate residues®®. A third
and most recent theory involves UCP1 not directly transporting protons at all, but
transporting protonophoric FAs®. At the outer surface anionic fatty acids are protonated
and the neutral molecules are flipped inside. The net result is proton flux into the
mitochondrial matrix independent of ATP synthesis® %4, This may occur via “flip-flop”
mechanism by which protonated FAs translocate their protonated head group back and
forth from the inner membrane space into the matrix within the UCP1 dimer®3. Further
studies have suggested that UCP1 transports membrane-impermeable anionic FAs out of

the mitochondrial matrix where they can protonate and diffuse back across the
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mitochondrial inner membrane®®. UCP2% and UCP3%-%° also transport FAs, and UCP2
demonstrates FA-mediated proton conductance in a manner thought to be analogous to
UCP1%. In sum, it is suggested that the function of UCPs is to act as a catalyst to
decrease the potential energy required for either FA translocation or ‘flip-flopping’ across
or in the mitochondrial inner membrane®®.

Another method of proton leak is the adenine nucleotide translocase (ANT), a
protein that resembles a pore that, when open, allows for the passive diffusion of protons,
other ions, and larger macromolecules into the mitochondrial matrix®*. It is estimated that
two thirds of basal proton conductance in mitochondria is dependent on ANT, and this
conductance is independent of ATP/ADP or fatty acid exchange®. Although ANT can
increase basal proton conductance of mitochondria independent of FAs®**, ANT-mediated
respiration can be activated by FAs such as palmitate’®, which can complicate the studies
of UCP-mediated proton conductance in isolated mitochondria™.

Outside of these proteins, proton leak can also be induced pharmacologically by
small molecule mitochondrial uncouplers. Uncouplers act as protonophores which allow
for a reduction in PMF and increased energy expenditure in a dose dependent manner.
They are commonly used to better understand the role of PMF and to identify defects in

mitochondrial respiration?®.

1.1.5 Methods of assessing mitochondrial respiratory dysfunction in whole cells
Mitochondrial function in whole cells is determined by measuring mitochondrial

respiration and cellular glycolysis simultaneously. Electrons are added to molecular

oxygen at complex 1V, which allows the Oz consumption rate (OCR) to be a measure of

electron flow’2. The caveat to this approach is that is not clear as to how these electrons
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are contributing to ATP synthesis or if the basal level of electron flow represents the
maximal rate?®. These questions can be answered by manipulating mitochondria in whole
cells to obtain various attributes of mitochondrial bioenergetics that allow for the
assessment of mitochondrial function within the context of the cellular environment.
There are several important readouts of mitochondrial function that are used to determine
mitochondrial health such as basal respiration, ATP-linked respiration, maximal
respiration, reserve capacity’®, proton leak, coupling efficiency (CE), and respiratory
control ratio (RCR). These can be determined by a mitochondrial ‘stress test” in whole
cells, which involves measuring OCR following the sequential addition of oligomycin
and a small molecule uncoupler. Following respiratory measurements in whole cells, the
electron transport chain inhibitors rotenone and antimycin A2 are added to deplete
mitochondrial respiration. Non-mitochondrial respiration is subtracted from all
respiratory measurements (Figure 3).

Basal respiration, commonly known as State 3 respiration, is not an accurate
indication of mitochondrial function because it does not take into account how protons
are being utilized. Once protons are pumped out of the matrix they can reenter via ATP
synthase or uncoupled respiration to complete the circuit, the latter of the two referred to
as proton leak. Because of this, the relative fluxes of protons through ATP synthase and
uncoupled routes can be determined by inhibiting ATP synthase with oligomycin, which
removes ATP-dependent respiration and induces a respiration state known as State 4o.
The mitochondrial respiration that still occurs is due to endogenous uncoupling, and is

not being used for the generation of ATP.
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These two respiration rates can be used to calculate Coupling Efficiency (CE)
which is the ratio of ATP-linked respiration to basal respiration. This value ranges
between 0-1 with 1 being 100% of electron flow being utilized for ATP production. This
allows for determination of how efficient mitochondria are at synthesizing ATP without
the confounding variables that can affect the basal respiration rate. Following the addition
of oligomycin, a mitochondrial uncoupler is added, which decreases PMF and induces the
maximal rate of mitochondrial respiration, known as State 3y. This can be determined in
the absence of ATP synthase activity because nearly all respiration will be uncoupled.
The maximal respiration rate alone is not informative and is affected by many of the
confounding variables that affect the basal respiration rate, so this value is analyzed
relative to the State 3 and State 4, respiration rate. The difference between State 3 and
State 3y respiration is known as ‘reserve capacity’ which is the measure of mitochondria
to respond to increased ATP demand or metabolic stress” "4, Reserve capacity is depleted
during oxidative stress’®, and loss of reserve capacity also leads to decreased ability of a
cell to respond to cytotoxic insults’®. The respiratory control ratio (RCR), is the ratio
between State 3./State4,. The respiratory control ratio is a very valuable tool, because it
takes into account changes in uncoupling and the maximal respiration rate. In short, if
mitochondria are dysfunctional from a respiration standpoint RCR will decrease?®.

When measuring mitochondrial function in whole cells, glycolytic metabolism is
often monitored simultaneously by measuring the rate of extracellular acidification
(ECAR). The rate of pH change in the extracellular environment is dependent upon
proton and CO; efflux from the cell and the buffer capacity of the medium. CO> can be

produced by the TCA cycle and to a lesser extent (10% of oxidized glucose) the pentose
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phosphate pathway’”"8. CO2 can influence extracellular pH because it is a weak acid that
can react with carbonate to form bicarbonate and H*. For this reason, assays that measure
ECAR as a measure of glycolytic flux are performed in the absence of bicarbonate’.
Since COz has low solubility in water (30uM/torr), it is forced into the atmosphere in the
absence of buffering and does not have a significant effect on ECAR".

While almost all metabolic pathways produce protons, including glucose used for
respiration, glutamine-dependent respiration, pyruvate-dependent respiration, and fatty
acid oxidation, glycolysis produces one proton per molecule of ATP. In comparison,
pyruvate dependent respiration produces 0.13 H* per ATP, glutamine respiration
produces 0.11 H* per ATP, fatty acid oxidation/respiration produces 0.13 H* per ATP,
and glucose-dependent respiration produces 0.17 H™ per ATP. These non-glycolytic
pathways can be largely taken into consideration by monitoring mitochondrial OCR and
ECAR simultaneously. If ECAR increases relative to OCR, it is likely that the cell is
more glycolytic. While a high rate of ECAR does not necessarily indicate that the cell is
glycolytic due to the ability of aerobic respiration to generate protons, it is an imperfect
yet comparable method to measure glycolysis as it generates similar values compared to

radioactive tracers’®%0,
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Figure 3: Mitochondrial bioenergetics analysis in whole cells.

Cells begin in State 3 (basal) respiration and are sequentially treated with the ATP
synthase inhibitor oligomycin, a mitochondrial uncoupler, and the Complex | and 111
inhibitors Rotenone and Antimycin A. Coupling efficiency (CE) = ATP-linked/State 3.

Respiratory control ratio (RCR) = State 3,/State 4.
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1.2 Reactive oxygen species
1.2.1 Overview of reactive oxygen species

As PMF increases, electron flow through the ETC decreases. When PMF
increases electrons begin to become exposed to the outside environment, and can be
transferred to O> to form superoxide (O2"). Because of this, PMF must stay within a range
that is high enough to allow for sufficient ATP production but low enough to allow for
optimal electron flow8!#2,

O production can occur via complexes I, 11, and 1118384, Complexes 1858 and
118489 produce O, to the matrix side of the mitochondria, while complex 111 can produce
02 to both the matrix® and intermembrane space®>°!. O, can be reduced to H,02 by
superoxide dismutase and spontaneous disproportionation®. O, can also oxidize iron-
sulfur groups in proteins such as aconitase and fumerase®* - to form an unstable
intermediate which releases Fe(l1). Fe(ll) can then react with H2O> to form “OH, one of
the most powerful oxidants in nature®”. To guard against excessive H20> production,
H.0- can be detoxified by catalase®®, glutathione peroxidase®, or thioredoxin'® to form
water.

Once formed, free radicals can oxidize proteins and lipids. The reaction of free
radicals with proteins can form carbonyls and other amino acid modifications such as
methionine sulfoxide, valine hydroxides, 2-oxohistadine, protein peroxides,
hydroxylation of tyrosine, and conversion of tryptophan to formylkynurenine'®. Metal-
catalyzed oxidation of proteins is one of the most common protein oxidation methods and

occurs when H20- reacts with metal ion groups within proteins, such as the heme in
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NADH oxidase, to form a hydroxyl radical which can then oxidize amino acids near the
catalytic site'®>1%, Protein oxidation is involved in numerous diseases!®1% including
ischemia-reperfusion injury!®”1% in which heme-containing proteins involved in the
TCA cycle and electron flow such as aconitase and succinate dehydrogenase can be
oxidized and inhibited!%2, This can not only decrease ATP production but can cause an
accumulation of metabolic intermediates which can increase ROS production, thus
initiating a self-amplifying cascade!®.

Free radical-mediated lipid peroxidation occurs via an autoxidation reaction that
is predominantly initiated by "OH, and to a lesser extent by O via the reduction of metal
ions. This forms a lipid radical that can undergo a variety of propagation reactions to
form multiple lipid peroxyl radicals!®. The nature of these propagation reactions allow
for one free radical to induce the formation of many lipid peroxides!'*'2 prior to
detoxification. Furthermore, chain propagation by peroxidized lipids occurs independent
of the chain-initiating radical*?. Lipid peroxidation can disturb the integrity of lipid
bilayers and have a myriad of negative biological consequences!'? including apoptosist-
115.

To protect from the consequences of high PMF, UCPs 1-3 are activated by Oz
116,117 and ANT can be activated by peroxidized phospholipids'®. When ROS are
produced UCPs are activated, PMF is lowered, and ROS production is decreased*!®,
Upregulation of UCP12°, UCp211612L122 'yCcp3123-125 and UCP4%** decreases ROS
production. Furthermore, mice lacking UCP12® or UCP2'2" demonstrate increased

oxidative stress, and knocking down UCP5 increases ROS production!?. Thus,
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mitochondrial uncoupling can lower PMF and reduce the formation and consequences of
02

Identification of the sites of O>™ production and the effects of PMF are largely
performed in isolated mitochondria, submitochondrial particles, and isolated ETC
complexes. These are used in combination with small molecule inhibitors of specific sites
of each ETC complex that allow for a determination of site-specific Oz production.

Production of O in isolated mitochondria is difficult to measure because Oz has
a very short half-life and cannot pass through the mitochondrial inner membrane. For this
reason, cardiac mitochondria are often used because they contain superoxide disumutase
but not catalase, which allows the measurement of H2O> as a measure of Oz formation in
solution®89, Submitochondrial particles and isolated ETC complexes coupled with

MCLA-O," adduct®12?° to directly measure O™ are also used.

1.2.2 Mitochondrial Oz production from complex I

The formation of O2™ by complex I is thermodynamically favorable and is
primarily determined by the concentration of O,**° and the proportion of electron carriers
that are reactive with Oz to form O, 8. Reduction of O, occurs by an outer-sphere
mechanism, which requires Oz and an electron to be in close proximity. To prevent this,
electrons are shielded in the ETC from O,. However, there are pockets within O-
producing proteins that are accessible by Oz and allow the reaction to occur!3!. Thus, the
reactivity of an electron is determined if electrons are freely available to react with O,
which occurs if electrons are bound at the periphery of electron-carrying proteins that are
not protected®>3!, Thus, O, formation increases when the time electrons are exposed to

O- increases. This can occur when either transfer is increased or electron release from
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unprotected regions of the ETC proteins is decreased. When PMF increases, electron
flow decreases and occupancy time for electrons in peripheral parts of ETC proteins
increases. This increases the probability that an electron will react with O, thus
increasing Oz production8297,

Complex | pumps two protons per electron across the mitochondrial inner
membrane®*?, which results in complex I accounting for up to 40% of ETC proton
translocation®®. The crystal structure of complex | was elucidated in early 2013'**, and
is one of the largest known membrane proteins consisting of 14 core subunits used for
translocating protons and 31 peripheral subunits that protect and stabilize the hydrophilic
core®®® for a total of 45 different subunits**®. The entire complex yields a molecular
weight of 980 kDa'*". The electron carriers in complex I are a flavin, six iron-sulfur
centers, and an unknown number of semiquinones. The peripheral arm of complex I,
known as the NADH dehydrogenase fragment, contains a flavin mononucleotide (FMN)
which oxidizes NADH and accepts two electrons. These electrons are transferred
individually along a 95A chain of seven Fe-S clusters?® to the quinone binding site (Q
site) and eventually to ubiquinone to form ubiquinol (Figure 4 A). The Q site is
connected to the membrane-spanning portion of the protein responsible for proton
translocation, which consists of four antiporter-like proton channels. The structure of
complex I suggests that proton translocation from electron transfer occurs via long-range
conformational changes®®*.

Deducing the ability of complex I to produce O, involves pharmacological
inhibition of complex I-mediated electron transfer. Potent complex I inhibitors have

structural similarity to ubiquinone such that they have a similar cyclic head group to
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ubiquinone coupled to a hydrophobic tail**. The most common complex I inhibitor,
Rotenone, is an isoflavonoid extracted from Leguminosae plants!®® that binds near but not
directly to!3 the ubiquinone binding site of complex I to prevent electron transfer!4°
(Figure 4 A). Thus, in the presence of Rotenone electron transfer to ubiquinone is
blocked but the Fe-S centers and the FML group on complex | can be fully reduced#
and are more likely to donate electrons to O>. Rotenone treatment in isolated
mitochondrial*?, submitochondrial particles®®43, and purified complex 1*** utilizing
complex I substrates produce higher levels of ROS.

In physiological conditions, complex I-mediated Oz generation that is enhanced
in the presence or Rotenone is determined by the NADH/NAD? ratio. If electron flow is
inhibited, NADH concentrations increase, which increases the proportion of reduced
complex I FMN groups and the formation of O, (Figure 4 A-B) 8-#2, Under these
conditions the addition of Rotenone increases O>™ production further due to electrons
being unable to release from the FMN group. Thus, inhibition of electron flow
downstream of the Q site (such as complex 111)° or increased PMF will cause Oz
formation from complex 182130146 1mportantly, decreasing PMF can normalize the
NADH/NAD+ ratio, which decreases Oz production®*’,

Mitochondrial complex I is reversible'*® and can also form O, by reverse
electron transfer (RET) as PMF increases®! (Figure 4 C). Succinate can be used to study
RET because it can rapidly feed electrons to the ubiquinone pool after being oxidized by
succinate dehydrogenase/complex 1184, Unlike Oz produced during forward electron
transfer, O." formation utilizing succinate oxidation is greatly inhibited by Rotenone,

which suggests that succinate oxidation contributes to O," formation by RET to complex
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8485142149 Similar to forward electron transfer, the formation of O2” by RET to complex
| can also be ameliorated by mitochondrial uncoupling®#®, as lowering A%m can increase
ubiquinol oxidation and thus decrease reverse electron supply to complex 1¥#7. Thus,
decreasing PMF by mitochondrial uncoupling can decrease ROS production in the
forward direction by reducing electron occupancy time in peripheral parts of the protein

complex and by oxidizing ubiquinol to reduce RET.
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Figure 4: Complex | can generate Oz in the forward and reverse direction into the
mitochondrial matrix.
A: O2 can be generated from the FMN group in the forward direction at the FMN site.
Rotenone inhibits the Q binding site. B: ROS production is increases as NADH
concentrations increase. C: O2™ production from RET increases as the concentration of
ubiquinol (QH.) increases. This can be caused by hyperpolarization of the mitochondrial

inner membrane. Red arrows indicate electron flow.
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1.2.3 Mitochondrial Oz production by complex 11

Complex II consists of four subunits that oxidize succinate to fumerate in the
mitochondrial matrix and reduce ubiquinone (Figure 5 A). Subunit A contains an FMN
group and bound FAD". Subunit B contains a chain of Fe-S clusters, and Subunits C and
D are cytochrome b-containing hydrophobic subunits®*. Following succinate oxidation,
the electrons from this reaction are placed on the FMN group that contains covalently
bound FAD* at site 112 and shuttled through the various redox Fe-S clusters until they
are used to reduce ubiquinone to ubiquinol at site llg in the mitochondrial inner
membrane®*1%°_ Electrons do not need to pass through the hemes in Subunits C and D
because the proximity between the Fe-S centers and ubiquinone at site llg allows for
electron tunneling®152,

Site Il was recently discovered to generate Oz both the forward direction in
which electrons are supplied by succinate to FAD* and RET from the ubiquinol pool
(Figure 5 B). This is evidenced by the fact that mitochondria respiring on succinate can
generate O2” when complexes | and 11 are inhibited. The addition of atpenin, which
inhibits site Il (Figure 5 A), reduces Oz formation under these conditions. This is also
true if the ubiquinone/ubiquinol pool is fully reduced by the addition of glycerol-3-
phosphate (G3P), which is oxidized by G3P dehydrogenase and reduces the
ubiquinone/ubiquinol pool. If G3P is added as a substrate when complexes | and 111 are
inhibited the only electron source is from the ubiquinol pool generated by G3P, and any

O production that occurs must be via RET to complex 1184,
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The physiological significance of O2™ production from complex Il is not clear, but
it is likely that it is highly influenced by PMF due to the effects of RET. However,
because complex Il generates the most O,” when succinate concentrations are low, it is
hypothesized that complex Il may be a source of O2™ during ischemia. In this scenario
electron transfer occurs at low rates and the ubiquinone pool demonstrates reduced

oxidation®,.



