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MORGAN J SPICER. Assessment of Sex Differences in Basic Renal Mitochondrial Bioenergetics.

(Under the direction of DARIA ILATOVSKAYA).

Kidney diseases are closely linked with mitochondrial dysfunction, oxidative stress, and
inflammation. Furthermore, it is established that sex plays an important role in the onset,
development and severity of renal diseases. Recently, it has been revealed that sex hormones
are implicated in mitochondrial bioenergetics. Despite information accumulated regarding the role
of mitochondria in renal disease states, little is known about the bioenergetics of renal
mitochondria in normal physiology, and no studies looked at sex differences pre-disease onset.
We hypothesized that there are sex-related differences in renal mitochondrial bioenergetics in
young, healthy rats. To test this hypothesis, we utilized renal tissue and live mitochondria isolated
from healthy Sprague-Dawley rats 10-11 weeks of age. Assessment of oxygen consumption
rates from male and female renal mitochondria revealed that female mitochondria have lower
respiration vs male mitochondria in a pyruvate/malate containing buffer which stimulates ETC
Complex I. Sex differences were de-accentuated in a succinate-based buffer which stimulates
ETC Complex Il. Next, female mitochondria displayed similar membrane potential in the cortex,
but higher membrane potential in the medulla vs males. Analysis of renal cortical electron
micrographs revealed lower density and number of female mitochondria in renal proximal tubules,
as compared to males; however, female mitochondria were larger in size. Furthermore, female
renal mitochondria displayed higher ROS levels and lower antioxidant capacity, while the activity
of superoxide dismutase (SOD) was significantly higher in female renal cortex vs in male cortex.
The link between mitochondrial ROS production and calcium handling prompted the quantification
of mitochondrial calcium uptake and mitochondrial permeability transition pore (mPTP) opening.
We observed that although male and female renal mitochondria have similar amounts of calcium

uptake, the mPTP opens earlier in female mitochondria. Taken together, these data suggest that

11



female renal mitochondria are potentially more sensitive to oxidative stress, which allows for faster
mPTP opening and elimination of dysfunctional mitochondria. Observed sex-related
discrepancies in renal mitochondrial function prior to the onset of disease could be contributing to

renoprotection generally observed in females pre-menopause.
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CHAPTER 1 - Introduction and background

Kidney structure and function. Like all major organs, the kidneys are integral to the function of
the body as a whole. They play a vital role in both the filtration of toxic metabolites and waste
products from the blood, as well as in recapturing the nutrients from that filtrate in order to maintain
homeostatic balance!. The physiological structure of the kidney is conducive to these filtration
processes; each kidney is comprised of anywhere from 800,000 to 1,000,000 nephrons, the
functional unit of the organ. Furthermore, the kidney contains two distinct regions, the cortex and
the medulla, which are each responsible for different functions®. Blood flows into the kidney via
the renal artery, where it is first filtered by the first portion of the nephron, the glomerulus. Filtrate
flows through the glomerulus into the proximal tubule and the Loop of Henle, then into the thick

di limb, th
Proximal tubule CORTEX ascending 1imb, - the

Distal tubule\[ . S Connecting tubule

distal tubule, and the

collecting duct. From

\ ~%Bowmanscapsule here, the filtrate

Macula densa—

—Cortical passes back into the

collecting tubule
ittty I itk | renal medulla via a
| MEDULLA larger medullary

Loop of Henle: | |
Thick segment of
ascending limb

tubule into a medullary

Medullary collecting duct’.
collecting tubule

Thin segment of \
ascending limb IS

Descending limb — N Figure 1. A schematic
— Collecting duct

of the nephron, the
functional unit of the

kidney. Image used with permission from Guyton and Hall Textbook of Medical Physiology.

13



Prevalence of renal diseases and associated sexual dimorphisms. Given the complexity of
kidney structure and the vast number of functions performed by the organs, it is not surprising
that kidney disease is among the top causes of death in the United States as well as worldwide?2.
In fact, over 10% of the global population suffers from chronic kidney disease (CKD), and more
than 15% of the adult population, or 1 in 7 adults, in the United States®*. Notably, kidney diseases,
including CKD, display sexual dimorphisms. Slightly fewer males present clinically with CKD (12%
as opposed to 14% in females), but males undergo progression to end-stage renal disease
(ERSD) more frequently?, and suffer from higher pre-dialysis mortality rates than females®. In fact,
female sex has been proposed as a protective factor against CKD-related hospitalization®. CKD
is known to frequently transition from AKI, and indeed female sex has been found to also be
protective against the extent of renal damage accumulated during acute kidney injury®. The
renovascular disease hypertension is no exception to the trend of reduced severity in females;
studies have shown that women present with slower rates of renal decline over time as compared
to men’®. Recently, a meta-analysis by Tejpal et al. has shown that female sex is protective
against Covid-19-related renal outcomes, with women experiencing significantly less Covid-19-
induced AKI than in men®. Even in the absence of renal disease, structural damage increases
and glomerular filtration rate (GFR) decreases with age, but both more severely in males!®. Some
of the age- related renal protection observed in females has been to preservation of nitric oxide
(NO) signaling, which is heightened by the presence of estrogens'®. Even before age-related
dimorphisms, sex-specific differences exist in the protein composition and function of kidneys.
Female mice have been shown to excrete sodium loads earlier than mice, in part due to their
heightened expression of transporters such as sodium/hydrogen ion exchangers, sodium/chloride
cotransporters, and epithelial sodium channels!!. Mice have also shown differences in sensitivity
to the pressure-natriuresis relationship in response to the peptide hormone angiotensin Il in both

age and sex*2.
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Important to note for these studies is the use of young females. In humans, the trend of female
sex to be protective compared to age-matched males exists generally until menopause, where
the sex discrepancies either cease to occur or display inversion of phenotype®34, Administration
of estrogen via hormone replacement therapy is shown to restore the sex-specific trends,
however, clarifying that sex plays a role in renal function both in a normal physiological state as

well as in disease®

Renal oxygenation and blood flow. Regardless of health status, the kidneys have a high
metabolic load. Approximately 22% of the cardiac output is allocated to the kidneys, where blood
flows from the renal artery into the interlobar arteries and subsequently the afferent arterioles
which supply the glomerular capillaries!. This structure means that the cortex has an overall
higher oxygenation level than the medulla, as it is more rapidly supplied by the oxygenated blood
entering the kidney®. The medulla is supplied with oxygen via bundles of vessels called
descending vasa rectae, which allows for the continuation of active transport in an otherwise
poorly-oxygenated area'®!’. Differences are thus to be expected in the bioenergetics of cortical
and medullary mitochondria, as the regions have uniqgue homeostatic balances. A schematic
which illustrates renal blood flow and well as relative oxygenation rates across the nephron is
shown in Figure 2.

The complexity of renal blood flow marks the kidney as a susceptible site for hypoxic damage. In
fact, dysfunction in renal oxygenation is implicated in a number of kidney diseases. Acute kidney
injury (AKI) is often caused by disruption to renal blood flow, resulting in ischemia-reperfusion
injury?’. These hypoxic renal vasculature functional alterations are also thought to be involved in
chronic kidney disease (CKD)!®-?0. Dysfunctional oxygen handling and thus reduced oxygenation
in the kidney have been shown to be associated with the progression of hypertension, as well?.

In fact, the alteration of renal microvasculature caused by hypertension is a major causative factor
15



in the development of end-stage renal disease (ERSD)?!. Renal hypo-oxygenation has also been

linked to diabetic nephropathy, via hyperglycemia-induced dysregulation of nitric oxide

availability, which subsequently alters renal oxygen homeostasis??. In summary, disruption to

renal oxygenation is responsible for a large incidence of renal disease.

Figure 2. Schematic of
renal blood supply and
oxygenation. Figure used
with  permission  from
Scholz, H., Boivin, F.J.,
Schmidt-Ott, K.M. et al.
Kidney physiology and
susceptibility to acute
kidney injury: implications
for renoprotection. Nat Rev
Nephrol 17,

335-349

(2021).
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the larger amount of surface area in males; the glomerular vascular resistance is higher in
females?®. Males are known to have higher blood pressure, higher extracellular volume, and
higher sensitivity to the blood pressure-regulating hormone angiotensin Il. It is important to note
that differences in tissue oxygenation have been shown to affect mitochondrial function?*2. The
kidney displays sex differences in oxygenation, so it logically follows that sexual dimorphism

exists in mitochondrial function.