38

A
f Complex Il QH,
o™ Q
Fe-S \
Succinate —-_..\\ . I, Atpenin
Fumarated—/ l - J/
0, Oy
B
O, by RET increases as AW, increases
+ + + + + + + +

( Complex Il N _— Q H 5
Il & \-’ a

Succinale-—-\\
Fumarate €—

0, 02-

Figure 5: Complex Il can generate Oz into the matrix in the forward and reverse
direction.

A: Complex Il generates ROS at the flavin site of Complex Il (1If). B: Complex 11
generates O in the reverse direction as ubiquinol concentrations increase relative to
ubiquinone. Atpenin inhibits site Ilg. B: Increased ubiquinol concentrations can be caused

by mitochondrial hyperpolarization. Red arrows indicate electron flow.
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1.2.4 Mitochondrial O, formation by complex 111

The generation of Oz by complex 11 is dependent on the delivery of electrons,
which occurs by a ubiquinol/ubiquinone cycling mechanism?*+%2 (Figure 6 A). Ubiquinol
releases one electron to the ubiquinone oxidation site (Qo) which lies in the
intermembrane space®3. This forms ubisemiquinone and allows for electrons to travel to
the Fe-S center to cytochrome c, and eventually complex 1V, where two electrons reduce
02 to form H20. Ubisemiquinone then translocates to'** and donates its second electron
to site b (cytochrome b566, low potential heme) in the matrix. The electron then travels
to site by (cytochrome b562, high potential heme)™®31 in the mitochondrial inner
membrane, to the second ubiquinone reduction site (Qi) in the matrix*>3. When an
electron is in Q; it can re-reduce ubiquinone one electron at a time, first generating
semiquinone and then ubiquinol, thus completing a cycle>>1%,
ROS production by complex 11 is primarily investigated utilizing the complex 111
inhibitor Antimycin A7 Antimycin A was first isolated as a fungicide!®®, and inhibits
Qi*%° without inhibiting other hemes®’. The general chemical structure is an acyl-and
alkylsubstituted dilactone ring linked to 3-formamidosalicylic acid via an amide bond,
however Antimycin A is a mixture of four different compounds: Antimycin A1, Az, As,
and As. Antimycin A is purchased as a mixture of these four compounds, thus the name
‘Antimycin A’ does not indicate a specific molecule®.

Antimycin A can increase O2™ production by binding to the Q; site, which blocks
electron release from the b hemes. This decreases ubiquinol oxidation®*, which can cause
ROS production from complexes | and Il by RET. However, complex 11 can also

generate O via the ubiquinone/ubiquinol pool, and the redox state of the
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ubiquinone/ubiquinol pool plays a major role in complex I11-mediated O
production#3162 at the Qo site'®31%4, O, production at the Qo site is evidenced by the fact
that Antimycin A increases O2" production on mitochondria respiring on pyruvate/malate
or succinate. However, Antimycin A-mediated ROS production is blocked by inhibition
of Qo with myxothiazole and stigmatellinl45153156.165-167 ‘Complex 111 can also generate
Oy at the Q; site®®,

In addition to a classical forward mechanism, the bulk of complex I11-mediated
O production is likely to occur by a mechanism in which semiubiquinone acts as
catalyst to shuttle electrons from Q,'%® heme by to 0,*%%1% (Figure 6 A). When
ubiquinone and ubiquinol are titrated, O>" production increases in isolated mitochondria
and purified complex Il as the relative amount of ubiquinone compared to ubiquinol
increases'®®. However, complex I1I-mediated O, production increases with increasing
PMF as long as the ubiquinone/ubiquinol pool is partially oxidized (containing
approximately 25% ubiquinone and 75% ubiquinol) (Figure 6 B). It is hypothesized that
this allows organs such as the lung, brain and heart, where the ubiquinone/ubiquinol pool
is normally oxidized, to increase Oz production upon small decreases in oxygen that

decrease ubiquinol oxidation®®, The dependence of Oz production on the oxidation state
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of the ubiquinone/ubiquinol pool is significant, because unlike complex | in which
increases in [O2] can increase Oz production, the rate-limiting step in O2™ production in
complex 11 is the oxidation state of the ubiquinone/ubiquinol pool. This is further
evidenced by the fact that large increases in O2 concentrations only lead to modest
increases in O, production from complex 1111°6,

Similar to complexes | and Il, PMF has been demonstrated to have direct impact
on O2" production from complex Il via mechanisms in addition to the redox state of the
ubiquinone/ubiquinol pool. O2" production from isolated complex 1l has been shown to
increase as AW increases!®. As PMF increases, electron flow from heme by to heme by
decreases, which promotes a reduced state of heme b and increases O, production®316°,
Reduction of PMF under these conditions would increase electron flow to site by while
simultaneously decreasing ubiquinol concentrations, which would decrease O
production.

In sum, Oz can be generated from complexes I, 11, and I1l. Increases in PMF can
increase O, production from all of these complexes by increasing the availability of
electrons to react with O, increasing RET to complexes I and 1l by reduction of the
ubiquinone/ubiquinol pool, and increasing Oz production from site b.. From a
therapeutic standpoint, pathological conditions in which PMF is too high, such as
ischemia-reperfusion injury may benefit from therapies that decrease PMF by reducing

O production.
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Figure 6: Complex 111 generates Oz into the mitochondrial matrix and

intermembrane space.
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A: Ubiquinol (QHy>) is oxidized to semiubiquinone (QH) at site Q.. Semiubiquinone then
travels to site bL and donates another electron. Electrons from Qo can travel to the Fe-S
center to cytochrome C, while electrons at site b are then to sites by and Qi, where
electrons are added individually to Q to form QH and then QH>. O™ can be produced in
the matrix from site Qj and in the intermembrane space at sites b and Q.. O2 from sites
bL and Qo requires QH as a mediator of electron transfer. Antimycin A inhibits site Q; and
stigmatellin inhibits site Q.. B: PMF increases QH2 concentrations which can increase

ROS production from sites b and Qo. Red arrows indicate electron flow.
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1.3 Renal Ischemia-reperfusion injury
1.3.1 Overview of renal Ischemia-reperfusion injury

Renal IRI is a serious clinical problem associated with increased morbidity and
mortality compared to patients that do not experience renal IRI*", and is characterized by
potentially reversible kidney failure in time duration of a few hours or days. Renal IRI
can occur due a decrease in blood pressure, renal artery thrombosis, embolism, or
atherosclerosist’* 173, It is the primary cause of renal failure in surgeries that require
clamping of the renal arteries such as in kidney transplants and cardiac surgery®’#17¢.

Approximately 5.7% of all patients admitted to the intensive care unit!>!’" and
31% of patients undergoing cardiac surgery’” will suffer from renal IRI and although
only 1-2% will develop full renal failure , the mortality rate is greater than 50%. Patients
that experience renal IRI have a post-operative mortality of 63.7% compared to 4.3% of
patients without renal IRI, however when other factors involved with increased risk of
mortality from cardiac surgery are taken into account it is estimated that approximately
8% of these patients will have postoperative complications directly due to renal IRI,
which can include death'””.

Renal IR causes kidney damage by inducing apoptosis and acute tubular necrosis
(ATN). ATN is much more prominent than apoptosis in the post-ischemic kidney due to
the ATP requirements of the apoptotic machinery'’®. Apoptosis is a mitochondria-
dependent signaling pathway which activates a process known as phagocytic
clearance!’®18, After the cell is broken down by caspases®! a signal is released to

neighboring immune cells*®? which promotes the phagocytic clearance of the apoptotic
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cell within four hours by macrophages!®218, This process also promotes the proliferation
of fibroblasts, epithelial cells, and proximal tubule cells for kidney repair®*-18°,

After epithelial proliferation is initiated epithelial precursor cells form in the
ischemic area. These cells are flattened and can be seen as a poorly differentiated brush
border®., If the cells recover from the ischemic event these events will resolve and renal
function will be normalized!®’. Importantly, unlike necrosis, this process suppresses
inflammation in surrounding tissues88 and while it initiates a localized immune
response does not cause the long-term surge of immune cells that are associated with
ATN178’189.

During the ischemic period, the majority of detrimental effects occur due to ATP
depletion in the renal medulla. The renal medulla is highly prone to damage from
ischemia because the oxygen concentration is relatively low (5-20 mmHg)'*®°. The ATP
depletion that occurs due to ischemia causes ionic disregulation due to the inability to
maintain transmembrane pumps®®-1% global dephosphorylation!®*, and protein
aggregation®®® which leads to cellular necrosis!®. Ischemia in this area also leads to
tubular obstruction and backleak which reduces the glomerular filtration rate (GFR) and
causes acute renal failure®1%,

One of the major contributors to the pathogenesis of renal IRI is insufficient
reperfusion, which can extend the ischemic period and cause necrosis in cells that are
unable to regenerate sufficient amounts of ATP%, Similar to ischemia, the most affected
part of the kidney by insufficient reperfusion is the renal medulla. Not only does this area
have a high oxygen demand of the tubule segments utilized for glomerular filtration, but

there are small blood vessels that are prone to occlusion due to their high density!%9-2%
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and unique anatomy that renders each nephron dependent on blood from other
nephrons?°22%3, This allows for drastic reduction in nutrient and oxygen delivery and
damage particularly in parts of the proximal tubule that cannot convert to glycolytic
metabolism to make ATP?92204 Thus, the balance between oxygen delivery and demand
is highly influenced by medullary blood flow?%,

Decreased ATP concentration causes an influx of calcium and activation of
phospholipase A2, degradation of arachidonic acid, and the formation of inflammatory
mediators such as leukotrienes and prostaglandins. This results in chemotaxis of
leukocytes into the ischemic area!®1%2 which has been shown to contribute to the
pathogenesis of renal IR12°12%_ The inflammatory response damages vasculature, which
can extend the ischemic period even if the kidney is technically perfused. Because of this,
oxygen delivery can be impaired to the medulla despite restoration of blood flow
following reperfusion, which can cause further injury?°2%’_Increased leukocyte-
endothelial adhesive interactions, activation of coagulation pathways, and endothelial
swelling can all increase ischemia?®’. Activation and injury of endothelial cells leads to
the upregulation of adhesion molecules and endothelial swelling. This combination leads
to increased permeability of the endothelial cell barrier, which increases the interaction
between leukocytes and platelets. The combination of leukocyte occlusion of small blood
vessels and endothelial swelling obstructs blood flow to the medulla after reperfusion and
extends the ischemic period'87-207:208,

Dendritic cells, macrophages, and neutrophils are the most common leukocytes'®
and are thought to be involved in renal IRI%%19120° The presence of neutrophils and

macrophages (innate immune system) following reperfusion indicate pathogenesis*-2%,
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Neutrophil and macrophage infiltration peaks at 24-48 hours following reperfusion and
maintains elevated concentrations for approximately six days?'°. Dendritic cells and
macrophages both recruit neutrophil infiltration, which leads to increased tissue
damage?°.

Neutrophils are considered the most important immune cell with regards to
inflammatory pathogenesis, and are the predominant cells in the first 6 to 24 hours in
acute inflammation®®t. Coagulation of neutrophils compromises the vasculature and
contributes to tissue injury?'!. Neutrophils attach to the endothelium and accumulate in
the kidney in renal IR121%?12 in the capillary network of the medulla as early as 30
minutes after reperfusion. Neutrophils produce proteases, myeloperoxidase, ROS, and
cytokines, which increases the activation of apoptotic pathways?'?, decreases the integrity
of endothelial cells, and aggravates kidney injury?'°. Although some interventions have
been shown to be protective without having any effect on neutrophil invasion%6214-216 jt
is clear that they play a central role in the pathogenesis of renal IRI. Activation of
neutrophils can exacerbate the pathological effects of renal IR1?Y” and inhibition of
neutrophils with antibodies?!8, pharmacological interventions that decrease neutrophils?®,
blockade of neutrophil adhesion to the endothelium, and inhibition of the complement
system all decrease renal damage caused by |R]?10218.220-223

Macrophages and dendritic cells are also highly involved in the early immune
response from renal IRI, and depletion of macrophages®?42% or dendritic cells*® has
shown protective effects. Dendritic cells and macrophages reside in the interstitial
extracellular compartment and interact with signaling molecules that are shuttled from

the lumen of the tubule into the surrounding vasculature!®®??’, Following activation by
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proinflammatory cytokines'*® dendritic cells and macrophages can potentiate the effects
of IRI by recruiting neutrophils'®®. Macrophages can also release matrix

metalloproteases??®, which exacerbates tissue injury by degrading matrix proteins'®,

1.3.2 Readouts of renal health

Renal function is typically measured using plasma creatinine concentrations, and
IS a prognostic indicator of mortality, length of stay, and cost of care in admitted hospital
patients. Normal serum creatinine concentrations are normally less than 1.5 mg/dL?2%2%,
and even modest increases in serum creatinine above 0.5 mg/dL upon hospital admission
is associated with a 6.5-fold increase in risk of death?®!. Creatinine concentrations are
also a prognostic indicator of kidney failure and mortality following cardiac
Surgery174'232'233.
Despite clinical utility, creatinine concentrations are not an absolute measure of
renal function because plasma creatinine concentrations reflect a composite of creatinine
production, GFR, and the volume of distribution of creatinine itself. All of these can be
drastically altered in renal IRI. Creatinine is excreted by glomerular filtration and tubular
secretion, and as GFR decreases during renal IRI and lowers creatinine excretion to such
an extent that creatinine clearance can overestimate GFR by 50-100%. Edema can also
increase the volume of distribution of creatinine and dilute plasma creatinine
concentrations®+2*°, During renal IRI, the rates of creatinine generation rarely equal the
rate of excretion, so plasma creatinine levels can change independent of GFR. The
opposite can also be problematic, as GFR can quickly fall without causing significant
changes in plasma creatinine because the change in flux between creatinine creation and

filtration is small®*. In summary, a variety of markers must be used to determine if renal
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function has been disrupted or restored in addition to plasma creatinine to accurately
determine the effects of a medical intervention on renal IRI.

ATN can be specifically identified by increased proliferation of proximal tubule
and epithelial cells'®185 brush border loss'®®, vacuolization, and flattening and dilation
of proximal tubules®” with casts. When ATN occurs the distal tubules are occluded by
casts which causes a condition known as cast nephropathy?®. Casts are predominantly
made up Tamm-Horsefall protein (THP), a protein that is synthesized and present in the
thick ascending limb of kidney tubules'® 27240 and is the most abundant protein in
urine?*t242. THP is normally secreted as a monomer into the urine, but can also become a
gel-like polymer material®*24, THP also acts as a ligand that binds neutrophils and
potentially stabilizes their recruitment to increase the occlusion of tubules?**2%, Thus,

cast appearance demonstrates tubular damage by apoptosis or necrosis?%,

1.3.3 Current treatments for renal IRI

There are no current effective pharmacological agents to treat renal IRI. Thus, the
only treatment options available are dialysis and kidney transplantation'’?, and the risks
associated with renal IRI have barely changed in the last 65 years*’?2%, Treatment for
renal IRI is limited due to medical interventions that do not take into account the etiology
of the disease and are used indiscriminately based on empirical evidence®®. However, a
recent therapeutic target of renal IRI has been ROS detoxification. ROS can upregulate
chemokine expression and activate immune cells. This causes upregulation of adhesion
molecules?’. When leukocytes are exposed to cytokines in the infarcted tissue they can
become sequestered?®® and enhance ROS production. This causes a positive feedback

loop that increases ROS, inflammation, and vascular health?®*.
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Xanthine oxidase (XO) was long considered a primary producer of reactive
oxygen species in ischemic conditions?*34°, Type D XO normally uses NAD* as an
electron acceptor to oxidize xanthine, but during hypoxic conditions type D XO is
converted to type-O XO%°, which uses oxygen as an electron acceptor instead of NAD*
and generates O,'8". This theory was further supported by the protective effects of the
XO inhibitor allopurinol in hepatic?®-%2 and cardiac?*2°* ischemia-reperfusion.