Mitochondrial function across kidney disease and sex. In addition to the known link between
tissue oxygenation and mitochondrial function, the number of renal pathologies linked with
dysfunction in renal oxygenation suggest that perhaps the organelle primarily responsible in the
consumption thereof may be involved. An emerging target that seems to be central to the origin
of kidney pathologies is the mitochondrion. Mitochondrial dysfunction is implicated in
glomerulosclerosis, whereby respiration is decreased, and gene expression of Sod2 as well as
other respiratory chain genes is suppressed®. Glomerulosclerosis is also linked with
dysregulation of the pro-fibrotic TGF-B signaling, caused in part by an isoform of the protein IHG-
1 which localizes to the mitochondria?’. Diabetic nephropathy displays downregulation of the
expression of the protein PGC1-a, the master regulator of mitochondrial biogenesis, in renal
podocytes?®. Reduction in mitochondrial reserve oxygen consumption capacity was also reported
in diabetic nephropathy?®. Downregulation of the mitochondrial inner membrane protein MPV17
has been shown to be linked with the development of diabetic nephropathy-induced
glomerulosclerosis, despite the normal functions of the protein remaining unknown®°. The
cardiorenal disease salt-sensitive hypertension shows mitochondrial dysfunction in the forms of
reduced mitochondrial membrane potential, ATP production, superoxide dismutase 2 activity, and
oxygen consumption rates in the kidney332. Other renal pathologies have shown renal

mitochondrial dysfunctions which range from alteration to mitochondrial bioenergetics, to
17



downregulation of mitochondrial biogenesis and upregulation of the fusion and/or fission

processes333°,

Mitochondria are critical for all organ systems, so the question remains as to why it is that their
dysfunction presents clinically with such a large number of renal pathologies. Mitochondrial
function in renal disease is becoming well-defined, and renal disease has been well-demonstrated
to possess sexual dimorphisms. Despite this, investigation of the sex discrepancies in renal

mitochondrial function have yet to be defined in a normal physiological state.

Sex-related mitochondrial discrepancies have been studied in nearly all of the body’s organ
systems. It has been shown that sex is a factor for mitochondrial oxidative stress in cardiac cells,
where female sex was shown to have lower expression of pro-apoptotic genes in rats of all ages,
as well as higher expression of oxidative phosphorylation-related genes in older rats*. Cardiac
mitochondria in males have displayed higher respiration rates as well as membrane potential
compared to females, and even differences in response to cardiotoxicity. Mitochondria in the brain
of female rats have been shown to accumulate less oxidative stress over time and maintain higher
antioxidant capacity than their male counterparts*'. Another similar study by Gaignard et al.
claimed that these brain mitochondrial sex differences were ameliorated in females following
ovariectomy*?. Mitochondria isolated from the female liver generate less than half the amount of
peroxides as compared to males, in addition to having higher levels of mitochondrial superoxide

dismutase and glutathione peroxidase**#4. Liver mitochondria from females have also been

demonstrated to be more differentiated than in males, as well as more efficient at making ATP*®.
In skeletal muscle, female mitochondria again displayed higher oxidative phosphorylation and

antioxidant capabilities than in males, and also resisted dysfunction induced by a high-fat diet*¢4’.
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The mitochondria of both white and brown adipose tissues are no exception: female white adipose
tissue contains more functional mitochondria than in males*®. Furthermore, administration of
estrogens on white adipocytes induced greater mitochondrial biogenesis and differentiation, while
testosterone had the opposite effects*®. Brown adipose tissue mitochondria displayed higher
oxygen consumption as well as density, and more differentiation*®. Notably, in a recent,
comprehensive review of what is known about gender dimorphism in mitochondria, there is no
mention of renal mitochondria®. In order to fill the existing gaps in knowledge regarding the sex
differences in renal mitochondrial bioenergetics, it is key to assay the essential functions of these

organelles.

Mitochondrial structure and functions. As displayed in Figure 3, the mitochondrion is an
organelle composed of two dynamic membranes which surround its own set of DNA, and is
frequently referred to as the “powerhouse of the cell” due to its function in producing energy in

the form of ATP through a process known as oxidative phosphorylation or cellular respiration®2.

Membrane compartments in the mitochondrion

intermembrane  outer membrane Figure 3. A diagram displaying the
space .
boundary | inner membrane membrane compartments in the
membrane
cristae mitochondrion. Used under a Creative
matrix A

commons license from Kuhlbrandt, W.

Structure and function of mitochondrial

membrane protein complexes. BMC

Biol 13, 89 (2015).

http://creativecommons.org/licenses/by/4.0/
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Oxidative phosphorylation is the sum of a series of reactions involved in the consumption of
oxygen to generate CO2, water, and energy in the form of ATP. These reactions occur via proteins
in the electron transport chain, which is located in the mitochondrial inner membrane®:. Electrons
from NADH are transferred to Complex I, and those from FADH2 are transferred to Complex I
Electrons from both complexes are then shuttled through cytochrome c reductase, or Q. From
here, electrons are transported to Complex Il and then through cytochrome c. Following
cytochrome c, electrons are shuttled to Complex IV, where they are then pumped into the
mitochondrial matrix and used up in the generation of water from hydrogen and oxygen
molecules. The energy from the electrons is used to generate a proton gradient in Complexes |,
I, and IV, which summarily forms the mitochondrial membrane potential (Agmito). Because of
this higher concentration of protons in the mitochondrial intermembrane space, the gradient flows
downwards through Complex V, where the proton movement powers the generation of ATP from

ADP, as is shown in Figure 45,

Electron Transport Chain -
Inter-
(H) membrane
ATP space
v Inner
membrane
Matrix
NaDH NAD*+H* FADH, FAD +2H* 2H*+1/20,~*H,O P +ADP ATP

Figure 4. A schematic of the electron transport chain. Reprinted with permission from

https://www.ncbi.nlm.nih.gov/books/NBK526105/ https://creativecommons.org/licenses/by/4.0/
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Mitochondria are dynamic organelles that undergo a variety of shape-changing processes,
mainly, the biogenesis of new mitochondria, as well as fission and fusion. The master regulator
of mitochondrial biogenesis is the protein PCG1-a, which, when activated, stimulates the
formation of new mitochondria via translocation from the cytoplasm to the nucleus and
subsequent activation of nuclear genes®2. Regarding dynamics, proteins such as mitofusins 1 and
2 (MFN1 and MFNZ2) allow for the joining of two mitochondrial outer membranes together, and
OPAL1 allows for the fusion of the mitochondrial inner membrane®3. Proteins responsible for
mitochondrial fission include DRP1, which is involved in GTP-dependent fission of the
mitochondrial outer membrane, and its receptors FIS1 and MFF, which are thought to be involved
in the recruitment of DRP1 to the outer membrane®>%*, Assessment of mitochondrial dynamics
provides valuable information about mitochondrial bioenergetics: for instance, fusion is hormally
known to be coupled to respiration®. This is because the presence of GTP (and thus ATP) is

required for the activation of OPA1L, so levels of GTP are linked to levels of fusion [24970086].

a Fission
Metabolic

capacity

Multiple FH"Sh
heterogeneous

Biogenesis o~ letochcndna Low
Interconnected \
mitochondrial network
Turnover

Fusion

Figure 5. A schematic overview of the biogenesis, fission, and fusion processes mitochondria
undergo. Used with permission from Westermann, B. Mitochondrial fusion and fission in cell life

and death. Nat Rev Mol Cell Biol 11, 872—-884 (2010)
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Fission, conversely, is generally performed in order to mitigate damage; the separation of a
damaged portion of mitochondria from a healthy one can salvage the damaged organelle and or
induce healthy, regulated levels of mitophagy to degrade the nonfunctional portions of the

organelles®.

Mitochondria and energy metabolism in the kidney. Mitochondria are dynamic organelles,
and in the kidney their distribution and activity are varied across segments of the nephron. For
instance, the proximal tubule is the most abundant in mitochondria, due to the fact that a majority
of the kidney’s filtrate reabsorption and sodium handling occur there®®. Proximal tubules primarily
rely on aerobic respiration, mainly utilizing high ATP-yielding B-oxidation of fatty acids produce
energy, and are also capable of gluconeogenesis®®®’. In the passive transport environment of the
glomerulus, there are significantly fewer mitochondria present. The distal tubules, however,
primarily utilize glycolysis to produce ATP, and thus are relatively rich in mitochondria®*’. In fact,
both the distal tubules and the thick ascending limb are also able to undergo anaerobic

metabolism of glucose into lactate®®*’.

Mitochondria are known to be one of the largest sources of reactive oxygen species (ROS)
production in the cell. ROS are known to be involved in the development of many diseases, such
as hypertension, neurological diseases, cardiovascular injury, and cancer®®. The kidney is no
exception to ROS-mediated damage: ischemia-reperfusion AKI, CKD, diabetic nephropathy, and
salt-sensitive hypertension all have strong correlations with high levels of oxidative stress®¢?,
Despite the number of disease states associated with excess ROS production, a normal
physiological concentration of ROS (termed “mild oxidative stress by Frank et al.) causes
degradation of damaged mitochondria via the process of mitophagy®?. Removal of the damaged

organelles helps to prevent buildup of oxidative stress and thus can keep the cell in a healthy
22



state. For this reason, there exists a delicate balance of ROS accumulation in the cell: small
amounts can be beneficial, but excess lead to mitochondrial damage and subsequently target

organ damage and disease®?.