XO also appears to play an important role in chronic heart failure, in which XO
expression is increased by over two-fold?>®. Allopurinol administration has been shown to
be beneficial to human patients?®*2>” and dogs®®® with chronic heart failure. However,
acute and chronic allopurinol treatments have different effects. Both dosing regimens
increase cardiac output, but only chronic allopurinol treatment has beneficial effects on
left ventricular and diastolic pressure. Only acute allopurinol treatment lowers cardiac
ROS as measured by electron spin resonance spectroscopy, but both treatments have no
effect on lipid peroxidation. The differential effects of chronic versus acute treatment on
ROS and cardiac function suggest that allopurinol may have alternative mechanisms that
can contribute to improved cardiac function independent of cellular redox status?®.

Furthermore, allopurinol treatment in these experiments was performed 8-18
weeks after ischemia, which suggests that allopurinol has effects independent of ROS-
induced apoptosis and oxidative damage?®. Because of these effects, the beneficial
effects of allopurinol are now being attributed to its ability to lower plasma uric acid®!, a
recognized prognostic indicator of mortality in heart failure, via xanthine oxidase

inhibition®. Allopurinol also is only protective against IRI if concentrations are used that
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are far above the concentrations required to inhibit XO, which suggests that allopurinol
may have protective effects independent of XO?%2, In sum, XO is likely not the primary
source of ROS from renal IRI.

Renal function is closely tied to oxidative phosphorylation. The kidney is less
than 1% of total body weight yet consumes 10% of the whole body oxygen supply due to
the high ATP demands of renal ion transport!8/:2%, Because of this, oxidant damage to
mitochondria following reperfusion can lead to insufficient ATP generation to meet the
ATP demands of rescuing the cell201:263,

One of the most efficacious therapies for renal IRI in animal models is ischemic
preconditioning. During IRl ROS production can increase by over six-fold?64-2%¢, Because
of this, ischemic preconditioning dramatically increases mitochondrial superoxide
dismutase (MnSOD), which can detoxify ROS during IRI?°. In support of the central
role of ROS in preconditioning, administration of mitochondrial antioxidants during
preconditioning ablates the benefits observed from preconditioning?’®27*, and treatment
with low doses of H20; in perfused hearts?”® or Oz from xanthine and XO treatment in
cardiomyocytes?’® increase expression of MnSOD and protects against IRI2”. This
suggests that the central node of ischemic preconditioning is an upregulation of
antioxidant defenses that can last as long as 12 weeks?®,

In an attempt to recapitulate the effects of ischemic preconditioning, many
experimental therapies in recent years have been focused on antioxidants. Mice
overexpressing glutathione peroxidase are protected from renal IRI, and these mice
demonstrate decreased neutrophil concentrations, chemokine expression, and tubular

necrosis in the kidney following IRI?%%. The effects of renal IRI can also be ameliorated
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by antioxidant administration?’"-?"8 but their effects on plasma creatinine levels?’"~2'° are
modest. Furthermore, when multiple antioxidant agents are combined the effects on
serum creatinine and tubular necrosis are not additive?’®, which indicates that the
administration of exogenous antioxidants may have a therapeutic plateau and even
become detrimental as doses increase. Overexpression of mitochondria-targeted?®° and
non-mitochondria-targeted?! superoxide dismutase in mammalian tissues can
paradoxically increase lipid peroxidation following cardiac IRI. This may be due to the
ability of O, to terminate the propagation of lipid peroxidation reactions?8%282 as
evidenced by the fact that the administration of a lipid peroxidation inhibitor reverses the
negative effects of high doses of mitochondrial superoxide dismutase?®®. Thus,
antioxidant scavengers may be limited because they can only detoxify ROS that have
already formed, which can alter the balance of redox-sensitive reactions. Thus, a
therapeutic approach that can lower O2™ production by mitochondria may have high
therapeutic potential compared to antioxidants.

ROS formation following reperfusion is primarily due to an increase in PMF
following reperfusion?’, which has made mitochondrial uncoupling an attractive
therapeutic target. Mitochondrial uncouplers have been shown to protect against
cardiac?®*2% and cerebral®® IRI concurrent with decreased ROS production. In addition
to MnSOD, ischemic preconditioning upregulates UCPs and induces proton leak?87:288,
The predominant leak in IRI is mediated by ANT rather than UCPs, as inhibition of
UCPs with GDP has minimal effects on preconditioning-induced proton leak while
inhibition of ANT with carboxyatractyloside greatly reduces preconditioning-induced

leak?®. However, UCP2 and UCP3 are upregulated from ischemic preconditioning?®,
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and upregulation of UCP2 protects from cerebral IRI, reduces ROS production, and
preserves AWn?%,

The role of antioxidant pathways in renal IRI has been studied via the
stanniocalcin-1 (STC1) pathway. Following renal IRI, the STC1 pathway causes
overexpression of UCP2, mitochondrial depolarization, and reduced ROS production in
macrophages®®+?%2 and renal epithelial cells'’*. Macrophage-dependent clearance of
apoptotic cells is also dependent on UCP2!8, which suggests that mitochondrial
uncoupling may serve a dual role in preventing ROS production from epithelial cells to
prevent immune cell infiltration while stimulating macrophages to clear apoptotic cells
that may enhance immune cell infiltration and inhibit the regeneration process.

In sum, mitochondrial uncoupling is an attractive therapeutic target for the
treatment of renal IR1. UCPs have already been shown to protect from renal IRI, and
reduction of PMF during reperfusion could reduce ROS production, immune cell
infiltration, and necrosis. Furthermore, small molecule mitochondrial uncouplers that can

prevent PMF from increasing during reperfusion may have therapeutic benefits.

1.4 Mitochondrial uncouplers
1.4.1 The use of uncoupling agents in humans

The first known mitochondrial uncoupler was 2, 4-Dinitrophenol (DNP)?%3, which
was first utilized in massive quantities in World War | as an additive in explosives®®,
DNP poisoning was characterized by sweating and fever, while constant exposure caused
rapid weight loss?®. These notable toxic effects acted as a stimulus for its use amongst

the public as a popular anti-obesity agent. However, despite the toxicity of DNP it could
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not be removed from the market due to a lack of regulatory control over medicine by the
United States Food and Drug Administration (FDA)?%3%, During this time, the FDA
was not granted the legal authority to set strict liability standards, determine what doses
of a drug were considered toxic, what kind of tolerance should exist for unavoidable
hazards, or to determine what labels were misleading?®®. While the organization could file
lawsuits in an attempt to prosecute for fraudulent claims of pharmaceutical safety, it did
not have a means by which to prove that claims or intent were fraudulent?®’. This made
the courts reluctant to convict those that had violated the guidelines set forth by the
FDA3, Furthermore, the FDA consisted of only 166 professionals located at 18
inspection stations across the country, which made their presence only a minor deterrent
to the over 3,000 medicine firms in the late 1910s*%. Thus, drug makers marketed DNP
and other potentially dangerous medicines as safe and effective well into the 1930s%%,
The popularity of DNP originated when Maurice Tainter, a clinical pharmacist at
Stanford University, began to experiment with DNP as an anti-obesity treatment?>302,
After nine obese patients treated with DNP lost an average of 20 pounds®®, the
popularity of DNP soared?®. The balance between efficacy and safety of DNP was said
to be dependent on dosing, with the goal of causing weight loss without inducing
hyperthermia. It was reported that doses of approximately 5mg/kg induced a 20-30%
increase in metabolic rate for approximately 24 hours®®® along with increased perspiration
and a feeling of warmth, but not increased body temperature3®3=%_ Increasing the dose of
DNP above 5 mg/kg was said to cause profuse sweating but still did not affect body
temperature until a dose of 10 mg/kg was reached. Above 10 mg/kg, DNP increased

human body temperature and caused an increase in heart and respiration rate®%, After
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continuous dosing, DNP was shown to cause a 40% increase in metabolic rate for 10
weeks without any apparent adverse effects®®, In a second study Tainter reported that he
treated 170 obese patients that lost an average of 1.5 pounds per week over a course of
three months3’,

The promising results of these trials and the lack of a national pharmaceutical
regulation lead to DNP being used by over 100,000 patients by 19383, As time
progressed, however, the toxic effects of DNP began to emerge such as potential
hepatotoxicity®®. Tainter refuted many of these initial claims®'°, but it was clear that the
effects of DNP were not uniform and in some instances a DNP-induced fever and
increased heart rate had been observed at doses of 5mg/kg!L. Furthermore, Cyril
MacBryde at the Washington School of Medicine demonstrated that patients treated with
DNP had detrimental effects to the liver, skeletal muscle, and heart®'? along with skin
rashes and loss of taste3!!,

DNP also became associated with cataracts, and was reported to cause damage to
the lens epithelium that progressed unabated until the entire lens became opaque!3. Over
thirty DNP users developed cataracts in San Francisco alone in patients consuming DNP
for as little as three months®?, and it was estimated that 2,500 Americans lost vision due
to cataracts caused by DNP34. MacBryde himself wondered whether the danger of DNP
was worth the risk of treating a “relatively benign condition such as obesity”?%.
However, other physicians advocated DNP because they now believed that obesity was
not merely a cosmetic defect, but contributed to other pathologies such as diabetes and

heart diseases which made DNP treatment valuable despite the potential risks?®.
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On February 7, 1934 DNP was sold under the marketing name Formula 281 by
advertising guru Harry Gorov, and one year later he released dinitrocresol (DNC), which
contained an added amino group resulting in potency five times greater than DNP. The
packaging contained testimonials such as “We feel much better and it has shown
absolutely no ill effects”, and “proven beyond any question of doubt that the preparation
does not affect the heart or other vital organs,” but warned customers of rashes and
discoloration of the skin or eyes, which could be remedied with baking soda?®®. Gorov’s
aggressive marketing gave the FDA the ammunition it needed to file a lawsuit against
Gorov for his marketing of DNP and DNC. While the FDA could not distinguish efficacy
or safety, it could file charges for misrepresenting benefits or safety for anything
transported across state lines. Furthermore, Gorov’s advertising suggested that obesity
was not a simple cosmetic defect, but an illness curable by DNP. Because of this, the
FDA stated that Gorov attempting to misrepresent the known risks of a drug, which was
defined as an agent designed to cure a disease. Gorov was charged with interstate
transport of a misbranded drug, but due to the FDA’s limited authority Gorov simply
pleaded “no contest”, paid a $50 fine, and continued interstate sale of DNC2%®,

Deaths from DNP poisoning peaked in 1937 with 37 deaths in one year, mostly
due to tachycardia and hyperthermia®'®. However, the downfall of DNP during this time
was initiated when the Elixir Sulfanilamide, a microbial drug which contained diethylene
glycol as a diluent, was prescribed to 353 patients in four weeks with a 30% fatality rate.
This disaster prompted public outrage and drastic changes to FDA power. Soon after in
1938, congress passed the Federal Food, Drug, and Cosmetic Act, which required proof

of safety to the FDA before the release of a new treatment. This law changed the focus of
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the FDA from a policing agency concerning false claims to a full regulatory agency that
monitored safety and formula disclosures with federal power3'®. While the FDA did not
yet have the ability to gauge efficacy®®, this was more than enough power to outlaw
DNP.

Shortly after its formation in 1938, the new FDA banned DNP. By 1960 no
annual reported deaths occurred by DNP. Recently, however, DNP has made a comeback
in the bodybuilding community where it is promoted over the internet as a safe weight
loss supplement for those trying to reduce adiposity while maintaining muscle mass®°.
DNP powder can be purchased illegally via bodybuilding websites, which endorse the
drug despite the obvious dangers. DNP is considered to be “the most powerful weapon in
a bodybuilder’s arsenal”, and users are advised to drink up to 8L of water per day,
exercise in the cold, and aim a fan at one’s head while sleeping to avoid brain damage

and hyperthermia3'’.

1.4.2 Small molecule mitochondrial uncouplers

Mitochondrial uncouplers fall into two categories: ANT agonists and
mitochondrial protonophores such as DNP. ANT agonists such as butylated
hydroxytoluene allosterically modulate ANT resulting in channel opening and proton
conductance into the matrix3'8. Mitochondrial protonophores such as DNP,
trifluorocarbonylcyanide phenylhydrazone (FCCP), and carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) are lipophilic weak acids that utilize the pH gradient in
the mitochondria to shuttle protons from the inner membrane space (pH = 6.8) to the
mitochondrial matrix (pH = 8.0)*'°. Both classes of compounds can decrease PMF, but

ANT agonists are not used for bioenergetics studies because of reliance on ANT activity
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that may be independent bioenergetic function and to a lesser extent the effect of
increased nucleotide translocation through ANT such ATP and ADP38, A further
complexity is the association of ANT with the mitochondrial permeability transition pore
(MPTP), a multi-protein complex that, when opened, can cause a range of effects
including indiscriminate release of mitochondrial macromolecules such as cytochrome C,
which results in apoptosis3?.

Mitochondrial protonophores are lipophilic weak acids, and their uncoupling
activity is dependent on the efficiency in which they shuttle protons across the lipid
bilayer of the mitochondrial inner membrane®?!. The anionic form of mitochondrial
uncouplers are more membrane soluble than the protonated form, thus the anionic form
of FCCP cycles within the membrane®?2, and the potency of uncouplers are defined as the
rate constants for the movement of the protonated and deprotonated forms of the weak
acid and the rate at which protonation and deprotonation occurs at the interface of the
mitochondrial inner membrane®23, For uncouplers in which this occurs, such as FCCP,
the conductance increases linearly with protonophore concentration323324,

Anion diffusion is determined by the energy barrier required to permeate the
hydrophobic membrane core®?, while proton dissociation is determined by the pKa of the
ionizable proton that is donated in the matrix®?!. The pKa of FCCP is about 6.4 in
aqueous buffer and between 6.1 and 6.4 on the surface of a phospholipid bilayer3?°,
compared to a pKa of 6.0 of CCCP, a less potent but structurally similar compound3Z,

The maximal respiration rate achievable by an uncoupler in isolated mitochondria
is dependent on the pKa of the ionizable proton®?!, which will change dissociation

constants relative to the matrix pH. As protons diffuse into the matrix, the matrix
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acidifies and compounds with high pKa values cannot uncouple any further. The potency
of uncouplers in isolated mitochondria is equal at low pKa values but decreases
dramatically when the pKa is above 7.5, Theoretically, uncouplers which are close to
but not exceeding this value would be the most effective at determining the maximal rates
of mitochondrial respiration, since their activity would decrease as the mitochondrial
matrix acidifies.

The addition of a weak acid protonophore that varies with the ratio of proton
concentrations according to the Nernst equation, however this does not take into account
the effects of the membrane potential or the solubility of the anion in the phospholipid
bilayer. Mitochondrial protonophores have « electrons located in aromatic rings, which
delocalize the charge on the anion and increase membrane solubility*?’. Thus,
lipophilicity and acidity are not sufficient to account for the protonophoric effects of a
small molecule.

DNP is not very lipophilic, with a clogp of 1.82, and should not be able to
permeate a phospholipid bilayer in its protonated form3?, Furthermore, the conductance
maximum with regards to pH occurs at the pKa of the uncoupler®?*32 and DNP has been
shown to create a negative charge when bound to neutral lipid membranes®¥. This has
led to the theory that DNP shuttles a proton via a dimerization reaction322:324.327,328,331
The dimer is a complex of the protonated (HA) and deprotonated (A") forms of the
uncoupler (HA2)3?:332 Both HA and A™ absorb strongly to the lipid-aqueous interface
and their concentrations are much greater than in the lipid or aqueous phases®?*3%"
Furthermore, the solubility of an ion inside of a charged membrane increases with the

size of the ion®*3, thus the formation of dimers of ions with the opposite charge to form an



60

ion pair can increase their mass and cancel their charge®®. The rate of DNP-mediated
proton translocation is dependent on the formation of DNP dimers®**. Inside of the
membrane HA- is in equilibrium with HA and A-, and the concentration of HA:-
increases when a voltage is applied. As A- levels increase, this pushes the formation of
HA and a proton is shuttled into the intermembrane space. On the matrix side of the
intermembrane space, HA is driven to form HA2- + A-, and a proton is deposited into the
matrix333,

The rate of proton translocation is not only governed by pKa, but largely the rate
of influx and efflux from the membrane. This can also be affected by protonpohore
concentrations and stabilization in the membrane, and not the extraction rate of the ion
from the aqueous phase®*®. FCCP utilizes a trifluoro substituent to increase potency
relative to the unfluorinated compound CCCP. Although this leads to an increase in the
pKa of FCCP, fluorination of membrane protonophores has also been shown to decrease
lipophilic weak acid translocation across the plasma membrane despite making the
compound more soluble in lipid bilayers33®. This is primarily due to the large the atomic
mass of fluorine compared to carbon, oxygen, or nitrogen as larger ions require less
energy to bring them from an aqueous environment with high dielectric constant into the
lipid bilayer®*’. Because FCCP translocates protons via a cycling mechanism, this would
increase the time FCCP is in the membrane and able to perform acid-base proton
translocation across the mitochondrial inner membrane, thus increasing potency by a
mechanism independent of pKa.