In summary, the high metabolic load of the kidney means that a number of renal cell types in both
the cortex and the medulla have high numbers of mitochondria, as well as many downstream
processes such as filtrate reabsorption and ion transport which rely on the energy production and
other functions of mitochondria. The sexually dimorphic nature of mitochondria in other organs
paired with the observed sex-specific trends in renal disease onset and severity suggest that
mitochondrial sex differences may a contributing factor. Given the involvement of mitochondria in
the progression of a number of renal diseases, it is surprising that there is a lack of data regarding
mitochondrial function in the healthy kidney or between sexes. Furthermore, many nephron
segments are rich in mitochondria, a major source of ROS in cells. Although low levels can lead
to protective mitophagy in cells, an excess of ROS are implicated in many renal diseases. In
accordance with the observed reduction in severity and progression of renal diseases displayed
in females, and presented with the fact that low levels of ROS are involved in a plethora of
mitophagic signaling events prior to reaching disease-causing levels, we hypothesized that

female renal mitochondria have higher sensitivity to oxidative stress.
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CHAPTER 2 - Materials and methods

2.01 Animal model and experimental protocol

Male and female Sprague Dawley rats were originally obtained from Charles River
Laboratories(Crl:CD(SD) stock # 001). Animals used for the experiments discussed henceforth
were between 10 and 11 weeks of age (70-77 days), and experimental groups consisted of male
and female renal cortices and medullae. They were placed on a 5v75 PicoLab diet (LabDiet
Advanced Protocol, #0039980) with ad libitum food and water access, and all were exposed to
the same 12hr day/night light cycle. This protocol was approved by IACUC (#2021-1044). In
accordance with ARRIVE guidelines, the study design is outlined below in Figure 6. The number
of rats used was based on a priori statistical analyses performed with the assistance of the MUSC
biostatistics care, and n of animals is reported in each analysis that was performed. No exclusion
criteria were set prior to the study. Animals used for the studies were randomized between litters,

and confounding factors such as cage location were accounted for in the randomization.

Sprague Dawley rats (Charles River)
) L( | 70-77 days old
“ =~ PicoLab® Verified — 75 IF (5V75%)

Experimental groups — SDM cortex d

Renal cortex
—s SDF corfex

— SDM medulla d
Renal medulla . SDF medulla

Figure 6. A depiction of the animal protocol and experimental groups used for the sets of
experiments detailed in Sections 2.02-2.11. SDF - female Sprague Dawley rat, SDM - male

Sprague Dawley rat.
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2.02 Kidney flush procedure

At the respective endpoints of the experiment, rats underwent a kidney flush procedure. Animals
were anesthetized with 5% isoflurane in the induction chamber and then 1.5-5% via the nose
cone for the surgical procedure. An abdominal midline incision was made, and organs were
moved to the side to then allow dissection of the abdominal aorta above the left kidney. The
mesenteric and celiac arteries were then isolated, and loose ties using 4-0 silk threads were
placed around those vessels. Then, below the left kidney in the abdominal region, the abdominal
aorta is isolated and two loose ties with 4-0 silk are placed. The vessel was then clamped, and
the lower tie was tightened. A hole was made in the aorta and the catheter was threaded in, with
the upper tie used to hold the catheter in place. A schematic of the procedure is shown in Figure
7. The vessel clamp was removed, and blood was collected first into heparin-containing 1.7 mL
tubes, followed by the kidneys being flushed at 3 mL/min until blanched with a solution of 40 mL

of PBS and 200 ul of heparin to

) prevent clotting. Kidneys were
3 ml/min

=

celiac ligation

subsequently removed and placed
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2.03 Isolation of renal mitochondria

Freshly harvested kidneys that underwent the flushing procedure as described above were first
mechanically separated into cortex and medulla sections on ice. The following protocol was
adapted from previously described methods by Frezza et al®®. From here, tissue was minced
briefly on ice with scissors and rinsed with chilled PBS, then minced more thoroughly using a
razor blade in approximately 2 mL of ice-cold mitochondrial isolation buffer containing 200 mM
sucrose, 10 mM Tris-MOPS, and 1 mM EGTA/Tris, pH 7.4. The minced tissue and buffer solution
(approximately 3 mL) was poured into a 5 mL dounce and homogenized with 5 strokes of a
Heidolph homogenizer at 1600 RPM. The cortex and medulla solutions were centrifuged at 1,000
X g at 4°C to remove debris, and the resulting supernatant was removed and placed into new 1.7
mL tubes. Again, the supernatant was centrifuged at 7,000 x g at 4°C, this time leaving pelleted
mitochondria at the bottoms of the tubes. The supernatant was pulled off the pelleted
mitochondria, which were then resuspended in 200 ul of isolation buffer and centrifuged again at
7,000 x g. The pelleted mitochondria were resuspended with 100ul of mitochondria isolation
buffer. The final product was assessed for viability by loading a small aliquot of isolated
mitochondria (approximately 10-15 ul) with 150 nM TMRM, and observation at 40x (Numerical
Aperture: 0.75) under a fluorescence Nikon Eclipse Ti-2 microscope (objective: #OFN25) for
detection of membrane potential. Isolated mitochondria were used immediately for functional
experiments as described in Figure 8 and Sections 2.05, 2,06, and 2.08. Samples that were to
be stored for later use in experiments such as in Section 2.11 were snap-frozen with liquid

nitrogen and stored at -80°C.
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Figure 8. lllustration of the mitochondria isolation procedure. Excised renal cortex and medulla
were minced, mitochondria were isolated via differential centrifugation. a small aliquot of the
isolated mitochondria were loaded with TMRM to label membrane potential and viewed to assess
viability. The remaining mitochondria were used as described in Sections 2.05, 2.06, and 2.07 for

spectrofluorimetry or oxygen consumption rate experiments.

2.04 BCA assay for sample protein quantification

A Pierce BCA assay (ThermoFisher, IN) was used for Methods detailed in Sections 2.05, 2.07,
and 2.11. In it, standards of 2000, 1500, 1000, 750, 500, 250, 125, 25, and 0 yg/mL are diluted
from the supplied 1 mL ampule of Albumin Standard. Samples to be analyzed are diluted 1:20 in
the supplied Working Reagent, and 100 uL of each standard and sample are pipetted in duplicate
into a 96-well plate (Costar, #3916). After the Working Reagent was added, the plate was

incubated at 37°C for 30 minutes, then absorbance was read at 562 nm in the Tecan reader.
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Sample values were calculated by using a standard curve generated from the known

concentrations of the standards, and then adjusting for dilution if necessary.

2.05 Oxygen consumption rate measurements in isolated mitochondria

Quantification of oxygen consumption rates using the Seahorse XF platform is an established,
rigorous way to measure mitochondrial respiration®%. For oxygen consumption rate (OCR)
measurements, 2 to 10 ug of freshly isolated mitochondria from each experimental group were
placed into a pH 7.2 buffer containing 70 mM sucrose, 200 mM mannitol, 10 mM KH2PO4, 5 mM
MgClz, 2 mM HEPES, 0.2% BSA v/v, 1 mM EGTA 5 mM malate, 5 mM succinate, and 5 mM
glutamate (MAS buffer) and loaded into Cell-Tak coated 96-well Seahorse XF96 plates (Agilent,
CA; #102416-100) that were allowed to adsorb at RT for 20 minutes. The loaded plates were then
spun at 1,000 x g for 1 minute to secure the mitochondria. Samples were plated and subsequently
run on the Seahorse XF96 analyzer located in the MUSC Core Metabolomics Facility. Oxygen
consumption rate (OCR) was measured at baseline for ten minutes and after the addition of 5ul
of 10 mM of ADP, oligomycin, FCCP, and a rotenone+antimycin A cocktail, with the addition of
each drug occurring in 15-minute intervals. An increase in observed OCR following the addition
of adenosine diphosphate (ADP) is used to assess the viability of the mitochondria. Oligomycin
is an ATP synthase (Complex V) inhibitor, and the addition quenches OCR below the basal level,
which allows for calculation of ATP-linked respiration. FCCP is an uncoupling agent which
disrupts the proton gradient, so the addition allows analysis of maximal respiration (beyond what
would be observed physiologically). Finally, a cocktail of rotenone and antimycin A, which inhibit
Complexes | and lll, respectively, is added to quench all mitochondrial respiration in the sample.
By subtracting this value from the basal rate, the non-mitochondrial oxygen consumption can be
calculated. A graphical summary of the added drugs, their effects, and what pieces of data can

be measured is depicted in Figure 9.
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2.06 Oxygen consumption rate measurements in isolated renal mitochondria with different

substrates

The experimental conditions follow those described in Section 2.05, however instead of the MAS

buffer used in that protocol, one set of isolated mitochondria (male and female, cortex and

medulla) was placed in a solution ideal for mitochondrial function containing 70 mM sucrose, 200

mM mannitol, 10 mM KH>PO4, 5 mM MgCl,, 2 mM HEPES, 0.2% BSA v/v, 1 mM EGTA 5 mM

malate, and 5mM pyruvate, to stimulate ETC Complex I; the other set was placed in a nearly

identical buffer which omitted the malate and pyruvate, and instead contained only 5 mM

succinate as substrate, to instead stimulate Complex Il. Data were normalized to the protein

concentration in each sample as calculated from a BCA assay as described in Section 2.04.
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Figure 9. Oxygen Consumption Rate Measurement Schematic. The mitochondrial respirometry

parameters that can be calculated after the addition of each drug are shown.
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2.07 Polymerase chain reaction quantification of respiratory genes in renal mitochondria

Renal mitochondria were isolated as previously described®, and TRIzol Reagent from Life
Technologies was used per the manufacturer’s instructions for the subsequent purification of
RNA. Isolated RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription
Kit with RNase inhibitor from Applied Biosystems. This kit utilizes a 20 pl mix consisting of 10 pl
each of Master Mix and isolated RNA. Primer pairs were designed using Primer Express Software
v3.0 (Applied Biosystems), in order to complement the sequences of the target genes obtained
from the Ensembl genome browser. Synthesis of the designed primers was performed by
Integrated DNA Technologies (Coralville, IA), and primers were reconstituted to a 10 uM working
solution before use. The epMotion 5075 Liquid Handling Robot from Eppendorf was used to plate
the reactions into a 384-well plate (Applied Biosystems), with 2 ng of cDNA being used per
reaction. The reactions were carried out with default settings in the 7900HT Sequence Detection
System (Applied Biosystems) for 40 cycles, and non-template (water) controls were used in

conjunction with triplicate repeats for each reaction, as described previously®2.