Hydrophobicity can govern the partitioning of uncouplers into a phospholipid

bilayer, but it is not the sole determining factor of uncoupling activity of small molecule
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uncouplers. Charge distribution within the molecule can also affect uncoupling activity
by small molecule uncouplers®**. Because of this, the addition of fluorine can also have
the opposite effect on lipophilic protonophores. The larger size of fluorine compared to
hydrogen or carbon and dense electron cloud can generate a repellent sheath over the
molecule. This increases the rate constant by which the anion diffuses out of a
phospholipid bilayer and decreases the concentration of the molecule in the lipid
membrane3373%8_ For uncouplers that require cyclical protonophore activity, the addition
of fluorines can decrease activity at membranes in which in the anion simply diffuses
through the phospholipid bilayer without cycling protons.

This phenomenon has been observed with the plasma membrane protonophore
triphenylcyanoborate (TPCB). The addition of one fluorine on the phenyl ring of TPCB
increases membrane translocation of TPCB by 20-fold. The addition of three fluorines
increases anion translocation by five orders of magnitude. Anion translocation rates also
vary by two orders of magnitude depending on the lipid composition of the membrane3%.
Interestingly, the translocation of fluorinated anions across the plasma membrane does
not appear to change as concentrations increase, indicating that the PM can become fully
saturated with fluorinated anions at low concentrations®*®. Thus, fluoronation of
lipophilic anions can decrease protonophore activity in membranes. This occurs by
lowering protonophore concentrations in membranes by decreasing protonophore influx
and increasing protonphore efflux from the phospholipid bilayer.

In summary, the potency of a mitochondrial protonophore in a specific membrane
may dependent on numerous factors including pKa of the ionizable protons, possible

dimerization reactions, and the solubility of the protonated and deprotonated form of the
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protonophore in the phospholipid bilayer. These reactions can also be governed by the
dielectric constant and applied voltage of a given environment. Thus, protonophore

activity of a given molecule may be membrane or organelle-specific.

1.4.3 Limitations of mitochondrial protonophores

Mitochondrial uncouplers have secondary effects independent of their
protonophore activity on mitochondria. For example, proton translocation alone cannot
account for all of the uncoupling activity of DNP, as pH has an independent effect on
uncoupling activity independent of membrane voltage. This suggests an alternative mode
of proton leak, which is attributed to disruption of phospholipid bilayers**°. The
protonated form of DNP increases K™ and Na* permeability, which is demonstrated by
the fact that DNP-induced ion permeability decreases by approximately 100-fold when
extracellular pH is increased from 5 to 734°. DNP also increases K* conductance
independent of oxidative phosphorylation®*, by activating ATP-sensitive K* channels
(K*atp channels) independent of ATP concentrations or oxidative phosphorylation3#2343,
K*atp channels also exist in the mitochondria®**, and can change A¥m independent of
proton conductance®**, Thus, due to both the low solubility of DNP and the ability to
activate ion channels, DNP is not recommended for mechanistic bioenergetics studies.

To complicate bioenergetics further, FCCP and DNP have been shown to bind to
mitochondrial proteins using photoaffinity labeling, and the Kq for these binding
interactions correlates with uncoupler activity. However, whether or not uncoupler
binding to these sites is necessary for uncoupling activity is unknown3*34¢_ CCCP has
been shown to bind to bacterial cytochrome oxidase®*’, and DNP has been shown to bind

mitochondrial proteins including ATP synthase®*. Thus, a major limitation of analyzing
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the effects of mitochondrial uncoupling is potential off-target protein binding interactions
by current mitochondrial uncouplers. To study the effects of uncoupling, it may be
necessary to utilize control compounds that have similar structure to the uncoupler being
utilized but do not contain an ionizable proton.

The protonophore activity of FCCP and DNP are also not specific for
mitochondria and have protonophoric capabilities across all membranes, which acidifies
the cytoplasm®#3%° and disrupts the function of other pH-sensitive organelles such as
endosomes. Extramitochondrial effects can decrease the metabolic rate of the cell as
uncoupler concentrations increase, which results in an artifactual assessment of State 3,2
(Figure 7).

FCCP depolarizes the plasma membrane34®1-34 and causes intracellular
acidification that is partially reversible when the plasma membrane is depolarized with
glutamate or 50 mM K, suggesting that PM proton flux mediated by FCCP causes
intracellular acidification®*°. This is further supported by the fact that the PM current®2
and intracellular acidification®3%* induced by FCCP is dependent on extracellular pH.

Na* currents are also observed following FCCP treatment, however in bovine
epithelial cells FCCP-induced Na* transport is dependent on extracellular pH, but FCCP-
mediated proton transport across the PM is not affected by extracellular Na*
concentrations®2. Furthermore, in hepatocytes FCCP-induced current does not change
Na* conductance at the PM3>3, which provides further evidence that uncouplers transport
protons across the plasma membrane. The inward current seen by FCCP treatment is also
independent of Ca?*, as replacing Ca?* with Ba?* does not alter FCCP-induced inward

current®3, FCCP and DNP have also been found to activate CI" currents in astrocytes, and
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these effects do not occur with oligomycin or cyanide, which suggests that these effects

are independent of mitochondria®®.
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Figure 7: Mitochondrial uncouplers cause mitochondrial failure.

Oxygen consumption rate (OCR) was measured in L6 cells treated with increasing
concentrations of FCCP (A) and DNP (B). Following the induction of the maximal rate
of mitochondrial respiration, both compounds rapidly decrease OCR as uncoupler
concentrations increase. Data is expressed as a percentage of basal respiration. Error bars

indicate SEM. N = 6.
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1.4.4 Toxicity of mitochondrial protonophores

The toxicity of uncouplers is often centered on ATP concentrations, however
toxic doses of uncoupler treatment causes an initial drop in ATP levels followed by a
slow increase that rises over normal ATP concentrations®*®. The initial effects of FCCP
on cell viability are rapid, as genes involved in cell cycle arrest are upregulated. As time
progresses, however, ATP levels increase steadily due to the upregulation of glycolytic
enzymes such as pyruvate dehydrogenase, which results in ATP levels that are
paradoxically higher than untreated cells. The switch to an overcompensation of
glycolytic metabolism is further supported by the fact that lactate production increases
over time3®, This suggests that although the transcriptional changes induced by FCCP
are due to ATP depletion, it may not be the only method of cytotoxicity. However, this is
likely dependent on a cell’s glycolytic reserve capacity. Further evidence that
mitochondrial depolarization is not the only mode of uncoupler-induced effects on cell
viability is that FCCP can decrease cell viability at doses that do not depolarize

mitochondria®’.

1.5 Concluding remarks

Mitochondrial uncouplers are valuable chemical tools that are used to assess the
maximum rate of mitochondrial respiration, and they have potential clinical applications
in diseases that are caused by decreased energy expenditure or increased ROS
production. The potential clinical applications for uncouplers were first discovered when
the effects of DNP on energy expenditure and adiposity were first recognized. Despite the

dangers of DNP, it was clear that uncouplers had beneficial clinical applications if their
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safety profile could be improved. The field of mitochondrial bioenergetics first utilized
DNP, but slowly transitioned to the more potent and soluble FCCP. Both compounds,
however, are limited in their ability to assess mitochondrial function in whole cells due to
their off-target activities at other membranes. While both FCCP and DNP have been
valuable in pioneering the manipulation of mitochondrial metabolism for both therapeutic
and experimental purposes they remain limited in their ability to answer scientific
questions about mitochondrial bioenergetics in whole cells.

Uncouplers can be modified to change activity based on their pKa and rate
constants that govern their concentration within a membrane. Other reaction rate
constants may also affect uncoupling activity, such as the ability of DNP to dimerize.
Thus, mitochondrial uncouplers may favor specific membrane environments over others
for reasons largely independent of pKa. Symmetrical fluorocarbons, for example, can
shield charge in membranes, and can produce very little uncoupling because they cannot
accumulate within a phospholipid bilayer. While uncouplers have been shown to have
membrane selectivity, uncouplers have not been developed which target mitochondria
without having protonophore activity at other membranes such as the plasma membrane.
The identification of a protonophore that can have uncoupling activity in the
mitochondrial membrane would be a significant advance in mitochondrial bioenergetics.

Another possible use for mitochondrial uncouplers is the prevention of ischemia-
reperfusion injury. Unlike the use of DNP to treat obesity, only small amounts of proton
leak are required to induce a therapeutic benefit, as small reduction in PMF can result in
dramatic decreases in ROS production. This could reduce apoptosis, immune cell

invasion, blood vessel occlusion, and ATN. Thus, Renal IRI represents a possible avenue
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for the use of an uncoupling agent for clinical benefit. The effects of mitochondrial
uncouplers have not been evaluated in renal IRl and the mechanism by which uncouplers
could potentially ameliorate this condition are also unknown. Furthermore, acute
uncoupler treatment to treat IRI would likely have a lower chance of long-term

consequences compared to the chronic dosing regimen used for the treatment of obesity.



CHAPTER 2: IDENTIFICATION AND VALIDATION OF A NOVEL
MITOCHONDRIAL UNCOUPLER THAT DOES NOT DEPOLARIZE THE
PLASMA MEMBRANE
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2.1 Introduction

Pharmacological uncouplers enable protons to enter the mitochondrial matrix
along their concentration and electrochemical gradient. FCCP is often used for analysis
of mitochondrial function in living cells, tissues, and isolated mitochondrial preparations
due to its relatively high potency compared to other uncouplers. However, the
protonophore activity of mitochondrial uncouplers such as FCCP is not restricted to
mitochondria, and their use for mitochondrial bioenergetics studies is limited by plasma
membrane depolarization (Section 1.4.3).

Mitochondrial uncouplers can induce mitochondrial failure in whole cells as
uncoupler concentrations increase; however this phenomena is not seen in isolated
mitochondria. Thus, we hypothesized that the narrow dosing range of mitochondrial
protonophores in whole cells is due to off-target effects of mitochondrial protonophores,
rather than mitochondrial depolarization alone. Our goal was to identify a novel
mitochondrial uncoupler that was specific for mitochondria and therefore could be used as
a better tool to assay mitochondrial bioenergetics.

We screened a diverse chemical library to find new mitochondrial uncouplers.
The first screen was a non-quantitative medium-throughput assay to find compounds that
increased oxygen consumption. The second screen was to eliminate compounds that
increased ROS formation as they increased oxygen consumption. The remaining
compounds were evaluated for their ability to increase OCR and ECAR in a Seahorse XF
Analyzer across a broad dosing range. This screening process identified one molecule,
BAM15, (2-fluorophenyl){6-[(2-fluorophenyl)amino](1,2,5-oxadiazolo[3,4-e]pyrazin-5-

yl)}amine which had a broad dosing range. We then performed a rigorous series of
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functional assays to validate that BAM15 was a bona-fide mitochondrial protonophore
uncoupler. From this study it can be concluded that BAM15 is a mitochondrial
protonophore that does not depolarize the plasma membrane, and that the narrow dosing
range that mitochondrial protonophores (including FCCP and DNP) demonstrate are due

to off-target effects at other membranes in whole cells.

2.2 Materials and methods

2.2.1 Non-quantitative oxygen consumption assay

L6 myoblasts were grown to confluence, washed with PBS, trypsinized and then seeded
into a 96-well plate in cell culture media wherein an O2-sensitive fluorophore tris 1,7-
diphenyl-1,10 phenanthroline ruthenium (I1) chloride is embedded in silicone at the base
of each well of a 96-well plate (BD-OBS microplate, BD Biosensor). This system takes
advantage of Fick’s law, which stipulates that as oxygen consumption is increased the
amount of dissolved oxygen in the media will also increase due to increased diffusion. The
reporter dye is quenched by O, thus fluorescence intensity increases as the rate of oxygen
consumption of the cells increases®®. Cells were incubated with 0.5% (v/v) library
compound or vehicle control (DMSO) and fluorescence intensity recorded over 45-90 min
(1 read/min) at 37 °C by a SpectraMax M5 dual-monochromator microplate reader
(Molecular Devices, CA) using a bottom-read configuration and with the excitation and
emission filters set at 485 nm and 630 nm, respectively. The mitochondrial uncoupling
agent FCCP was used as positive control increase oxygen consumption. Fluorescence data

were recorded on SoftMax Pro (version 4.8) software. Fluorescence tracers were evaluated
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manually and the top 25 ‘hits’ that increased oxygen consumption over DMSO control

were selected for secondary screening.

2.2.2 ROS production assay

L6 myoblasts were seeded into black-walled clear-bottom 96-well microplates in L6
growth media and grown to confluence. Cells were then washed twice with PBS and co-
incubated with 7.5 uM CM-H,DCFDA (Molecular Probes, Invitrogen, Carlsbad, CA) and
0.5 ng/uL of each hit compound or vehicle control (DMSO) in Krebs-Ringer phosphate
buffer (136 mM NaCl, 4.7 mM KCI, 10 mM NaPOs, 0.9 mM MgSOg4, 0.9 mM CaCly, pH
7.4) supplemented with 25 mM D-glucose at 37 °C in 5% C0O2/95% air for 1 h. 100 nM
H20, was used as a positive control for ROS production. Following incubation, cells were
washed three times with PBS to remove excess probe. Cells were then covered with
100 pL/well PBS and fluorescence intensity measured by a Tecan Infinite® M200
microplate reader (Tecan Group Ltd., Switzerland) using a top-read configuration and with
the excitation and emission filters set at 495+9 nm and 530+20 nm, respectively.
Fluorescence data were recorded on Magellan (version 6.4) software and exported to
Microsoft Excel for subsequent analysis. Having subtracted the background fluorescence
(that emitted from a well which did not receive the CM-H>DCFDA probe) from each well,
ROS production was expressed in terms of percentage fluorescence of the vehicle control
for each condition. Compounds which increased ROS levels by greater than 20% were

eliminated.

2.2.4 Measurements of OCR and ECAR in whole cells
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Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
measured using a Seahorse XF-24 Flux Analyzer (Seahorse Biosciences, North Billerica,
MA). NMuLi, C2C12, and L6 cells were seeded in a Seahorse 24-well tissue culture plate
at a density of 3.5x10* cells/well, isolated cardiomyocytes at a density of 4x10* cells/well,
and human primary fibroblasts at a density of 1.1x10%cells/well. The cells were then
allowed to adhere for 24 h. Prior to the assay, the media was changed to unbuffered DMEM
containing pyruvate and glutamine (Gibco #12800-017, pH=7.4 at 37 °C) and the cells
were equilibrated for 30 mins at 37 °C. Compounds were injected during the assay and

OCR and ECAR were measured using 2 min measurement periods.

2.2.5 Mitochondria isolation from mouse liver

Mitochondria were isolated from the livers of male C57BL/6 mice. Mice were euthanized
by CO- inhalation and cervical dislocation. Livers were removed, minced with scissors,
and immediately placed in 1 mL ice-cold isolation medium (250 mM sucrose, 10 mM Tris—
HCI, 1 mM EGTA, 1% fatty acid free BSA, pH 7.4). The tissue was homogenized using
four strokes of a custom automated Potter-Elvehjem tissue homogenizer. After adding
4 mL of isolation medium the homogenate was centrifuged at 800xg for 10 min at 4 °C.
The supernatant was then divided into four 2 mL Eppendorf tubes and centrifuged at 12,000
x g for 10 min at 4 °C. The supernatant was removed and any white debris was aspirated
from the brown mitochondria pellet. The pellets were then combined in 1 mL isolation
medium and centrifuged at 10,000xgfor 10 min. The supernatant and any white debris were
removed and the mitochondria were resuspended in 1 mL mitochondrial assay solution
(MAS, 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES,

1 mM EGTA, 0.2% fatty acid free BSA, pH 7.2).
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2.2.6 Electron flow assay

Electron flow assays were performed using the methods described in Rogers et al.®°.
Briefly, 5 ng of mitochondrial protein in MAS was loaded into a Seahorse 24-well tissue
culture plate and centrifuged at 2000xg for 15 min at 4 °C. Prior to the assay, mitochondria
were incubated at 37 °C for 10 mins in MAS containing 10 mM pyruvate, 2 mM malate,
and 5 uM BAM15 or FCCP. Rotenone (2 uM), succinate (10 mM), antimycin A (4 uM),
and N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD, 100 uM) plus ascorbate (10 mM)
were added sequentially as indicated in the figure. N=3 wells/plate of a representative of 3

plates.