2.08 Spectrofluorimetry of isolated renal mitochondria

Isolated mitochondria from Section 2.03 were placed in a 1:10 ratio into chilled buffer pH 7.5
containing 120 mM KCI, 10 mM sucrose, 2 mM KH2PO4, 2 mM MgCI2, 10 mM HEPES, 5 mM
glutamate, and 5 mM malate (KCI buffer). For membrane potential measurements, 1 ul of 15 uM
TMRM was added per 500 ul of mitochondria and KCI buffer. For hydrogen peroxide
measurements, 2 yl of 10 mM Amplex Red and 1ul of HRP enzyme was added immediately
before pipetting to the mitochondria and KCI buffer solution. For MCLA, 1 pl of 10 mM MCLA dye
was added per 500 ul of mitochondria and KCI buffer. Then, 100 pl of the solution was immediately

pipetted into an average of 8 wells of a black-bottom 96-well plate (Costar, #3916) and run in a
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plate reader for fluorescence or luminescence, where appropriate. TMRM samples were read for
ten minutes at an excitation of 560 nm and an emission of 600 nm. Amplex Red samples were
read for 20 minutes, with an excitation 571 nm of and an emission of 585 nm. Both TMRM and
Amplex Red experiments were run on the Tecan Infinite 200 Pro reader. MCLA is a luminescent
dye, and luminescence was read on the Synergy H1 reader. TMRM and MCLA assays collected
data for ten minutes, and Amplex Red assay collected data for 20 minutes, with data points being
collected continuously. Data were normalized to total protein per sample as calculated by the BCA
assay in Section 2.04 for all three dyes. For Amplex Red, which forms an enzymatic curve instead
of linear, data were integrated using Origin 2019 software, and the area under the curve was used

for statistical analyses.

2.09 Analysis of superoxide dismutase activity in isolated renal mitochondria

Samples weighing approximately 25 mg each of male and female renal cortex and medulla were
homogenized in a cold, pH 7.2, 20 mM HEPES buffer containing 1 mM EGTA and 210 mM
mannitol, and 70 mM sucrose per gram of tissue, then centrifuged at 1500 x g at 4°C for five
minutes to remove cellular debris. The supernatant, stored on ice, was then pipetted in 10 uL
volumes into a clear 96-well plate. To this, 200 yL of the Radical Detector (Cayman Chem, MI)
was added, and samples were briefly mixed. To initiate the reaction, 20 pyL of xanthine oxidase
(Cayman Chem, MI) was added to each well, and the plate was allowed to incubate on an orbital
platform shaker for 30 minutes before the absorbance was read at 450 nm by a Tecan plate
reader. Data were analyzed using the included standards of 0.000, 0.005, 0.010, 0.020, 0.030,
0.040, and 0.050 in combination with the equation SOD (U/ml) = [({sample linear rate — b} +
slope) x (0.23 + 0.01)] x sample dilution to linearize the enzymatic curve and calculate sample
values. A linearized rate is calculated by graphing the known concentrations of the standards,

from which the y-intercept of the graph is subtracted. This value, (Linear rate — y — intercept),
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is then divided by the slope. To account for the 10 ul added to the 230 ul volume of the plate wells,
it is multiplied by the fraction 0.23/0.01. Finally, this number is multiplied by the dilution of each
individual sample to give the SOD activity in calculated Units/mL (U/mL). Data were analyzed with

two-way ANOVA and Holm-Sidak post-hoc tests.

2.10 Proximal tubule electron microscopy and image analysis

Freshly isolated 1 mm?®samples of male and female cortices were fixed with 2.5% glutaraldehyde
in a phosphate buffer overnight. Then, they were rinsed in a 2x buffer for fifteen minutes,
incubated in 2% osmium tetroxide on a rocking platform shaker for 1hr, and placed through an
ethanol dehydration series up to 100%. When dehydration was complete, samples were placed
into propylene oxide to allow penetration of the reagent Embed 812 (Electron Microscopy
Sciences, #14120) in subsequent ratios of 1:2, 2:2, and 3:1 for 1 hour each. Samples were placed
into pure plastic overnight on a rocking platform shaker, then placed into molds and allowed to
polymerize in the oven overnight. Hardened blocks were sectioned at 0.5 um slices, mounted on
glass, and stained with 1% toluidine blue. The sections were then observed for determination of
appropriate areas to slice, and the block was trimmed accordingly. The new sections were placed
on a 200-mesh cu grid and stained for 10 minutes with uranyl acetate, followed by a rinse step
and subsequent stain with lead citrate. Final sections were imaged on a JEOL 1010 transmission
electron microscope set to 80 kV. Images at 20000x magnification (pixel to nm ratio set to 1:0.145)
were analyzed using FIJI software as distributed by NIH®"; analysis parameters included mean
gray value (density), area, number of mitochondria per field, and health scores from 1-5, with a
score of 1 representing a perfectly healthy mitochondrion and a score of 5 representing a severely
damaged mitochondrion. To prevent bias in mitochondria analysis, all analyses were carried out
blinded to both sex and renal region of each image. Any mitochondria which were not completely

visible in the image field were excluded from analysis. Mitochondria were selected manually using
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the ROI freehand tool, and the measurement parameters in the FIJI software included Mean gray
value, shape descriptors, and circularity. The brightness for each image in the software is within
the range of 0 to 255. To convert the mean gray values into the density that is used for analysis,
the mean gray value is first subtracted from 255. For each image, a representative “background”
selection is made, which is also subtracted from 255. From here, the background value is
subtracted from each sample value to generate density. Data were analyzed with two-way

ANOVA and Holm-Sidak post-hoc tests.

2.11 Renal mitochondrial Western blotting

Western blot samples consisted of a 1:10 ratio of snap-frozen mitochondria from male and female
renal cortex and medulla in radio-immunoprecipitation assay (RIPA) buffer. Samples were run in
4-20% polyacrylamide gels (Bio-Rad, #5671095) for 5 minutes at 50v, then for 75 minutes at
120v. Proteins were transferred to nitrocellulose membranes using a 2.5A, up to 25v, 7 minute
transfermode on the TransBlot system from Biorad, Inc. Membranes were stained with Pierce
stain (Thermo Scientific, IN; #786576) to detect total protein of the samples before blocking in 5%
skim milk in Tris-buffered saline with Tween 20 (TBST: 20mM Tris, 150mM NacCl, 0.1% Tween
20, wlv, pH 7.4) for one hour. After blocking, membranes were incubated in primary antibodies
overnight at 4°C. Primary antibody was then decanted, and a wash step consisting of three 5-
minute washes in TBST on a low speed orbital platform shaker was performed. Secondary
antibody was then added and allowed to incubate at room temperature on a low speed orbital
platform shaker for one hour, followed by an additional wash step consisting of three 5-minute
washes in TBST. Proteins were detected using SuperSignal West Pico PLUS reagent (Thermo
Scientific, IN) and imaged with a Li-Cor Odyssey XF system to detect chemiluminescence of the
HRP conjugate on the secondary antibody to the target protein. The catalog numbers and

dilutions of the antibodies used can be found in Table 1.
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Abbreviation | Target Protein Name Vendor, Species Dilution
Catalog Number
MFN2 Mitofusin 2 Proteintech, rabbit 1:1000
#12186-1-AP
OPAl Mitochondrial dynamin-like Fisher, #PA5- rabbit 1:1000
GTPase 79771
SOD2 Superoxide dismutase 2 SCBT, #SC- rabbit 1:500
137254
HRP Anti-rabbit (conjugated with | Fisher, #31460 goat anti- | 1:5000
a luminescent horseradish rabbit
peroxidase tag)

Table 1. List of antibodies used for Western blots.

2.12 Renal mitochondrial calcium uptake measurements

Freshly isolated live mitochondria from male and female cortex and medulla were plated in a 96-
well plate in wells containing 1 pl of 5 uM membrane-impermeable Calcium Green dye (Thermo
Scientific, C3737), and a buffer of pH 7.5 containing 120 mM KCI, 10 mM sucrose, 2 mM KH2POa,
2 mM MgCl, 10 mM HEPES, 5 mM glutamate, and 5 mM malate (KCl buffer). Using the injection
feature on the Tecan Infinite 200 Pro plate reader, 5 ul of 250 uM CaCl; solution was injected into

each well, and fluorescence reads were taken at 520 nm. CacCl. injections occurred sequentially
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every 15 read cycles, and the end point of the experiment occurred after 11 injections. A
schematic of this procedure is displayed in Figure 10. Fluorescence data were normalized to the
total protein of each sample as calculated by BCA assay. To confirm that the observed decreases
in Ca Green fluorescence are due to mitochondrial uptake, the drug Ru360, an inhibitor of
mitochondrial calcium uptake, is used as a control by adding 5 ul of 500 mM stock to the
mitochondria and buffer. Data were plotted, and the area under the curve for injection numbers 4
and 5 was integrated using Origin 2019b software. Following this, 2-way ANOVA with Holm-Sidak

post-hoc tests were utilized on the integrated data to determine significance.

mPTP
. opening

Additions of 5 uM Ca?*

Injection of CaCl,

CaGreen

fluorescence

Figure 10. Schematic of the mitochondrial calcium uptake assay. Calcium green dye fluoresces
when bound to calcium ions, causing increases in fluorescence when calcium chloride solution is
added. As mitochondria absorb the calcium, it the ions dissociate from the membrane-
impermeable Ca Green dye, which causes fluorescence readings to decrease and stabilize. He
opening of the mPTP can be visualized at the point where fluorescence readings continually

increase. Data were analyzed with two-way ANOVA and the Holm-Sidak post-hoc test.
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2.13 Quantification of renal antioxidant capacity

An Antioxidant Assay kit from Cayman Chemical (709001) was utilized for the measurement of
total antioxidant capacity of renal tissues. Approximately 10-15 mg of cortical or medullary tissue
from male or female kidney for each sample was homogenized via sonication over ice. Following
this, homogenate was centrifuged at 10,000 x g for 15 minutes at 4°C to pellet debris. The
resulting supernatant was then diluted in a 1:50 ratio for use. Each well on the plate contained 10
pl of sample or standard, 10 pl of metmyoglobin, 150 pl of Chromogen, and 40 pl of Hydrogen
Peroxide Working Solution for a total of 210 pl per well, with all samples and standards run in
duplicate. Standards of Trolox in concentrations of 0.0, 0.068, 0.165, 0.203, 0.270, 0.338, and
0.495 were plated and used later to generate a standard curve. Absorbance was measured at
750 nm on a Tecan Infinite 200 Pro plate reader following a 5 minute shaking incubation at room
temperature. A linear regression was performed using Standard values, and sample antioxidant
concentrations were calculated using the equation Antioxidant (mM) =

[{sample average absorbance — b} =+ slope] X dilution.

2.14 Statistical analyses

Data were analyzed using one-, two- or three-way ANOVA and the Holm-Sidak post-hoc test,
where appropriate for each dataset. Statistical test information is also located in the figure legend
of each section. Data are displayed as box-and-whisker plots, with the box representing standard
error, the whiskers as 1x standard deviation, and the line as the median. Statistical significance
was designated as values with p < 0.05. Outliers were tested for using the Grubbs test, and
removed if p < 0.01, where applicable. These box plots and values were generated by Origin
2019b software. N and n values are displayed on graphs, where N represents the number of

animals used (biological replicates), and n represents the number of technical replicates.
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CHAPTER 3 - Characterization of basal bioenergetic profiles in male and female renal
mitochondria

Introduction

Oxidative phosphorylation in the kidney.

The kidney is among the body’s most metabolically active organs, with an energy expenditure
similar to that of the heart in a resting state in healthy adults®®. The kidney’s demand for energy
arises from its functions in filtering blood to remove waste products, maintaining electrolyte
homeostasis, regulating acid-base balance, reabsorbing nutrients, and regulating blood pressure.
The energy needed for these processes is supplied largely from the process of oxidative
phosphorylation performed by mitochondria, and indeed the kidney is the second-highest organ

in both oxygen consumption and also total mitochondrial content, following the heart®®,

Mitochondria supply the energy for renal functions directly, as ATP is the universal currency of
energy in the cell, and also by providing ATP for the plethora of Na+/K+ ATPases found in the
basement membranes of epithelial cells of the renal tubules™. These ATPases facilitate the
development of a sodium ion gradient which is greater in the lumen than in the cell and
intracellular space. Other transport proteins such as sodium glucose transporters (SGLTS),
sodium phosphate transporters (NPTs), sodium bicarbonate exchangers (NBCs), sodium chloride
cotransporters (NCCs), sodium channels such as ENaC (Epithelial Sodium Channel), and others
couple non-sodium molecules to the sodium gradient to allow for reabsorption into the cell and

thus into the body, as displayed in Figure 117
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Figure 11. A schematic displaying a summary of sodium transport and the various proteins which
facilitate it, as well as the molecules coupled to sodium transport, along the nephron. Reprinted

with permission from CJASN.

As stated previously, kidney cells have both an extremely high energy demand and a high number
of mitochondria to meet that demand®"°. Because of the fluctuating metabolic needs of the
kidney, it is important for the mitochondria to have a high degree of plasticity to adjust to the
changing energy requirements®?. Therefore, it is very important for the kidney cells that
mitochondria have ways of adjusting their energy output to maintain a homeostatic balance; one

method is by the alteration of biogenesis and dynamics, that is, fission and fusion®2.
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Many renal and cardiorenal disease states are linked to mitochondrial dysfunction, for example,
salt-sensitive hypertension3!3?, glomerulosclerosis?®?’, diabetic nephropathy?®*, tubulopathies
such as Fanconi syndrome’?, and a number of other renal disease states®”-*. Not only do renal
diseases often display mitochondrial dysfunction, but they also present clinically in a sexually
dimorphic manner. Female sex has been found to be protective against AKI and hypertension,

and against the progression of CKD®”,

Despite this disease presentation, as well as sexual dimorphisms in normal kidney function, little
is known about the differences in renal mitochondrial function in males and females. What is
known includes that both estrogens and androgens do have effects on mitochondrial function:
estrogens have been shown to attenuate tubular damage via altering the oxidative state of
mitochondria’, and female mice and rats are able to retain some forms of respiration in the
presence of nephrotoxins compared to their male counterparts’®. Androgenic effects on renal
function have also been reported. For example, low doses of testosterone have been
demonstrated to attenuate damage in renal ischemia-reperfusion injury”. These data oppose
another study by Peng et al. which showed that administration of testosterone induced apoptosis
and necrosis in tubular epithelial cells’™. Interestingly, it has been shown that androgen receptors
localize to mitochondria in other organs such as skeletal muscle and sperm cells’”’8, Estrogen
receptors have also displayed this nonclassical localization®’°, but the question of whether this

occurs in the kidney has not been answered yet.

In order to help fill this gap in knowledge regarding the sexual dimorphisms of renal mitochondria,
we designed experiments to test the bioenergetic capacity of these organelles in renal male and
female samples. First, we measured respiration rates of isolated renal mitochondria from male

and female cortex and medulla, and then refined our baseline respirometry experiments to include
39



differential substrate feeding as well. From here, we examined expression of the ETC-related
genes which are involved in mitochondrial respiration, and assessed mitochondrial membrane
potential. Next, we investigated mitochondrial dynamics by analyzing both expression of
dynamics-related proteins MFN2 and OPAL, as well as electron micrographs of proximal tubular
mitochondria. These experiments helped to establish bioenergetic profiles of the mitochondria in

male and female cortex and medulla.

Results

Comparison of the oxygen consumption rates of isolated male and female renal
mitochondria.

One of the primary functions of the mitochondrion is the production of energy in the form of ATP
through a process called cellular respiration®. The rates of respiration, which can be measured
by examining the oxygen consumption rate of isolated mitochondria, are often tied to the health
of the mitochondria®. In order to determine discrepancies in mitochondrial respiration the oxygen
consumption rates were measured in the isolated mitochondria from each experimental group as
defined in Protocol 2.01: male and female renal cortex and medulla. This allowed us to collect
vital information about the bioenergetics from each group as displayed in Figure 12. The oxygen
consumption rate (OCR) was measured by the Seahorse XF96 analyzer, the method of which is
displayed in Figure 9. All data shown below are in experimental groups according to Protocol
2.01. The male mitochondria from both cortex and medulla have overall higher rates of respiration
than both groups of female mitochondria, as seen in Figure 12. Male groups displayed higher
basal OCR (Units shown are pmol/min/mg protein. Male cortex = 39.45 + 1.12; female cortex =
26.57 £ 0.88; male medulla = 30.56 + 0.74; female medulla = 21.69 + 0.57 ), ADP-stimulated
OCR (male cortex = 15.82 = 0.79; female cortex = 12.79 + 0.51; male medulla = 17.32 + 0.80;

female medulla = 11.85 = 0.47), ATP-linked OCR (male cortex = 30.15 + 1.07; female cortex =
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24.60 + 0.63; male medulla = 23.65 = = 1.22; female medulla = 21.02 + 0.47), Leak OCR (male
cortex = 16.56 * 0.63; female cortex = 11.01 + 0.47; male medulla = 12.86 * 0.43; female medulla
=8.59 + 0.24), Max OCR (male cortex =52.05 + 2.33; female cortex = 32.56 + 1.24; male medulla
=40.29 £ 1.23; female medulla = 25.05 + 0.77), and spare capacity (male cortex = 14.34 + 1.29;
female cortex = 5.86 + 0.58; male medulla = 11.64 * 0.74; female medulla = 4.86 + 0.57) than
female cortex and medulla groups, as are shown in Figures 12 and 13. We report that cortical
respiration was higher than medullary respiration for basal OCR, ATP-linked OCR, leak OCR,

and max OCR in both male and female mitochondria (numerical data displayed above).
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Figure 12. Summary of respirometry of isolated mitochondria from male and female renal cortex
and medulla. Isolated renal mitochondria from males from both cortex and medulla displayed
higher oxygen consumption over females for each measured parameter. Biological and technical
replicates displayed on individual graphs in Figure 13.
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2-way ANOVA with Holm-Sidak post hoc

Figure 13. Oxygen consumption rate measurements of isolated renal mitochondria in male and
female cortex and medulla. N value represents the number of biological replicates, and is 5 for
each group shown. The n-values shown on the graph represent technical replicates. Analysis was

2-way ANOVA with the Holm-Sidak post-hoc test. .