2.2.7 Mitochondrial titration assays

Mouse liver mitochondria were isolated and respiration was measured according to Rogers
et al.®°. Oxygen consumption was measured using a Seahorse XF96 Flux Analyzer on
mitochondria respiring on pyruvate (10 mM) and malate (2 mM) or succinate (10 mM) and

rotenone (2 uM).

2.2.8 A¥m in whole cells

L6 cells were incubated with the fluorescent indicator of AWm tetramethylrhodamine
(TMRM, 125 nM) or DMSO (1%) control for 30 min. The cells were then centrifuged for
5 min at 700xg and resuspended in unbuffered DMEM at a concentration of
1x10° cells/mL. The cells were then treated with BAM15/FCCP or DMSO (0.1%) for

10 min prior to flow cytometric analysis.

2.2.9 ANT-independence assay
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C2C12 cells (ATCC) were plated in XF96 tissue culture plates (15,000 cells/well) and
cultured overnight as recommended by the supplier. Just before initiation of the XF assay
(XF96, Seahorse Bioscience), cells were washed twice with 200 pl/well MAS buffer,
permeabilized with 1.0 nM XF PMP (Seahorse Bioscience), and simultaneously provided
4 mM ADP, 10 mM succinate, and 10 uM cyclosporin A (Sigma-Aldrich) to obtain State
3 respiration as described [20]. The plate was immediately placed into the XF96 instrument
and assay initiated. Respiration (State 3) was recorded, followed by sequential injections
of 3 ug/mL oligomycin or carboxyatractyloside (CAT, Sigma) and then 1.0 uM BAM15

or FCCP with measurements taken after each injection.

2.2.10 Mitochondrial swelling assay

Mitochondrial swelling was calculated as previously described by Shchepinova et al. [21].
Briefly, isolated liver mitochondria from female WT FVB mice were added to 1 mL
isotonic acetate buffer (145 mM potassium acetate, 5 mM Tris—HCI, 0.5 mM EDTA, 3 uM
valinomycin, and 1 puM rotenone, pH 7.4) in a cuvette at a final concentration of
0.25 mg/mL mitochondrial protein. Absorbance at 600 nm of the mitochondrial suspension
was measured at a rate of 30 measurements/min using a SpectraMax M5 dual-
monochromator microplate reader (Molecular Devices, CA) using a cuvette-read
configuration for 60 s before the addition of 10 uM uncouplers. Data was recorded on

SoftMax Pro (version 4.8) software.

2.2.11. AW in isolated mitochondria
Isolated liver mitochondria from male WT FVB mice incubated with 200 nM TMRM in

MASsro buffer (MAS buffer supplemented with 10 mM succinate, 1 uM rotenone, and


http://www.sciencedirect.com/science/article/pii/S2212877813001233#bib20
http://www.sciencedirect.com/science/article/pii/S2212877813001233#bib21
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1 uM oligomycin) for 20 min at 25 °C. The mitochondria were then centrifuged for 5 min
at 3000xg and resuspended MASsro. Mitochondria were then added to MASsro containing
the indicated concentrations of uncouplers and incubated at room temperature for 20 min.
The mitochondria were then centrifuged for 5 min at 3000xg. The supernatant was then
removed and placed into a black clear bottom 96-well plate (100 pL/well). TMRM
fluorescence was determined using an excitation emission of 545¢x/580em. Fluorescence
data were recorded on Magellan (version 6.4) software and exported to Microsoft Excel
for subsequent analysis. Having subtracted the background fluorescence (that emitted from
a well which did not receive the TMRM probe) from each well, TMRM fluorescence was

expressed in terms of percentage fluorescence of the vehicle control for each condition.

2.2.12. Plasma membrane electrophysiology

In preparation for recording, L6 cells were plated onto poly-L-lysine-coated glass
coverslips and returned to the incubator to adhere for at least 1 h prior to use. Cells were
used within 1 day of plating. Whole cell recordings were performed at room temperature
with 3-5 MQ Sylgard-coated borosilicate glass patch pipettes and an Axopatch 200B
amplifier (Molecular Devices). The internal solution contained 120 mM KCH3SOgz, 4 mM
NaCl, 1 mM MgCly, 0.5 mM CaCl,, 10 mM HEPES, 10 mM EGTA, 3 mM ATP-Mg and
0.3mM GTP-Tris (pH 7.2). The bath solution was composed of 140 mM NaCl, 3 mM KCl,
2 mM MgClz, 2 mM CaClz, 10 mM HEPES and 10 mM glucose (pH 7.3) and was flowed
over the cells at approximately 2 mL/min. For voltage clamp experiments, cells were held
at =70 mV and a 750 ms ramp from —150 mV to +80 mV was applied at 10 s intervals

using pCLAMP software and a Digidata 1322A digitizer (Molecular Devices).
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Conductance measurements were taken between —130 mV and —60 mV. For current clamp

experiments, cells were recorded at the resting membrane potential.

2.2.13 Cytotoxicity assays

Cells were seeded into 96 well plates at a density of 5000 cells/well for NMuLi, L6 and
C2C12 cells and 10,000 cells/well for primary rat left ventricular cardiomyocytes. Cells
were incubated overnight at 37 °C prior to drug treatment. Drugs were diluted in cell
culture medium (10% fetal calf serum in Dulbecco's Modified Eagle Medium) (Gibco Life
Technologies, Grand Island, NY, USA) and added to each well at the indicated
concentrations. Cell viability was measured 48 h later using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide solution (MTT) (Amresco, Solon, Ohio, USA) or crystal
violet staining (0.5% w/v in 50% methanol). Absorbance was measured using a
SpectraMax M5 dual-monochromator microplate reader (Molecular Devices, CA). Cell
viability of drug-treated cells is displayed as a percentage of control cells i.e. cells with
equivalent concentrations of the vehicle, dimethylsulfoxide (DMSO). The final
concentration of DMSO exposed to the cells was no more than 0.1% (v/v) for the duration

of the experiment.

2.2.14 ATP Assay

L6 cells were seeded into 96-well plates. Cells were washed 3x with PBS and placed into
serum-free DMEM supplemented with 1 mM pyruvate for 30 min. Cells were then treated
with the indicated concentrations of BAM15, FCCP, and 0.1% DMSO for six hours. ATP

was measured using ATPlite Luminescence ATP Detection Assay System (PerkinElmer).
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Luminescence was measured using a SpectraMax M5 dual-monochromator microplate

reader (Molecular Devices, CA).
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2.3 Results
2.3.1 A biochemical screen to search for new uncouplers

Enhanced O> consumption is a consequence of mitochondrial uncoupling;
therefore, we measured cellular O, consumption as a primary screen to identify novel
uncouplers using a non-quantitative assay. Rat L6 myoblasts were chosen for this screen
because they are fast growing, have abundant mitochondria, and have spare mitochondrial
reserve capacity. L6 cell number was optimized such that 500,000 cells per well produced
a reliable 2-fold increase in fluorescence over background across a time course of up to
50 min. Using FCCP as a positive control for increased O consumption and DMSO as a
vehicle control, we screened a small molecule diversity library of 5040 compounds at a
concentration of 5 pg/mL (TimTec Apex Screen). Hits were identified as those that
increased O2 consumption over DMSO control. Compounds that increased O> consumption
were subjected to a secondary screen to identify, and eliminate, compounds that increased
ROS production.

To measure ROS production, cells were coincubated with 2'7'-
dichlorodihydrofluorescein diacetate (H.DCFDA), an H20.-sensitive fluorophore that is
distributed in the cytoplasm. Oz ™-sensitive fluorophores that are targeted to mitochondria,
such as MitoSox Red, were not used because their mitochondrial concentration is reliant
upon AWm. These dyes utilize a positively-charged triphenylphosphene group which
utilizes the negative potential to cause localization.

The addition of FCCP at concentrations that depolarize mitochondrial more than
30mV, or approximately 250 nM FCCP, will cause significant redistribution of MitoSox

Red from the mitochondrial matrix into the cytoplasm where it can be oxidized by O,". The
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resulting molecule, Mitoethidium, can then enter the nucleus and have its fluorescence
enhanced even further by nuclear DNA intercalation,®° which can be problematic
considering the fluorescence of ethidium is forty times higher when bound to DNA3L, To
further complicate matters, MitoSox Red and Mitoethidium are oxidized by H20., O>", and
ferryl radicals. While oxidation by H>O: is approximately 15 times slower than Oz, ferryl
radicals (as generated by FeSO4 and H20-) cause greater oxidation of mitoethidium on a
molar scale3®?, Thus, MitoSox Red can be used to measure mitochondrial O™ in settings
that do not cause a mitochondrial depolarization of more than approximately 30 mV, but
these types of dyes are not suitable to measure the effects of uncoupler treatment.

In muscle cells, approximately 96% of cytosolic H.O> is generated by
mitochondria®®, For this reason we used H,DCFDA, which is a cytosolic fluorophore that
fluoresces when oxidized by O2" and H20,. Although it can be oxidized by other redox-
sensitive compounds®®* and peroxynitrite species, which include NO™ and the oxidizing
agents it forms such as COs and "OH353%¢  these species are increased as a result of
increased intracellular H>O2, which lessens the chance of one of these species leading to
misinterpretation of ROS production compared to MitoSox Red.

This algorithm identified BAM15 as a compound that increased oxygen
consumption (Figure 8 A) without increasing ROS production (Figure 8 B). BAM15 is
not structurally related to FCCP (Figure 9 A), and we observed that BAM15 had nearly
identical potency to FCCP (Figure 9 B). Therefore, we continued to use FCCP as a control
throughout this study. Low doses of BAM15 from 100 nM to 1 uM increased cellular OCR
to a similar degree as FCCP, but higher concentrations from 10 uM to 50 uM revealed that

BAM15 was able to maintain uncoupled respiration at a high rate whereas FCCP caused
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mitochondrial failure at these doses (Figure 9 B). This was observed in a range of
additional cell lines including primary rat neonatal ventricular cardiomyocytes, mouse
C2C12 myoblasts, normal murine liver cells, and human primary fibroblasts (Figure 9 C-
F). Similarly, we found that ECAR was maintained at a higher level in BAM15-treated
cells (Figure 10). This indicates that although the mitochondria are depolarized, cells

treated with BAM15 are more metabolically active compared to cells treated with FCCP.
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Figure 8: A biochemical screen identifies BAM15 as an oxygen consumption agonist
that does not increase intracellular ROS in whole cells.

A: L6 cells were seeded into a 96-well BD-Biosensor plate. Cells were treated with
BAM15 or FCCP and the fluorescence signal was monitored over time. Increased
fluorescence indicates increased oxygen consumption. B: Intracellular H>O>
concentrations were measured in L6 cells treated with Sug/mL BAM15. 100 mM H-0>
was used as a positive control. Error bars indicate SEM. * indicates p > 0.05 by Student’s

T-test. For (A) N = one representative of two experiments. For (B), N = 3 wells/group.
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Figure 9: BAM15 increases OCR in whole cells across a broad dosing range.

A: Structure of BAM15. B-F: FCCP- and BAM15-stimulated oxygen consumption rate
(OCR) in L6 myoblasts, rat primary cardiomyocytes, mouse C2C12 myoblasts, mouse
normal hepatocytes, and human primary fibroblasts at the indicated concentrations. Error
bars indicate SEM. For (B-F), * indicates p<0.05 by two-way ANOVA with Bonferroni's

posttest and N = 6-8 wells per condition from three separate experiments.
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treated with increasing concentrations of BAM15 versus FCCP, as indicated. Error bars
indicate SEM. * indicates p<0.05 by two-way ANOVA with Bonferroni’s posttest. N = 6-

8 wells per condition from three separate experiments.
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2.3.2. BAM15 uncouples mitochondria in whole cells

We next sought to determine whether BAM15 was a bona-fide mitochondrial
uncoupler. The ATP synthase is the major pathway whereby protons enter the
mitochondrial matrix; therefore, we investigated whether BAM15 could increase OCR in
the presence of oligomycin. Using FCCP as an equipotent positive control, we found that
BAM15 was fully capable of increasing mitochondrial respiration in the presence of
oligomycin and did so across a broader concentration range than FCCP in both myoblasts
(Figure 11 A) and hepatocytes (Figure 11 B).

The broad dosing range of BAM15 may be explained either by its effects on AWm
or non-mitochondrial activity. To test the effects of each protonophore on A% in intact
cells, changes in A%m was measured using the fluorescent cationic dye TMRM. TMRM is
positively charged and accumulates in mitochondria based on A¥m, and when A¥n
decreases the dye is released and fluorescence decreases. We observed that BAM15 and
FCCP had similar effects on TMRM fluorescence on TMRM fluorescence in L6 myoblasts
treated with concentrations of each uncoupler at 1 uM and 10 uM (Figure 12), despite

FCCP causing respiratory failure at 10 pM.
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Figure 11: BAM15 causes mitochondrial uncoupling in whole cells.

L6 cells (A) and NmulLi cells (B) were sequentially treated with oligomycin (Oligo,

1 uM), the indicated concentration of BAM15 or FCCP (Uncoupler), and antimycin A

(10 uM) plus rotenone (1 uM) (A/R) as indicated by arrows. Error bars indicate SEM. *

indicates p<0.05 by two-way ANOVA with Bonferroni's posttest. N=5 wells per

condition.
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Figure 12: BAM15 depolarizes mitochondria in intact cells.

TMRM-loaded L6 cells were treated with the indicated concentrations of BAM15 or
FCCP for 10 min prior to FACS analysis in the phycoerythrin (PE) channel. Uncoupler-
treated cells are left-shifted, indicating loss of AWm. N = one representative from three

separate experiments.
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2.3.3 BAM15 stimulates respiration by acting directly on isolated mitochondria

To determine whether BAM15 stimulated respiration by acting directly on
mitochondria, we isolated rat liver mitochondria and treated them with increasing
concentrations (1-64 uM) of BAM15 and FCCP. As shown in Figure 13, we found that
BAM15 and FCCP had comparable effects on the stimulation of OCR on mitochondria
respiring on pyruvate and malate (complex | substrates), or succinate (a complex Il
substrate) in the presence of the complex | inhibitor rotenone. BAM15 was able to
stimulate respiration on isolated mitochondria respiring under both substrates in a dose
dependent manner, however high doses of FCCP caused slight decreases in respiration.
These effects may be attributed to the pKa of FCCP versus BAM15. FCCP has a pKa of
approximately 6.4, while BAM15 has a measured pKa of 7.4. This would cause
BAMI15’s weak acid activity to decrease as the mitochondrial matrix acidifies, thus
making BAM15 self-limiting at high doses.

To test if BAM15 depolarizes mitochondria directly, isolated mitochondria
respiring on succinate in the presence of rotenone were loaded with TMRM. Mitochondrial
depolarization was assessed by measuring TMRM release into the extramitochondrial
media. BAM15 and FCCP both depolarized isolated mitochondria as indicated by TMRM
release in a dose-dependent manner (Figure 14 A) and caused complete depolarization at
20 uM. To demonstrate that these effects were independent of ATP synthase, TMRM
release was measured in the presence of oligomycin (Figure 14 B). Oligomycin increased
the amount of TMRM released by both uncouplers, which is expected because TMRM

accumulation in mitochondria is caused by the positively charged TMRM molecule
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accumulating in negatively-charged mitochondria. The inhibition of ATP synthase
increases A%Wm and thus increases the concentration of TMRM inside the mitochondria

prior to uncoupler treatment.
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Figure 13: BAM15 stimulates respiration in isolated mitochondria.

Oxygen consumption rate (OCR) of isolated mouse liver mitochondria respiring on
succinate in the presence of rotenone and pyruvate/malate was measured following
treatment with increasing concentrations of BAM15 or FCCP. Right graphs expand the

area that is indicated by the dotted box in the left graph. N = 6-9 wells per condition over

three separate experiments.
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Figure 14: BAM15 depolarizes isolated mitochondria.