The ETC is a multiprotein system where numerous factors, from expression to activity of each
protein, could be potential driving factors of the observed discrepancies in respiration by sex.
Respirometry can be tailored to observe differences in ETC function by complex. To assess the
ETC complex dependency of mitochondria in male and female cortex and medulla, an additional
experiment measuring OCR was performed. The experimental groups remained the same as in
Figures 12 and 13, but were split into two groups with mitochondrial substrates which would
independently stimulate uniqgue complexes of the ETC, thus allowing for more mechanistic insight

to the altered levels of oxygen consumption. As described in Protocol 2.06 The first solution
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Basal OCR (pmol/min/mg

protein)

contained malate and pyruvate sugars to stimulate respiration through Complex I, and the second
solution contained only succinate to stimulate respiration through Complex Il. Figure 14 shows
that, in malate/pyruvate buffer, male mitochondria followed the previous trends and had
significantly higher basal OCR compared to the female mitochondrial groups (Units shown are
pmol/min/mg protein. Male cortex = 15.63 + 0.90; female cortex = 10.91 + 0.57; male medulla =
16.09 + 1.12; female medulla = 10.20 = 0.45), max OCR (male cortex = 43.39 + 2.23; female
cortex = 44.34 + 2.93; male medulla = 51.23 + 2.57; female medulla = 43.85 + 2.20), and leak
OCR (male cortex = 12.03 + 1.03; female cortex = 9.76 + 0.58; male medulla = 14.23 + 1.14;
female medulla = 9.44 + 0.64). Interestingly, when fresh isolated renal mitochondria were placed

into the succinate buffer, significant sex-related discrepancies in respiration were absent.
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Figure 14. Differential substrate feeding of isolated renal mitochondria from male and female
cortex and medulla. N values represent the number of biological replicates. The n-value
represents technical replicates. P-values with statistical significance are displayed. Data were

analyzed with 3-way ANOVA and the Holm-Sidak post-hoc test.

43



Differentiation of the expression of respiration-linked genes in male and female renal
mitochondria.

There are a plethora of proteins which make up the ETC and contribute to the process of oxidative
phosphorylation. Through respirometry, we were able to stimulate complexes | and II, but needed
to further investigate the ETC to identify other segments which could be contributing to the
observed sex-related discrepancies in respiration. To accomplish this, gPCR was performed as
described in Protocol 2.07 to analyze the mRNA levels of the proteins produced by the genes
Atp5fla, which codes for ATP synthase or complex V in the ETC, as well as Cox4il and Cycs,
which encode for complex IV and cytochrome c, respectively, and data are displayed in Figure
15. Cytochrome C is an essential protein for the function of the electron transport chain, given its
role in shuttling electrons from complex Il to complex IV, and Pgcl-a affects respiration by
increasing the number of mitochondria available to perform the function®2. No significant
differences were observed in the mRNA levels from the Atp5fla, Cox4il, or Ppargcla genes,
however, the expression level of the transcripts from the Cycs gene were significantly higher in
both the cortex and medulla of males as compared to females (Units displayed as fold
change/male average. Male cortex = 1.0 + 0.24; female cortex = 0.40 £ 0.09; male medulla=1 %

0.15; female medulla = 0.40 + 0.11).
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Quantification of

mitochondrial membrane potential and reactive oxygen species production in isolated
renal mitochondria.

The ETC has obvious functions in the generation of ATP for the cell, but one byproduct of this
process is the generation of a proton gradient between mitochondrial membranes. This gradient
gives each mitochondrion a membrane potential, or Aypmito®!, therefore all live, healthy
mitochondria have a Aymito value, which can be measured using the fluorescent dye TMRM.
The proton gradient, and thus membrane potential, is responsible for the generation of ADP from
ATP by Complex V; for this reason, discrepancies in Aymito can be indicative of differences in
mitochondrial bioenergetics®?. We observed that the isolated mitochondria from renal medullae

displayed overall higher levels of Awmito than did cortices in both males and females (Units
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and medulla. N represents the number of biological replicates, and n represents the number of

technical replicates. Data were analyzed with 2-way ANOVA and the Holm-Sidak post-hoc test.

Assessment of mitochondrial respiration and dynamics-related proteins via Western blot

in isolated renal mitochondria.

Mitochondrial fusion state often correlates with respiration®2. In order to determine whether the
upregulation in male mitochondrial oxygen consumption we observed was due to fusion levels,
Western blots were performed to measure the expression of the proteins MFN2 and OPA1, both
of which are integral for the mitochondrial fusion process. MFN2 expression was higher in male
isolated mitochondria from both cortex and medulla regions, compared to the expressions in
females (Units displayed as au/mg protein. Male cortex = 92.87 + 3.80; female cortex = 102.76 *
5.51; male medulla = 162.02 * 8.77; female medulla = 238.05 + 12.38), as shown in Figure 17.
OPAL expression in the cortex and medulla of males was not significantly different than in the

mitochondria isolated from female kidney regions; however, the OPA1l expression in female
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cortex groups was much lower than in female medulla groups (Units displayed as au/mg protein.

Female cortex = 0.93 £+ 0.07; female medulla 0.73 + 0.05).
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Figure 17. Western blots and analyses of fusion proteins MFN2 and OPAL. Images were obtained
with a Li-Cor Odyssey XF system, and densitometry was performed using FIJI software. Data
points each represent one biological replicate. Data were analyzed with 2-way ANOVA and the

Holm-Sidak post-hoc test.

Size, density, number, and health of isolated renal mitochondria.
We observed sexual dimorphisms in the expression levels of fusion protein Mfn2, thus the next

logical experiment was to visualize and analyze mitochondria to further elucidate whether
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changes in fusion state were responsible for differences in respiration. This was done using
transmission electron microscopy. Proximal tubule cells were used for analysis to represent the
cortical fraction of the kidney as they comprise the largest portion of the renal cortex [28804120].
Analysis of density, being used as a crude indicator of mitochondrial health, revealed that male
mitochondria were significantly more dense than the female group (male = 42.58 au + 0.57;

female = 39.30 au * .05) . Male mitochondria were also smaller in area (male mean = 0.29 um?

I+

.01; female = 0.38 um? + 0.01) and more numerous per field (male = 44.36 mitochondria/field

I+

1.91; female = 34.94 mitochondria/field = 1.93) . Notably, despite differences in morphology,
both male and female mitochondria displayed nearly identical health scores. Representative

images are shown in Figure 18, and quantitative analyses of the identified parameters are

displayed in Figure 19.

Figure 18. A representative image set of male and female mitochondria from renal proximal
tubules. Images were obtained with a JEOL 1010 transmission electron microscope set to 80 kV.

Images are displayed at 20000x magnification.
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Figure 19. Electron microscopic analyses of isolated proximal tubular mitochondria in males and
females. Data were analyzed with 1-way ANOVA and the Holm-Sidak post-hoc test. N represents
the number of animals analyzed. The n-value represents the number of mitochondria analyzed
for density, area, and score; n-value represents the number of fields of view analyzed for number

of mitochondria.

Discussion for Chapter 3

Overall, the results obtained in Chapter 3 showed that male mitochondria had higher overall

respiration compared to female mitochondria. These differences were apparent in a Complex I-

49



stimulating buffer, but ameliorated in a Complex ll-stimulating buffer. gPCR showed that the
expression level of cytochrome c was altered between sexes, being higher in males in both cortex
and medulla. Membrane potential was interestingly higher in females than in males, particularly
in the medulla. When the expression of fusion proteins MFN2 and OPA1 was measured, MFN2
displayed higher expression in males. Electron microscopy analysis showed that male
mitochondria were in fact smaller and more numerous, which could point to a less fused
phenotype than in the females. The relative health scores as determined by electron microscopy

were nearly identical between sexes.

In our hands, isolated male renal mitochondria displayed overall higher levels of respiration. The
trend for most other organs in the body is for male mitochondria to display lower levels of
respiration®®, which is the opposite trend. It is important to note that the kidney, unlike other
organs, has metabolic rates that are directly influenced by the rate of renal blood flow®2. The
cortex has a much higher oxygenation level than the medulla, which likely accounts for the higher
overall levels of respiration in cortical mitochondria compared to those that are medullary*>*6, This
could also be one explaining factor for the sex-related discrepancy in observed mitochondrial
bioenergetics, and could also account for the trend of female renal mitochondria having higher
levels of membrane potential and ROS production, which appear to be unique to the kidney -
males have a higher metabolic load, which could account for their increases in respiration®. This
could be further tested by matching GFR from males and females to isolated mitochondria and

respirometry results as a future experiment.

Regarding oxygen consumption, the fact that sex-related discrepancies only appear in the
Complex I-stimulating malate/pyruvate substrate buffer and not the Complex Il-stimulating

succinate substrate buffer suggests that the observed sex-related discrepancies in oxygen
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consumption may arise from Complex |. This suggests that regardless of the contributions of
Complex | to respiratory efficiency, there are other factors both in and outside the ETC which

could account for the discrepancy in disease incidence and severity between sexes.

Other studies which examined the energetics in renal mitochondria have shown reduction in the
renal expression of ETC Complexes in diseases such as diabetic nephropathy and acute kidney
injury8488_ Our previous studies in salt-sensitive hypertension showed that the respiration rates of
glomerular mitochondria were depressed in rats fed a HS diet, which develop profound renal
damage®. Doe et al. found reductions in OXPHOS activity in the mitochondria of skeletal muscles
of mice afflicted by CKD, though interestingly no measurements of renal mitochondrial OXPHOS
activity were made®’. Smith et al. measured the activity of OXPHOS components in patients with
CKD, and reported that Complex IV activity was significantly reduced, though once again the
isolated mitochondria did not come from the kidney, and instead came from peripheral blood
mononuclear cells®. Notably, in the same study the authors observed that although Complex IV
activity was lower in CKD patients, the protein expression for the same Complex was significantly
higher, likely indicative of a compensatory mechanism®. This poses future directions for our
experiments: it would be beneficial to measure the expression of genes and proteins involved in
OXPHOS, as well as the activities of each Complex to see if the trend holds true in the kidney:
the next step would be to test whether higher expression levels correlate with reduced activity in
disease states, and, if so, whether this holds true in healthy states and across sexes.

Our studies did address the key pieces of this puzzle by examining the expression of several
respiratory genes involved with the ETC. For instance, there were no differences observed in the
expression of the Atp5fla or Cox4il genes, but it is important to note that levels of gene
expression do not necessarily correlate directly with levels of protein expression® or activity, as

noted above. Furthermore, Atp5fla or Cox4il comprise a small section of the number of genes
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which are code for all the ETC complexes, so they do not represent the entire picture®:. The
MRNA expression level of cytochrome c, which is critical in shuttling electrons from Complex IlI
to Complex IV in the ETC®?, was shown to be higher in males. As reported previously, we found
that OCR levels were also higher in male renal mitochondria, and higher expression of Cycs may
partially explain this phenomenon. Released cytochrome c is also used as a way to measure
apoptosis; it has recently been suggested that measurement of plasma or urinary levels of
cytochrome ¢ could be used to assess renal damage®®®. This allows us to speculate that the
increase in Cycs gene expression in males could be used as an early indicator for the severity of
renal disease observed later in life, and more studies measuring the protein expression as well
as the urinary and plasma levels of cytochrome ¢ need to be performed in order to assess this
intriguing correlation. This experiment, in addition to the measurements of OXPHOS protein
expression and activity in the kidney proposed above, would provide a clearer picture of how
mitochondrial respiratory chain function in the kidney relates to disease, and would expand upon
the limited knowledge of the dimorphisms in function between males and females in a healthy

state.

Our analysis of Western blots for fusion protein expression posed a seemingly contradictory point
to the respiratory data: generally, fusion state is correlated with respiration®>°1. And, despite
increases in MFN2 protein level in males, the analysis of our electron micrographs, show the
opposite of what the expression would indicate: shorter, rounder mitochondria belonging to the
males, and the females displaying the more fused phenotype. This could be due to a number of
factors, the first being that protein expression does not necessarily correlate with protein
activity®2%, There are also a variety of other factors which influence mitochondrial dynamics, such
as the proteins DRP1, the prime regulator of mitochondrial fission®*, and PGC1-a°2. DRP1 has

been shown to be upregulated in the kidney in renal disease states such as AKI®® and diabetic
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nephropathy®®. These alterations are concurrent with downregulation of both PGC1-a and the
fusion protein MFN28¢°7%8  Qur studies showed no changes in gene expression level of
Ppargcla, but electron micrograph analysis did show significantly higher numbers of mitochondria
in males, which allows us to speculate that biogenesis is being upregulated.

Changes in dynamics are also associated with renal disease. Notably, a low fusion state caused
by loss of either mitofusins 1 or 2, or OPA1 causes mitochondrial dysfunction®, and is seen in
renal disease states such as diabetic nephropathy, and AKI®0101 Qur data showed lower
expression of OPAL in females, which is interesting to note as it appears to contradict the
phenotype of the mitochondria analyzed via electron microscopy as well as the respirometry data.
It should be noted that though fusion state can be indicative of respiratory efficiency, there are
many cases in disease states where mitochondrial dynamics contraindicate this: long, highly
fused mitochondria can be senescent, and have significantly reduced membrane potential over

smaller but more active mitochondrial®?, and both abundance and lack of fission is seen in multiple
disease states!®1% Smith et al. showed higher levels of OPA1 protein expression in a human

tubular cell model of CKD as compared to healthy ones?°, additionally highlighting the dichotomy
of mitochondrial dynamic states with disease. Further studies regarding mitochondrial dynamics
and bioenergetics are needed to contextualize our data. Experiments such as measuring the
protein expression of MFN1, PGC1-a, and DRP1, quantifying mitochondrial biogenesis, and
analyzing electron micrographs from other cortical cell types such as glomeruli, as well as
medullary regions, are needed to elucidate the discrepancies observed between sexes and clarify

whether these changes are contributing to the sexual dimorphism observed in renal disease.
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CHAPTER 4 - Oxidative stress and calcium uptake in renal mitochondria

Introduction

The primary product thought about in regard to oxidative phosphorylation is ATP; however, there
are many other byproducts of this reaction which are of high importance to the function of the
mitochondrion, the cell, and the organism in general. One key group of molecules that is
generated during oxidative phosphorylation is reactive oxygen species (ROS). Molecules that
constitute ROS can range from harmful to beneficial, and include superoxide, hydrogen peroxide,
singlet oxygens, hydroxyl radicals, alkoxyl radicals, ozone, nitric oxide, and others'®’. When
electrons are shuttled during various steps of the ETC, electrons leak through the mitochondrial
inner membrane from donor centers within the Complexes themselves (such as 2-oxoacid
dehydrogenase complexes located in Complex I) as well as from other molecules such as
ubiquinone and ubiquinol®% A schematic displaying ROS production is shown in Figure 20.
ROS are produced as a byproduct during routine function of the ETC, so naturally, their production

rate increases during times of increased respiration in the body, such as exercise%%10,
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Figure 20. Sites of ROS production by the electron transport chain. Used with permission from
Mazat, JP., Devin, A. & Ransac, S. Modelling mitochondrial ROS production by the respiratory

chain. Cell. Mol. Life Sci. 77, 455—-465 (2020). https://doi.org/10.1007/s00018-019-03381-1
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Low levels of ROS are necessary for a plethora of biological signaling processes. These range
from cell-signaling functions such as proliferation, immune functions, including both host defense
as well as termination of inflammatory processes, to regulatory functions in nutrient-sensing and
aging pathways®®1!l, Despite many known and yet to be discovered roles in normal physiology,
ROS have also been implicated in a number of disease states: renal, neurological and
cardiovascular diseases as well as cancers have been shown to have ROS involvement %8111,
These links with disease are caused by the ability of ROS to interact with a variety of biological
molecules such as DNA, lipids, and proteins, and usually occur when ROS are produced in
aberrant, high levels. The cell has many systems in place to process ROS and reduce the
negative effects thereof; these include antioxidant enzymes such as superoxide dismutases and

glutathione peroxidases®!.