TMRM release in isolated mitochondria respiring on succinate (10 mM) in the presence
of rotenone (1 uM) was measured following treatment with increasing concentrations of
BAM15 and FCCP in the presence (A) or absence (B) of oligomcyin. Data is expressed
as a percentage of fluorescence from DMSO (0.1%)-treated mitochondria. Error bars

indicate SEM. N = 3 wells/group.
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2.3.4 BAM15 is a mitochondrial protonophore

PMF can be affected by ions other than H*, most notably K*. To determine whether
BAM15 was transporting protons across the mitochondrial inner membrane, we
measured proton-dependent mitochondrial swelling®®’. Isolated mitochondria were
incubated in isotonic potassium acetate buffer supplemented with the potassium
ionophore valinomycin, which dissipates A%Wm. Acetate is used as a solute in this assay
because the dissociated acetate anion is membrane impermeable and causes the
mitochondria to swell when trapped inside the matrix. Under these conditions, only the
protonated form of acetate can enter the mitochondria, but the accumulation of protons
inside the matrix limits further acetate entry. In this system the only means by which
more acetate accumulation into the mitochondria is if protons are released from the
matrix, which can only be achieved by proton cycling by a protonophore. If the proton
gradient is relieved more acetate accumulates in the mitochondrial matrix and swelling
occurs®®’. As shown in Figure 15, both FCCP and BAM15 induced mitochondrial

swelling, demonstrating that BAM15 is a protonophore.



94

=== FCCP BAM15 :..... DMSO
4 . Mitochondria
CD;DO'B d U\ll,'lcouplers
~0.6 4
Q Ovoo-ooooooo..
Q
c 04 -
Na)
o 0.2 -
w
< 0 : : ; -
0 50 100 150 200
Time (s)

Figure 15: BAM15 induces proton-dependent mitochondrial swelling.

Absorbance at 600 nm was read over time following the addition of isolated mouse liver
mitochondria respiring on succinate (10 mM) in the presence of rotenone (1 puM) and
valinomycin. Mitochondria and 10 M uncouplers were added at the indicated time

points. N = one representative of three separate experiments.
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2.3.5 BAM15’s effect on respiration is not complex-specific and independent of ANT

Compounds that donate electrons to the ETC will increase oxygen consumption,
therefor we tested if BAM15 had electron-donating activity. To determine whether BAM15
was altering mitochondrial electron flow at each complex we measured mitochondrial
respiration in isolated mitochondria respiring on pyruvate and malate in the presence of
FCCP or BAM15 (5 uM). As previously observed, minimal differences in respiration were
observed at this dose. When complex | was inhibited with Rotenone, BAM15 and FCCP-
stimulated respiration were both depleted, which indicates that both compounds do not
donate electrons downstream of complex I. To determine if complex Il-mediated
respiration was equal between the two compounds, the mitochondria were treated with
Rotenone and succinate, which feeds electrons to complex Il and causes complex-II
dependent respiration. Both compounds enabled complex 1l mediated respiration, and this
was inhibited by blocking complex Il with Antimycin A. Since both BAM15 and FCCP-
mediated respiration was inhibited by Antimycin A, these data demonstrate that neither
molecule can donate electrons from succinate to cytochrome c¢ or complex 1V. Finally, the
addition of the electron donor system of N,N,N’,N’-tetramethyl-p-phenylenediamine
dihydrochloride (TMPD) and ascorbate was able to fully rescue respiration at complex IV
in the presence of both BAM15 and FCCP (Figure 16). These data demonstrate that
BAM15 does not donate electrons to any of the ETC complexes.

Some non-protonophore uncouplers increase proton transport into the
matrix via interaction with the mitochondrial inner membrane adenine nucleotide
translocase (ANT)38, To determine whether the ANT was necessary for BAM15-mediated

respiration we treated permeabilized cells with the ANT inhibitor carboxyatractyloside
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prior to BAM15 or FCCP treatment (Figure 17). BAM15 and FCCP were both able to
stimulate respiration independent of the adenine nucleotide translocase in permeabilized
cells. These data demonstrated that both BAM15 and FCCP did not require the ANT to

increase mitochondrial respiration.
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Figure 16: BAM15-mediated respiration is not complex-specific and is not due to
electron donation.

Isolated mouse liver mitochondria respiring on pyruvate and malate in the presence of
FCCP (5 uM) or BAM15 (5 uM) were treated sequentially with rotenone (4 pM),
succinate (10 mM), Antimycin A (4 uM), and the electron donors TMPD (100 puM) and

ascorbate (10 mM). N = 3 wells/condition.
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Figure 17: BAM15 increases oxygen consumption independent of the adenine
nucleotide translocase.

Oxygen consumption rate (OCR) was measured on permeabilized C2C12 cells respiring
on succinate (10 mM) and treated with rotenone (2 uM) and ADP (4 mM). Mitochondria
were then treated with carboxyatractyloside (CAT, 3 ug/mL), followed by FCCP or

BAM15 (1 uM). N = 6-9 per condition over three separate experiments.
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2.3.6 BAM15 does not depolarize the plasma membrane

Since FCCP is known to have off-target effects on the plasma membrane, which
results in PM depolarization, we measured the effects of BAM15 versus FCCP on plasma
membrane electrophysiology in L6 cells using whole cell voltage and current clamp
recordings. As expected, under voltage clamp conditions at a holding potential of =70 mV,
FCCP induced an inward current (Figure 18 A-E) that was dose-dependent and associated
with an increase in conductance (Figure 18 F). In contrast, BAM15 elicited no appreciable
change in current in the same cells. Under current clamp conditions, FCCP caused
reversible and repeatable plasma membrane depolarization (Figure 18 G-H), whereas
BAM15 had no effect. The differential effects of BAM15 and FCCP on plasma membrane

properties were independent of the order of uncoupler application (not shown).
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Figure 18: BAM15 does not alter plasma membrane electrophysiology.

(A) Representative whole cell voltage clamp recording from a L6 cell showing the
holding current (at =70 mV) during exposure to FCCP and BAM15 (both 1 uM). (B)
Voltage clamp with 10 uM FCCP and BAM15. (C and D) Currents were elicited with a
voltage ramp from —150 mV to +80 mV using 1 uM uncouplers in (C) and 10 uM

uncouplers in (D); I-V relationships are plotted under control conditions and in the
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presence of the uncouplers. (E) Average data comparing the change in holding current
caused by FCCP and BAM15 at 1 uM and 10 uM. (F) Average data comparing the
change in conductance generated by either drug in the range of =130 mV to —60 mV. (G)
Representative whole cell current clamp recording at concentrations of 10 uM for FCCP
and BAM15. (H) Average data comparing the change in membrane potential by both
drugs. Error bars indicate SEM. For (E)—(H), * indicates p<0.05 by two-way ANOVA

with Bonferroni's posttest, N = 7-9 cells per condition.
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2.3.7 BAM15 demonstrates significantly less intracellular acidification than FCCP
Depolarization of the plasma membrane causes proton influx into the cell. This,
along with the sharp increase in glycolysis and the hydration of CO, to form H* decreases
intracellular pH3%8. The sharp decrease in intracellular pH is hypothesized to be
responsible for mitochondrial failure by limiting the ability of metabolic enzymes to fuel
mitochondria?. Since mitochondrial failure occurs quickly, we measured intracellular pH
after two minutes of uncoupler treatment to be able to measure the initial decrease in
intracellular pH caused by the increase glycolytic flux. Following two minutes of
uncoupler treatment, BAM15 and FCCP both caused nearly equal decreases in
intracellular pH at 1 pM (Figure 19). When cells were treated with 10 uM uncouplers,
the dose in which mitochondrial failure was observed in whole cells with FCCP but not
BAM15, intracellular pH decreased further with FCCP but not BAM15 despite BAM15
demonstrating increased respiration and ECAR at these doses. This suggests that the
intracellular acidification observed with FCCP is not related to increased nutrient

oxidation, and is likely caused by proton influx into the cell at the plasma membrane.
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Figure 19: BAM15 causes less intracellular acidification compared to FCCP.

L6 cells were loaded with SNARF-1 were treated for 2 min with the indicated doses of
uncouplers prior to measurements of intracellular pH. Error bars indicate SEM. *

indicates p<0.05 by Student’s t-test comparing each dose. N = 3.
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2.3.8 BAM15 is less cytotoxic than FCCP

Chronic ATP depletion caused by mitochondrial uncouplers can lead to cell cycle
arrest and apoptosis. Thus, we measured cellular ATP concentrations in L6 cells with 1
uM and 10 uM BAM15 and FCCP for six hours. Despite decreasing A¥Wm, BAM15 treated
cells showed no significant change in cellular ATP concentrations compared to vehicle-
treated cells after six hours of treatment (Figure 20). FCCP treated cells, however,
contained significantly less ATP. Furthermore, BAM15-treated cells were more viable
after 48 hours than FCCP-treated cells when administered across a broad dosing range up
to 50 uM (Figure 21). These data indicate that cultured cells can generate sufficient ATP
when mitochondria are uncoupled, and that BAM15 does not share the adverse
nonmitochondrial effects of other uncouplers that may decrease ATP concentrations and

contribute to cytotoxicity.
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Figure 20: BAM15 does not decrease ATP concentrations.

ATP concentrations were measured in L6 cells treated with the indicated concentrations
of BAM15, FCCP, oligomycin, or Rotenone and Antimycin A for six hours. * indicates
statistical significance compared to DMSO as determined by one-way ANOVA with

Dunnett’s posttest. Error bars indicate SEM. N = 3 wells/condition.
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Figure 21: BAM15 is less cytotoxic than FCCP.
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A: L6 and NMuL.i cells were treated with increasing concentrations of BAM15 or FCCP
for 48 hours and stained with crystal violet. B: L6 and NMulL.i cells were treated with
FCCP or BAM15 for 48 hours and viewed with phase microscopy. C: 1C50 values of
C2C12, NRVCs, L6, and NMulLi cells were calculated via MTT assay or crystal violet

staining.
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2.4 Discussion

Synthetic mitochondrial uncouplers are invaluable tools for the analysis of
mitochondrial function and they represent possible therapeutics for diabetes, obesity,
neurodegeneration, cancer, ischemia-reperfusion injury, and other disorders linked to
mitochondrial dysfunction. However, a possible factor limiting the use of available
protonophore uncouplers is their unwanted activity at the plasma membrane, which
causes intracellular acidification independent of metabolic flux. The overarching goal of
this study was to identify new mitochondrial uncouplers that lack activity at the plasma
membrane with the goal of generating an uncoupler with broader dynamic range. We
identified BAM15 as a bona-fide mitochondrial uncoupler that does not affect plasma
membrane conductance, causes significantly less intracellular acidification, and has a
broad effective range. The mechanism by which BAM15 has a preference for
protonophore activity at mitochondria but not the plasma membrane is unclear, but may
be due to a pKa of its ionizable protons, which has been measured to be 7.4. However,
other alterative explanations exist and include the possibility that BAM15 may have a
structural preference for the unique lipid composition of the mitochondrial inner
membrane, or that either the protonated or deprotonated form of BAM15 is membrane
impermeable. BAM15 may also undergo dimerization reactions similar to DNP in the
mitochondrial inner membrane, which may be due to lipid composition or be driven by
the relatively high (approximately 180 mV)3*° membrane potential of the mitochondrial
inner membrane compared to the plasma membrane of an L6 cell (-40-50 mV)*"°.

The initial characterization of BAM15 has answered several important questions

concerning the effects of pharmacological mitochondrial uncoupling on cellular function.
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For example, since some metabolic substrates utilize the pH gradient to enter
mitochondria, it is thought that mitochondrial depolarization is a limiting factor for
mitochondrial respiration?®. Indeed, FCCP-induced mitochondrial failure coincides with
the loss of A%m; however, we observed that BAM15 was fully capable of stimulating
maximal mitochondrial respiration at concentrations above 10 uM where the
mitochondria were fully depolarized. These data suggest that FCCP-induced
mitochondrial failure is not due to mitochondrial depolarization and instead may be
caused by off-target effects, such as plasma membrane depolarization. Furthermore,
when BAM15 and FCCP were used at high concentrations (2060 uM) in isolated
mitochondria, BAM15 was able to continuously drive a greater rate of respiration than
FCCP. The FCCP-induced decline in mitochondrial respiration was less pronounced in
isolated mitochondria than the decline observed in whole cells, which indicates that the
deleterious effects of FCCP are most likely due to its extra-mitochondrial actions.
Consistent with this notion, BAM15 was significantly less cytotoxic than FCCP. Finally,
BAM15 treatment stimulated ECAR to a greater rate than FCCP. Since ECAR is a
correlative measure of glycolysis (proton co-transport with lactate out of the cell), these
data demonstrate that FCCP is not able to maximally drive the metabolic capacity of the
cell. Although FCCP has been used for more than 50 years to assay maximal
mitochondrial function, these data demonstrate that FCCP underestimates maximal
mitochondrial and cellular metabolic capacity. Therefore, BAM15 is a more reliable

chemical tool for the study of mitochondrial function, particularly in living cells.
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CHAPTER 3: MECHANISTIC DETERMINATION OF THE PROTONOPHORE
ACTIVITY OF BAM15
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3.1 Introduction

We have identified a novel mitochondrial protonophore, named BAM15, which
does not depolarize the plasma membrane. While we have validated that BAM15 is a
proton transporter, the exact mechanism by which BAM15 translocates protons into the
mitochondrial matrix is not known. The goal of this study was to determine the structural
properties of BAM15 that allow protonophoric activity in mitochondria, to elucidate
which parts of the molecule are transporting protons, and to determine if BAM15 can be
modified to increase or decrease potency. We have determined that BAM15 acts through
acid-base proton translocation of two ionizable protons, and that the pKa of these
ionizable protons can be modified to adjust potency. We have also determined which
parts of the BAM15 molecule are essential for uncoupling activity, which allows for full
customization of the BAM15 ‘core’ for proton translocating properties across lipid

bilayers.

3.2 Results
3.2.1 The lipophilic furazano ‘core’ of BAM15 is required for activity

Mitochondrial protonophores are typically hydrophobic weak acids. Because
FCCP is known to ‘cycle’ within the lipid bilayer, we hypothesized that BAM15
demonstrated a similar mechanism of action. If this were the case, we hypothesized that
the furazano core of BAM15 (Figure 22 A) would be required for membrane
implantation and proton transport. To test this, two BAM15 derivatives, SHC121007
(Figure 22 B) and SHC121009 (Figure 22 C), were synthesized. SHC121007 contains a

pyrazine group in place of the furazano group, with the only difference being the
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elimination of the oxadiazole in the furazano core. SHC121009 contains the oxadiazole
only, and does not have the pyrazine component of the furazano core. As expected, both
of these compounds failed to stimulate respiration in L6 cells up to a concentration of 10
MM (not shown). This demonstrates that the hydrophobic core, which is most likely

required for membrane implantation, is necessary for protonophore activity.
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Figure 22: The furazano core of BAM15 is required for uncoupling activity.
Structures of SHC121007 (top) and SHC121009 (bottom). SHC121007 lacks the
oxadiazole portion of the furazano core, and SHC121009 lacks the pyrazine group in the
furazano core. Both compounds do not stimulate OCR or ECAR at doses from 0.01-10

uM in L6 cells. N = 6 wells/condition
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3.2.2 Determination of the ionizable proton location of BAM15

FCCP is a hydrophobic weak acid that contains one ionizable proton which
utilizes the pH gradient across the mitochondrial inner membrane to shuttle protons into
the matrix. The location of BAM15’s ionizable protons were hypothesized to be attached
to one of three pairs of nitrogen atoms located in the compound. There are two pairs of
nitrogen groups in the furazano ring, with one pair in the pyrazine and the other in the
oxadiozole component. Elimination of either of these groups ablated BAM15 activity, but
it was likely this was due to a lack of membrane implantation. The last pair of potential
ionizable protons rests in the aniline group attached to the furazano core (Figure 23). To
test if these protons were required for activity, oxygen was used as a replacement for
nitrogen, which would not coordinate an ionizable proton (Figure 23). N to O
substitution at these locations resulted in a complete loss of activity with respect to OCR

and ECAR, suggesting that these sites contained the ionizable protons of BAM15.
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Figure 23: Identification of ionizable protons of BAM15.

BAM15 contains two ionizable protons (left) that are necessary for uncoupling activity.
When the ionizable protons are removed by substituting the amine with an ether
(SHC121013, right) the compound is inactive with respect to OCR and ECAR from a

dose of 1-10 uM in L6 cells. N = 6 wells/condition.
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3.2.3 The potency of BAM15 is dependent on the electron withdrawing groups

FCCP is a lipophilic weak acid, and the potency can be modified by the addition
or subtraction of electron-withdrawing groups (Section 1.4.2). BAM15 has two fluorines
located on the ortho position on benzyl rings that do not contain a potential ionizable
proton (Figure 24 A). To test if BAM15 had acid-base mitochondrial protonophore
activity, we generated multiple derivatives that contained different electron-withdrawing
groups on the benzyl rings away from the potential sites of ionizable protons. Changing
the position of halogen electron withdrawing groups from the ortho position to the meta
(SHC121005) and para (SHC121003) positions had little effect on potency or dynamic
range with respect to OCR (Figure 24 B-C). While SHC121005 caused similar changes
to ECAR compared to BAM15 (Figure 25 A), SHC121003 demonstrated significantly
less ECAR despite stimulating OCR at a similar rate (Figure 25 B). This indicates that
the sharp increases in glycolytic flux seen from BAM15 and SHC121005 may not be a
requirement to maintain mitochondrial function when mitochondria are uncoupled.

Removal of halogen groups from the benzyl rings resulted in a more than ten-fold
decrease in potency with regard to OCR (Figure 26 B) and ECAR (Figure 27 A). To
decrease electron density around potential ionizable protons a second fluorine was added
to each fluorobenzyl ring in the para position. This resulted in an increase in activity by
approximately ten-fold with respect to OCR (Figure 26 C) and ECAR (Figure 27 B).
These data demonstrate that BAM15 contains two ionizable protons that translocate
across the mitochondrial inner membrane via an acid-base reaction into the

mitochondrial matrix. These data suggest that either BAM15’s molecular mass or the
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pKa of the ionizable protons govern protonophore potency. Furthermore, this data
suggests that fluorine-mediated charge shielding does not decrease the potency of

BAM15 as observed with other fluorinated protonophores.
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Figure 24: Alterations of halogen positioning have little effect on potency or

dynamic range.

A: BAM15 contains an electron withdrawing fluorine in the ortho position. Substitution

of a fluorine in the meta (B, left) and para (C, left) have no effect on potency or dynamic
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range with respect to OCR (right) in L6 cells. Error bars indicate SEM. N = 6

wells/group.
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Figure 25: Para, but not meta halogen positioning decreases ECAR compared to

BAM15.

A: Substitution of fluorine in the meta position (left) has little effect on ECAR in L6 cells
(right). B: Substitution of fluorine in the para position (left) decreases ECAR compared to

BAM15 in L6 cells (right). Error bars indicate SEM. N = 6 wells/group.
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Figure 26: Modification of electron density alters potency of the BAM15 family of
uncouplers.

A: BAM15 contains halogen electron withdrawing groups. B: SHC121002 lacks halogen
electron withdrawing groups (left) and is less potent than BAM15 with respect to OCR in

L6 cells (right). C: SHC121004 contains additional fluorines in the para position (left),
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which increases potency with respect to OCR in L6 cells (right). Error bars indicate SEM.

N = 6 wells/condition.
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Figure 27: Modification of electron density alters potency of the BAM15 family of
uncouplers with respect to ECAR.

A: SHC121002 lacks halogen electron withdrawing groups (left) and is less potent than
BAM15 with respect to ECAR in L6 cells (right). C: SHC121004 contains additional
fluorines in the para position (left), which increases potency with respect to ECAR in L6

cells (right). Error bars indicate SEM. N = 6 wells/condition
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3.2.4 The dynamic range of BAM15 is dependent on symmetric fluorination

The ability of BAM15 to selectively target mitochondrial membranes and avoid
mitochondrial failure may be due to specific protonophore activity at the mitochondria.
BAM15 is a fluorinated symmetric anion, which indicates that fluorine substituents may
shield charge in specific membrane environments, thus confining cyclic acid-base
protonophore activity to specific environments. To test if fluorination was critical for
BAMI15’s dynamic range, the fluorobenzyl groups of BAM15 were replaced with
chlorobenzyl groups (BAMS, Figure 28 A). Although chlorine has similar
electronegativity and molecular mass, unlike fluorine the addition of chlorine has little
effect on lipophilic anion membrane translocation®¥. As expected, this modification had
little effect on potency with respect to OCR (Figure 28 B) and ECAR (Figure 28 C).
However, BAM8 demonstrated a similar dynamic range to FCCP with respect to OCR
(Figure 28 B) and ECAR (Figure 28 C), which suggests that a combination fluorine-
mediated charge shielding only seen in symmetrical lipophilic anions and a pKa that falls

within a narrow window is critical to broad dynamic range of BAM15.
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Figure 28: Electron-withdrawing fluorines are critical for dynamic range
A: BAMBS contains a chlorine in the para position (right) instead of a fluorine in the ortho
position (left). B: BAMS8 does not have broad dynamic range with respect to OCR (left)

and stimulates less ECAR (right) in L6 cells.
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3.2.5 Alkyl chains can be utilized as a source of electron density

For further structure-activity analysis of BAM15, we determined if the benzyl
rings were required for protonophore activity. To test this, we replaced these groups with
alkyl chains of increasing length to progressively draw electron density away from the
ionizable proton and increase potency (Figure 29). As predicted, the potency was
dependent on the length of the alkyl chain with respect to OCR (Figure 29 B-D) and
ECAR (Figure 30 A-C). Elimination of the amide containing the ionizable proton in
these molecules (Figure 31 B) ablated activity even if electronegativity was increased
with a trifluoro substituent (Figure 31 C), suggesting that these compounds acted as

protonophores similar to BAM15.
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Figure 29: Alkyl chains can be utilized as electron withdrawing groups.

A: BAM15 contains fluorobenzyl electron withdrawing groups. B: 3-carbon alkyl chains

(left) are not sufficient to promote uncoupling activity from a dosing of 0.1-10 uM

(right). The addition of four-carbon (C, left) and eight-carbon (D, left) alkyl chains



128

increase potency with respect to OCR in L6 cells (C and D, right). Error bars indicate

SEM. N = 6 wells/group.
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Figure 30: Effects of utilizing alkyl chains as electron withdrawing groups on ECAR

are similar to OCR.

A: 3-carbon alkyl chains (left) increases ECAR (right). The addition of four-carbon (B,

left) and eight-carbon (C, left) alkyl chains increase potency with respect to ECAR (C

and D, right) in L6 cells. Error bars indicate SEM. N = 6 wells/group.
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Figure 31: BAMI1S derivatives that do not contain benzyl electron withdrawing
groups utilize the same ionizable proton as BAM1S5.

A: BAM15 derivative containing alkyl electron withdrawing groups. B: Removal of
ionizable proton in BAM15 derivative lacking benzyl electron withdrawing groups
eliminates uncoupling activity tested using a dosing range of 0.1-10 uM in L6 cells. C:
Addition of highly electronegative trifluoro group without an ionizable proton does not
rescue uncoupling activity using a dosing range of 0.1-10 uM in L6 cells. N = 4-6

wells/group.
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3.3 Discussion

BAM15 was characterized as a mitochondrial protonphore that does not
depolarize the plasma membrane, but the exact mechanisms of how BAM15 translocates
protons into the mitochondrial matrix remained unclear. The goal of this study was to
determine which parts of the BAM15 molecule were required for uncoupling activity, if
the potency of the molecule could be customized, and if fluorine-mediated charge
shielding was critical for dynamic range. We conclude that BAM15 contains ionizable
protons linked to amide groups linked to the pyrazine in the furazano core. Eliminating
fluorine-mediated charge shielding greatly decreases the dynamic range of BAM15,
which suggests that shielding of the ionizable proton is critical for broad dynamic range.
Importantly, the uncoupling activity of BAM15 can be achieved so long as the furazano
core and associated amide groups remain intact.

The BAM15 backbone allows for a considerable lipophilic acid customization,
which can allow for highly specific pKa values that allow for proton transport across
membranes that contain aqueous environments of specific pH values. In conclusion, this
study provides a mechanism by which BAM15 translocates protons across lipid bilayers
and identifies a novel scaffold for which other protonophores can be synthesized. This
will allow for customized electrophysiological studies across membrane bilayers of other
organelles, which cannot be achieved using traditional protonophores. For example,
lowering the pKa by the addition of electron withdrawing groups would provide a
stronger acid which could be used to evaluate proton transport activity across organelles

that have highly acidic lumens, such as lysosomes. Removal of electron withdrawing
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groups and increasing the pKa would not allow BAM15 to transport protons into alkaline
environment of the mitochondrial matrix.

The structure-activity relationships outlined may also be used to generate an
uncoupler that induces ‘mild’ uncoupling and is self-limited by the acidification of
mitochondria. A molecule with a pKa greater than the pH of the mitochondrial inner
membrane would not dissociate an ionizable proton as the mitochondrial matrix acidified,
which would allow for a self-limiting uncoupler. This would be advantageous for the use
of uncouplers in obesity, where the goal is to induce the futile oxidation of nutrients but
to maintain a broad dosing range that does not induce hyperthermia. This would also be
advantageous for diseases in which ‘mild” uncoupling could be valuable such as
ischemia-reperfusion injury, in that only small amounts of proton leak would be
generated over broad dosing ranges. In sum, the structure activity relationships described
outline the BAM15 ‘core’, which allows for a fully customizable protonophore with a
broad range of potential applications both for the study of bioenergetics in multiple
organelles and potential therapeutic applications in which uncoupling is beneficial but
currently unsafe due to narrow dosing ranges.

Increasing the potency of BAM15 with respect to OCR increased the potency
with respect to ECAR, which suggests that that two are directly related to one another.
Elimination of uncoupling activity was concomitant with an elimination of ECAR, which
demonstrates that the oxidative and glycolytic relationships that the BAM15 family of
uncoupling agents demonstrates are not due to off-target effects of the molecule. This is a
significant finding because it validates the use of BAM15 to study the relationship

between glycolysis and oxidative phosphorylation by modifying AWm. The structure of
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BAM15 can also be modified to maintain uncoupling activity without the use of halogen
groups. This allows for further customization of BAM15. The effects on OCR utilizing
carbon chains as electron withdrawing groups mirrored that of ECAR, which
demonstrates that these derivatives can also be utilized for metabolic studies.

Alteration of the furazano core eliminates the functional ability of BAM15 to
uncouple mitochondria. This suggests that the development of a hydrophobic weak acid
is not sufficient for the uncoupling activity of these molecules, and that the hydrophobic
core must be large enough to implant itself within the membrane similar to FCCP. It is
not clear, however, if the alterations of the furazano core of BAM15 eliminates its ability
to enter the cell or mitochondria. The ability to eliminate the uncoupling activity of
BAM15 and the necessity for fluorobenzyl groups suggests that BAM15 may be selective
for the mitochondrial inner membrane, or modifiable to target specific membranes within
the cell to initiate proton leak across membranes that have lipid compositions that allow
BAM15 translocation.

We observed that moving the ortho fluorine substituents on BAM15 to the meta
position (SHC121005) had little effect on OCR and ECAR, but moving fluorine to the
para position (SHC121003) had little effect on OCR but strangely decreased ECAR
compared to BAM15. The reason for this is unknown, but future studies may determine if
SHC121003 affects intracellular acidification or perhaps inhibits cellular proton/lactate
efflux at the plasma membrane. Measuring lactic acid production in the presence of
SHC121003 may present a clearer representation of how much extracellular acidification

can be attributed to increases in aerobic metabolic flux in our experimental system.
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Substituting the fluorine substituents of BAM15 with chlorine (BAMS) had little
effect on potency but decreased the dynamic range of the compound. It is not known if
this occurs due to the pKa of the ionizable proton of BAM8 compared to BAM15, or if
BAMS has different rates of anion diffusion or dimerization in the mitochondrial inner
membrane or other membranes compared to BAM15. Because a difference in potency
was not observed it is possible that fluorine substituents are required to shield charge of
BAM15 in non-mitochondrial membranes or when the mitochondria is depolarized.
Future studies utilizing charged liposomes and pKa measurements will be necessary to
determine the role of fluorine on BAM15-mediated proton transfer across charged

phospholipid bilayers of different lipid compositions.
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CHAPTER 4: BAM15 PROTECTS FROM RENAL ISCHEMIA-REPERFUSION
INJURY
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4.1 Introduction

Mitochondrial uncouplers have beneficial antioxidant effects that are a
consequence of reducing PMF (Section 1.2), and genetic and pharmacologic uncoupling
have favorable effects on disorders that are linked to mitochondrial oxidative stress
including ischemic-reperfusion injury (Section 1.3.3). Renal ischemia-reperfusion injury
has been linked to oxidative stress, but uncoupling agents have not been demonstrated to
be efficacious at protecting from renal IRI. The pathogenesis of renal IRI is centered on
ROS-mediated apoptosis and immune cell recruitment, which occludes the vasculature
and extends the ischemic period (Section 1.3). In this study we hypothesized that
BAM15 could protect from renal IRI by reducing immune cell recruitment into the
vasculature and decreasing tubular necrosis. The goal of this study was to first develop a
means of utilizing BAM15 in vivo. A method for measuring BAM15 in plasma was
developed, which allowed the development of a drug vehicle that provided a suitable
half-life for BAM15. Second, we sought to determine BAM15-induced mitochondrial

uncoupling could protect from renal IRI.

4.2 Materials and methods

4.2.1 BAM15 mass spec analysis

Analyses were performed using a triple quadrupole mass spectrometer (AB-Sciex 4000 Q-
Trap) coupled to a Shimadzu LC-20AD LC system equipped with a Supelco Discovery
C18 column (50 mm x 2.1 mm x 5 um bead size). A binary solvent system (total flow 1
ml/min) was used that consisted of the following solvents; Solvent A: 79.9% H20, 20%

methanol, 0.1% formic acid; Solvent B: 99.9% methanol, 0.1% formic acid.
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Chromatographic runs started at 100% A for 0.5 min, a linear gradient to reach 100 % at
5.6 min, then 100% B for 4.4 min, and finally 100% solvent A for 1 min (11 min total).
Measurements were carried out in positive mode using the following transition m/z 341.1
— m/z 122.0, and the following settings (in volts): DP: 91, EP: 10; CE:55 ; CXP: 8.
Quantification was carried out by measuring peak areas using the software Analyst 1.5.1.

Retention time for BAM15 was 4.5 min.

4.2.2 Pharmacokinetics

BAM15 was prepared in 50% PEG + 3% DMSO and was injected ip. Blood was taken via
tail vein at the indicated time points and collected in heparinized Microtainer blood
collection tubes. The samples were centrifuged 16,000 x g for 3 min at 4°C to isolate
plasma. 10uL of plasma was added to 200uL 9:1 acetonitrile:methanol to precipitate
protein. The samples were centrifuged 16,000 x g for 15 min to pellet protein and the

supernatant was used for mass spectrometry analysis.

4.2.3 Renal ischemic reperfusion injury

All animals were handled and procedures were performed in adherence to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, and all protocols
were approved by the University of Virginia Institutional Animal Care and Use Committee.
Male mice (8-week old, C57BL/6, from the National Cancer Institute, Frederick, MD) were
anesthetized with a mixture (i.p.) of ketamine (120 mg/kg), xylazine (12 mg/kg), and
atropine (0.324 mg/kg) and were subjected to bilateral ischemic reperfusion injury (26 min
ischemia, then 24 h or 48 h reperfusion) as previously described® . During the surgery,

mouse core temperature was maintained at 34-36 °C with a heating pad; during the
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recovery and reperfusion period, mice were housed in a warming incubator with ambient
temperature at 30-32 °C. Control, sham-operated mice underwent a similar procedure, but
the renal pedicles were not clamped. Mice were i.p. injected with BAM15 at 1 or 5 mg/kg,
1 h before kidney IR. Vehicle mice were also injected with the same solution BAM15 was

prepared with (3% DMSO in 50% PEG400).

4.2.4. Assessment of kidney function and histology

Plasma creatinine, as a measure of kidney function, was determined using a colorimetric
assay according to the manufacturer's protocol (Sigma-Aldrich). For histology, kidneys
were fixed overnight in 0.2% sodium periodate/1.4% DL-lysine/4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4) and embedded in paraffin. Kidneys were prepared for
H&E staining and viewed by light microscopy (Zeiss Axioskop). Photographs were taken
and brightness/contrast adjustment was made with a SPOT RT camera (software version
3.3; Diagnostic Instruments). Acute tubular necrosis was assessed as previously
described [23]. Stained kidney sections were scored in a blinded manner. The score was
based on the percentage of outer medulla tubules with pink casts on the inside, which is a
marker of tubular necrosis. The scoring system was as follows: 1 (<10%), 2 (10-25%), 3

(25-75%), and 4 (>75%).

4.2.5. Kidney FACS analysis

Flow cytometry was used to analyze kidney leukocyte content. In brief, kidneys were
extracted, minced, digested, and passed through a filter and a cotton column as
described®2. After blocking non-specific Fc binding with anti-mouse CD16/32 (2.4G2),

fresh kidney suspensions were incubated with fluorophore-tagged anti-mouse CD45 (30-
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F11) to determine total leukocyte cell numbers. CD45-labeled samples were further used
for labeling with different combinations of anti-mouse F4/80 (BM8), GR-1 (Ly6G),
CD11b, CD11c, IA (MHCII). 7-Aminoactinomycin D (7-AAD; BD Biosciences) was
added 15 min before analyzing the sample to separate live from dead cells. Flow cytometry
data acquisition was performed on a FACSCalibur (Becton Dickinson). Data were

analyzed by FlowJo software 9.0 (Tree Star).

4.3 Results
4.3.1 BAM15 can be measured via LC-MS/MS

To measure BAM15 in plasma, we generated a method to measure BAM15 by
liquid chromatography coupled to mass spectrometry. To measure a compound via mass
spectrometry it must ionize by electrospray ionization (ESI) and fragment into ions of
predictable mass/charge (m/z) ratios. As shown in Figure 32, BAM15 ionized in the
mass spectrometer as indicated by a peak at 341.4. The ability to ionize allowed us to
perform a precursor ion scan (P1S), which resulted in fragmentation into three major ions
at m/z 122, 162, and 120. Utilizing the m/z of 122, we determined that BAM15 was split
into a positive ion of m/z 122 and a neutral fragment with a mass of 219 amu (Figure
33). To determine if BAM15 loses any chemical groups that cannot be accounted for, we
performed neutral loss scanning. Neutral loss scanning determined that BAM15 did not
lose any chemical groups during mass spec due to ionization (Figure 34), which
confirmed that we could reliably measure the compound using the fragmentation pattern

from the PIS. A standard curve with BAM15 added to plasma confirmed that the signal
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intensity from the parent ions in the PIS demonstrated a linear relationship with molar

concentration of BAM15 (Figure 35).
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Figure 32: Precursor ion scan following direct injection of BAM15.

Precursor ion scanning of BAM15 demonstrates that BAM15 can ionize via
ESI/Turbospray ionization. BAM15 shows an m/z of 341.4 which was used for further

studies.
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BAM15 generates three product ions at m/z 122.0, 162.1, and 120.0. The most intense

positive ion of m/z 122.0 can be used along with a neutral fragment of m = 219. These

transitions can be used to measure BAM15.
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Figure 34: Neutral loss scan of BAM15 using the most abundant product ion.

BAM15 was directly injected into a mass spectrometer and neutral loss scanning was
performed using the product ion m/z of 122.0. A signal was observed at a neutral loss of

m = 219 which was equal to the m/z of BAM15.
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Figure 35: Standard curve of BAM15 as measured via LC-MS/MS.
Standard curve of BAM15 measured via LC-MS/MS demonstrating 0, 0.01, 0.05, 0.1,

0.5, and 1 uM BAM15 extracted from plasma.
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4.3.2 Pharmacokinetic profile of BAM15

To determine the pharmacokinetic profile of BAM15, we injected 3mg/kg
BAM15 ip in a vehicle of 50% polyethylene glycol 400 (PEG400) and 3% dimethyl
sulfoxide into C57/B6 mice. This method was used because pegylation of compounds
increases the half-life by reducing renal clearance and slowing the rate of absorption of
small molecules®*334, As shown in Figure 36, BAM15 had a half-life of approximately
30 min. To test if BAM15 was orally available, PEG was not used as a vehicle because it
irritates the stomach®” and small intestine®’®. To administer BAM15 orally it was
complexed to beta-hydroxypropylcyclodextrine (HPCD). By administering BAM15
orally in this vehicle we determined that BAM15 was orally available as demonstrated by
measurable concentrations of BAM15 in plasma (Figure 37). This also indicated that
BAM15 can pass through hepatic circulation without being modified, as the parent ions

of BAM15 were still detectable by mass spectrometry.
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Figure 36: Pharmacokinetics of BAM15.
BAM15 (3mg/kg in 50% PEG400 and 3% DMSOQ) was injected into C57BL/6 mice and

plasma concentrations were measured over time. To indicates the plasma drug

concentration immediately following injection. Error bars indicate SEM. N = 3.
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Figure 37: BAM15 is orally available.

BAM15 (5mg/kg in 2% HPCD, 50 mM glycine, pH 10.0) was administered via oral
gavage. To indicates the plasma concentration of BAM15 immediately following

administration. Error bars indicate SEM. N = 3.
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4.3.3. BAM15 decreases immune cell infiltration and protects from renal IRI

Mitochondrial uncoupling, both pharmacological and endogenous, is protective in
preclinical models of ischemia-reperfusion injury?437738 To determine whether BAM15
treatment could protect mice from ischemic reperfusion injury we administered BAM15 as
a single intraperitoneal bolus at 1 or 5 mg/kg 1 h prior to 26 min of bilateral renal ischemia.
We hypothesized that mitochondrial uncoupling by BAM15 would decrease tubular
necrosis by decreasing immune cell infiltration into the renal medulla. 48 hours after
reperfusion, we observed significantly less infiltration of all leukocytes (Figure 38 A) and
macrophages (Figure 38 B) in a dose-dependent manner. Importantly, we observed
significantly less infiltration of neutrophils (Figure 38 C), the immune cell type most
responsible for occluding the vasculature and inducing further necrosis. Interestingly, we
did not observe any significant changes in dendritic cell populations from IRl or BAM15,
suggesting that these cells do not play a significant role in our models.

At 24 and 48 h following reperfusion, plasma creatinine levels were measured.
Compared to vehicle-treated mice, animals that received BAM15 were protected from
kidney injury as indicated by lower plasma creatinine levels at 24 and 48 h post-ischemia
(Figure 39), reduced tubular necrosis (Figure 40 A-B), less depletion of brush border villi,

less obstruction of proximal tubules (Figure 40 B).
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Macrophages

Figure 38: BAM15 decreases immune cell invasion following renal IRI.

Male mice (8-week old, C57BL/6) were treated with vehicle control (VC) or BAM15 at 1

or 5 mg/kg 1 h prior to bilateral ischemia for 26 min followed by 48 h of reperfusion.

Sham-operated mice underwent an identical surgical procedure, but the renal pedicles

were not clamped. BAM15 pretreatment reduced the concentration of Leukocytes (A),

Macrophages (B), and Neutrophils (C). BAM15 did not affect the concentration of

Dendritic cells (D). * indicates a statistically significant (p > 0.05) difference between
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vehicle and BAM15-treated groups by one-way ANOVA with Dunnett’s posttest. N = 3-

6 mice.
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Figure 39: BAM15 protects against kidney ischemic-reperfusion injury.
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Male mice (8-week old, C57BL/6) were treated with vehicle control (VC) or BAM15 at 1
or 5 mg/kg 1 h prior to bilateral ischemia for 26 min followed by 48 h of reperfusion.
Sham-operated mice underwent an identical surgical procedure, but the renal pedicles
were not clamped. BAM15 pretreatment dose-dependently protected from kidney
damage, as indicated by the decreased plasma creatinine levels at 24 and 48 h following
reperfusion, compared to VVC. Error bars indicate SEM. * indicates p < 0.05 compared to

vehicle control by one- way ANOVA with Dunnett's posttest. N = 3-6 mice per group.
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Figure 40: BAM15 pretreatment decreased acute proximal tubular necrosis of the

kidney medulla 48 h following reperfusion.

Male mice (8-week old, C57BL/6) were treated with vehicle control (VC) or BAM15 at 1

or 5 mg/kg 1 h prior to bilateral ischemia for 26 min followed by 48 h of reperfusion.

Sham-operated mice underwent an identical surgical procedure, but the renal pedicles

were not clamped. BAM15 decreased ATN as shown by numerical scoring (top left) and

histological analysis. Arrows indicate sites of tubular cell death (VC) and casts (BAM15

1mg/kg). Error bars indicate SEM. * indicates a statistically significant (p > 0.05)
difference between vehicle and BAM15-treated groups by one-way ANOVA with

Dunnett’s posttest. N = 3-6 mice.
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4.4 Discussion

Mitochondrial uncoupling is an attractive drug target due to its ability to lower
mitochondrial ROS production. Low concentrations of uncouplers are demonstrated to
have beneficial effects in cell culture and animal models of insulin resistance®”°,
obesity3, protect from neurodegeration®®1-2%  traumatic brain injury®4, and
cardiovascular disease®**®%®, Our data demonstrated that BAM15 treatment dose-
dependently protected from renal ischemia-reperfusion injury, indicating that BAM15 is
bioactive in vivo.

The protective effects of BAM15 from renal ischemia-reperfusion were seen by
several readouts. BAM15 reduced plasma creatinine levels, which suggests improved
GFR and an amelioration of renal damage. However, creatinine levels alone are not a
definitive measure of renal function since it is a summation of creatinine production and
excretion. Because of this, we measured other parameters of renal health to determine if
the changes in plasma creatinine reflected renal health. Administration of BAM15 prior
to renal IRI significantly reduced ATN, which suggests that mitochondrial uncoupling
has protective effects against IRI by preventing necrosis. This is a significant finding
because much of the damage caused by renal IRI is caused via oxygen and nutrient
deprivation, which leads to a lack of ATP production and eventual necrosis.

How mitochondrial uncoupling protects against renal IRI is not entirely clear.
Following reperfusion, mitochondrial uncoupling prevents ROS formation and oxidative
damage, which can have two primary effects. Uncoupling can have a direct effect on

preventing apoptosis and necrosis by reducing cellular oxidative damage. Apoptosis can
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be prevented by lowering ROS, and necrosis may be prevented by decreasing oxidative
damage to mitochondria which allows them to more easily generate ATP following
reperfusion. ROS reduction and a reduction in apoptotic cells may also decrease immune
cell recruitment following reperfusion, which can decrease blood vessel occlusion by
immune cells and thus decreases the ischemic period (see Section 1.3.1).

In support of this, histological analysis of renal tubules showed decreased casts,
which are known to obstruct blood flow during or after renal IRI due to immune cell
invasion (see Section 1.3.2). Decreased cast formation suggests that the immune response
that can obstruct blood flow to the renal medulla following IRI was ameliorated by
mitochondrial uncoupling. Specifically, neutrophil infiltration was significantly reduced.
Because reduction of neutrophil infiltration has been shown to protect from renal IRl,
mitochondrial uncoupling may be a method of reducing ROS formation during IRI,
which decreases the production of inflammatory cytokines and reduces the infiltration of
neutrophils. The reduced infiltration of neutrophils prevents neutrophil-mediated
occlusion of blood vessels, which may decrease the ischemic period and the necrosis
caused by IRI.

A possible mechanism by which mitochondrial uncoupling reduces neutrophil
infiltration is by reducing the recruitment of dendritic cells, but the concentration of
dendritic cells was unchanged at doses of BAM15 that decreased neutrophil infiltration.
However, BAM15 decreased the recruitment of macrophages, which indicates a lesser
response of the innate immune system to clear apoptotic cells following uncoupler
treatment. Given all of the available data, it is likely that reduced ROS production and

apoptosis during reperfusion decreases macrophage infiltration, which lowers neutrophil
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infiltration and decreases cast formation. The increased blood flow caused by uncoupling
reduces the ischemic period, decreases ATN, and normalizes GFR to maintain normal
plasma creatinine concentrations.

Mitochondrial uncoupling can prevent ROS production and apoptosis from IRI,
which may explain why decreased immune cell invasion is observed. However, it is not
clear if BAM15-mediated prevention of necrosis and immune cell invasion are a direct
result of uncoupling or if uncoupling prevents immune cell invasion, which results in
increased blood flow, and decreases necrosis. Future studies utilizing immune-cell
depleted mice may determine which, if any, immune cells are responsible for BAM15-
mediated renal protection.

While it is likely that the actions of mitochondrial uncouplers are beneficial
during reperfusion, it is not clear if uncoupling could have protective effects during the
ischemic period. During ischemia AW¥n decreases and ATP production is decreased, so it
is unlikely that increasing proton leak would have any beneficial effects during this time.
However, clinical application of BAM15 should include the optimization of dosing
periods, specifically if BAM15 can be administered during reperfusion in clinical settings
where an uncoupler could not be used prophylactically.

The doses of BAM15 required for renal IR were 1 and 5 mg/kg, and this was
administered one hour prior to 26 min of IRI. The relative concentration of BAM15 after
90 minutes is relatively low, which indicates that much lower doses of BAM15 can be
used to protect from renal IRI if administration times were optimized. After this period,
BAM15 would have plasma concentrations in the nanomolar range, which would give

little risk for clinical complications of uncoupling such as excessive heat production.
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Further studies and vehicle optimization to improve the pharmacokinetic properties of
BAM15 will be necessary to administer low doses that maintain a small amount of proton
leak that is necessary to safely lower ROS production. Further studies can also address if
BAM15 can protect from deadly ischemic conditions that are longer in length or
accompanied by cardiac complications to more closely mimic the conditions in which
renal IR1 occurs in a clinical setting.

The efficacy of BAM15 against renal IRI is highly significant. The highest dose
of BAM15 (5 mg/kg) demonstrated plasma creatinine concentrations, immune cell
infiltration, and ATN that were indistinguishable from animals that underwent a sham
procedure. From these data it can be concluded that BAM15 confers complete protection
from renal IR1, and may represent a medical advance that can prevent the effects of this
deadly disease. Specific patients are at high risk for renal IRI, which makes uncoupling
an attractive therapeutic target because it can be used prophylactically in the event of

acute renal failure.
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CONCLUDING REMARKS AND FUTURE DIRECTIONS

Synthetic mitochondrial uncouplers are invaluable tools for the analysis of
mitochondrial function and they represent possible therapeutics for diabetes, obesity,
neurodegeneration, cancer, ischemia-reperfusion injury, and other disorders linked to
mitochondrial dysfunction. However, a possible factor limiting the use of available
protonophore uncouplers is their unwanted activity at other membranes such as the plasma
membrane.

This study identified and validated BAM15 as a bona-fide mitochondrial uncoupler
that does not affect plasma membrane conductance and has a broad effective range.
BAM15 is a major advance in mitochondrial bioenergetics research, as the maximal rate
of mitochondrial respiration can be more accurately assessed with BAM15 compared to
FCCP. Because the maximal rate of uncoupler-induced respiration can change not only
across cell types but across phenotypes, known characteristics of mitochondrial respiratory
defects in whole cells may not be accurate in many cases. It is not clear how much of the
literature regarding mitochondrial bioenergetics dysfunction in disease has been altered by
the narrow dosing ranges of current uncouplers. Future studies utilizing BAM15 may
include bioenergetics analysis in cases in which FCCP has a phenotype-specific dosing
range, such as insulin resistance models®”°.

The mechanism by which BAM15 does not affect plasma membrane
electrophysiology is not clear, but may be due to specificity of BAM15 for the
mitochondrial inner membrane and the pKa of the ionizable proton at the interface of a
phospholipid bilayer. Thus, BAM15 may demonstrate cyclical protonophore activity in the

PM, and may simply diffuse in and out of the membrane. This could also occur if a
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membrane potential is required for BAM15 to have uncoupling activity, as the membrane
potential in the mitochondria is much greater than the plasma membrane. Future studies
utilizing patch-clamp methods that measure BAM15 ion diffusion in membranes
containing different lipid compositions and membrane potentials may answer these
questions.

BAM15 will also allow for a greater understanding of the role of mitochondrial
uncoupling in health and disease. Because known mitochondrial uncouplers have many
off-target effects, gaining an accurate assessment of the role of proton leak is extremely
difficult, as there is no clear way to assure that a small molecule is not affecting other parts
of the cell. To address this, we designed an inactive control for BAM15 (Figure 23,
SHC121013) which is similar to BAM15 but does not have protonophore activity.
SHC121013 allows for both in vivo and cell culture-based experiments to be properly
controlled such that experimental outcomes observed with BAM15 are likely due to
mitochondrial proton leak. Because current uncouplers have known protein-binding
targets, it is also not clear how many conclusions of the actions of mitochondrial proton
leak have been falsely attributed to the off-target effects of small molecule uncouplers.
Future experimentation with the proper inactive controls designed in this work may have
to be performed to validate previous findings and conclusions of mitochondrial uncoupling.

Low concentrations of uncouplers are demonstrated to have beneficial effects in
cell culture and animal models of insulin resistance and obesity®’*3, neurodegeneration
and ischemic reperfusion injury?®38338 and cardiovascular disease®°3%, Our data
demonstrated that BAM15 treatment dose-dependently protected from renal ischemic-

reperfusion injury. These data are promising; however, future studies will be required to
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determine if BAM15 is suitable for long-term treatment of pathologies that require constant
exposure such as progressive metabolic disorders.

Collectively, BAM15 represents a valuable new tool for the study of mitochondrial
function and its low cytotoxicity and lack of off-target membrane depolarization provides
renewed optimism that mitochondrial uncouplers may again be useful for medical

intervention in the myriad disorders linked to mitochondrial dysfunction.
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