The kidney, due to its high energetic demand, has some of the highest concentrations of
mitochondria in the body®2. Similarly, the proximal tubules have the highest mitochondrial content
in the kidney, and thus are particularly susceptible to mitochondrial-induced oxidative
stress®2112113 various renal diseases are associated with excess production of ROS, including
CKD, diabetic nephropathy, AKI, and salt-sensitive hypertension%%61114-117 ROS-related damage
is caused both directly by free radicals, as well as by alterations of biological molecules such as
proteins, which are susceptible to oxidation and thus differentiation of structure or function®.
Some pathways, such as nitric oxide synthase signaling, are pathologically downregulated in the

presence of high levels of oxidative stress, as is seen in salt-sensitive hypertension¢.11/

Oxidative stress is linked with the ETC function of the mitochondria; however, the ETC is not the
only link between mitochondria and ROS. One major cellular signaling pathway involved with

ROS is calcium handling. Calcium levels in the cell are critical for a variety of signaling cascades,
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making the calcium ion one of the most important messaging molecules in the cell*'8, Calcium
signaling is involved in the modification of proteins; binding of calcium to proteins can cause
conformational changes and thus activation or inhibition of function!®, Changes in cellular calcium
concentration are also involved in the contraction of muscles, secretion of hormones, initiation of
apoptosis, and other functions!'8119, Mitochondria are an important mediator in calcium signaling.
The MCU protein complex allows mitochondria to selectively uptake calcium in an electrogenic
fashion, which occurs generally as the cytosolic concentration of calcium increases, in order to
maintain a homeostatic balance!!8. Mechanistically, involvement with ROS comes in part via
excess of mitochondrial calcium uptake; disruption to cellular and mitochondrial calcium handling
can cause opening of the mPTP, thus releasing ROS and calcium and inducing mPTP opening

in adjacent mitochondria--this is termed ROS-induced ROS release!?-123,

When calcium homeostasis is disrupted and the intramitochondrial concentration of calcium
becomes excessive, the mitochondrial permeability transition pore (mMPTP) opens, which leads to
an efflux of both calcium and ROS'?125, The mPTP is a nonspecific protein with an as-of-yet
undetermined structure. The only confirmed component is cyclophilin D, which sensitizes the pore
complex to inhibition via cyclosporin A?%127. Many other components are still being debated,
though there is evidence for the voltage-gated anion channel, adenine nucleotide translocator,
and a mitochondrial phosphate carrier as parts of the mPTP4128129" Despite the gaps in
knowledge regarding its structure, the mPTP has a variety of defined functions, primarily
regarding damage and apoptosis!?>¥, In the kidney, mPTP opening can be used to reduce the
mitochondrial membrane potential, which increases oxygen consumption and therefore reduces
ROS generation®!. In excess, however, renal mPTP opening is linked with the activation of

apoptotic pathways, initiation of calcium crystallization, and the transition from AKI to CKD®112
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There is a strong correlation between calcium overload and ROS generation, due to its discussed
roles in mPTP opening. Quantification of both ROS levels and mitochondrial calcium would help
elucidate the mechanism by which mitochondrial dysfunction, and thus renal damage, occurs.
Since many renal diseases are linked with excess oxidative stress, the experiments in this chapter
were designed to provide insight into whether the observed sexual dimorphisms in renal disease
are caused by dysfunction in mitochondrial ROS handling, especially in relation to mitochondrial

calcium-induced ROS production.

Chapter 4 Results

Quantification of reactive oxygen species in isolated renal mitochondria.

One of the main forms of reactive oxygen species (ROS) produced in mitochondria is
mitochondrial superoxide, which is formed from the leak of electrons from the ETC. The
physiological half-life of superoxide is relatively short, however, as the enzyme superoxide
dismutase rapidly converts it to hydrogen peroxide. We observed that the levels of hydrogen
peroxide produced in female mitochondria from both cortex and medulla regions were significantly
higher than those produced by the males for each region (Units displayed as au/mg protein. Male
cortex = 69.94E3 + 1.71E3; female cortex = 99.44E3 + 3.06E3; male medulla = 60.61E3 *
2.30E3; female medulla = 113.37E3 + 5.43E3). Additionally, hydrogen peroxide levels were
higher in the medulla than in the cortex for females (numerical values displayed above). Graphical

representations of these data are shown below in Figure 21.
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Figure 21. Mitochondrial superoxide and hydrogen peroxide production in isolated renal
mitochondria from male and female cortex and medulla. N represents the number of animals
used. The n-values represent technical replicates. Data were analyzed with two-way ANOVA and

the Holm-Sidak post-hoc test.

Measurement of antioxidant capacity in male and female renal tissues.

Antioxidant systems are one of the cell’'s main defenses against oxidative stress. In order to
examine the ROS-handling capabilities of male and female renal mitochondria, an antioxidant
capacity assay as described in Protocol 2.13 was performed. Here, male medulla showed a
significantly higher level of antioxidant capacity over female medulla (Units displayed as mM/mg
tissue. Male cortex = 0.21 + 0.03 ; female cortex = 0.16 + 0.02; male medulla = 0.20 + 0.04; female
medulla = 0.08 + 0.02). Though not significant, the cortex shows a similar trend of males having
increased antioxidant capacity over females, and female cortex has increased capacity compared

to female medulla (numerical data displayed above).
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Figure 22. Antioxidant capacity in male and female kidneys. N represents the number of animals
used (biological replicates). Data were analyzed with two-way ANOVA and the Holm-Sidak post-

hoc test.

Activity of superoxide dismutase in isolated renal mitochondria.

To help elucidate why female mitochondria displayed higher levels of ROS, a functional assay
was performed for superoxide dismutase (SOD), the enzyme responsible for converting
superoxide into hydrogen peroxide. The total SOD activity (SODs 1, 2, and 3) was significantly
higher in female cortices as compared to males (Units displayed as U/uL. Male cortex = 273.63 +
36.14 ; female cortex = 422.04 + 22.29), as displayed in Figure 22. There was no observed
difference in mitochondria isolated from renal medullae (male medulla = 199.40 + 38.53; female

medulla = 169.65 + 17.92).
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Figure 23. Total SOD activity of male and female renal tissues. Each data point represents one

biological replicate. Data were analyzed with two-way ANOVA and the Holm-Sidak post-hoc test.

Calcium uptake of isolated renal mitochondria.

Calcium uptake and the subsequent opening of the mPTP and ROS efflux are implicated in a
variety of renal dysfunctions such as AKI, CKD, salt-sensitive hypertension, and diabetic
nephropathy®?. As is the case with most of the other mitochondrial functions, little is known
regarding the sexual dimorphism of calcium handling in the kidney. In order to elucidate the trends
in healthy individuals, we performed a series of experiments designed to measure the uptake of
calcium in renal mitochondria, as well as the opening of the mPTP. Freshly isolated renal
mitochondria from male and female cortex and medulla were loaded with Calcium Green dye.
Fluorescence was measured at baseline, and after serial injections of calcium chloride solution.
As displayed in Figure 24, the amount of calcium taken up by the medullary mitochondria was
significantly higher in both males and females (Units displayed as calcium uptake per mg tissue.

Male cortex = 15.33 + 0.83 ; female cortex =18.24 + 1.20; male medulla = 26.21 + 2.14; female
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medulla = 26.32 + 2.78) as compared to the cortical mitochondria. Notably, there was no

significant difference in the amount of Ca uptake between males and females in either region of

the kidney.
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Holm-Sidak post-hoc test.

As noted above, the amount of calcium uptake was not the only piece of quantifiable data which
comes from this experiment. In each kidney region, the number of injections at which the
mitochondrial permeability transition pore opens was also measured. Overall, medullary
mitochondria had earlier mPTP openings in both males and females (Units displayed as calcium
uptake per mg tissue. Male cortex = 15.33 £ 0.83 ; female cortex =18.24 £ 1.20; male medulla =
26.21 + 2.14; female medulla = 26.32 + 2.78). Female mitochondria, however, displayed a
significantly earlier mPTP opening in both the cortex and medulla groups (Units displayed as
injection number at which mPTP opened. Male cortex = 10.25 + 0.21 ; female cortex = 9.05 +

0.18; male medulla = 9.25 + 0.35; female medulla = 8.18 + 0.13), as can be seen in Figure 25.
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Figure 25. Injection
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ANOVA and the Holm-

Sidak post-hoc test.

Discussion for Chapter 4

We report that female renal mitochondria had higher levels of ROS production in both cortex and
medulla compared to those from males. In line with this, female kidneys also displayed lower
levels of total antioxidant capacity in both the renal cortex and medulla. Surprisingly, SOD activity
was higher in cortical tissues than in medullary, and higher from female cortical tissues than in
those from the male cortex. No sexual dimorphisms were observed in SOD activity from medullary
tissues, but expression of SOD2 in both cortical and medullary mitochondria could be analyzed
to examine whether sex-related discrepancies exist solely in mitochondrial superoxide dismutase
activity. Calcium uptake was higher in medullary mitochondria than in cortical, but no sex-specific
trends were found. The opening of the mPTP was significantly earlier in female mitochondria as
compared to males in both cortex and medulla, and earlier in medullary mitochondria as

compared to cortical.
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The higher levels of ROS observed in female renal mitochondria are contrary to the trends
observed in most other organs in the body. For example, in the heart, brain, liver, and skeletal
muscle, female mitochondria have been demonstrated to produce fewer ROS than in males?*%4>
4450132 This poses an interesting contradiction; high levels of oxidative stress are linked to many
renal disease states such as ischemia-reperfusion AKI, CKD, salt-sensitive hypertension, and
diabetic nephropathy”60.61.117.133-135 = \where females generally have better clinical
prognoses®’ 134136 | ow levels of oxidative stress are known to activate protective mitophagic
pathways®?, which allows us to speculate that the higher levels of ROS observed in female renal
mitochondria may be enacting similar protective pathways, due to the lower incidence of renal

disease observed in premenopausal women, as described above.

The cellular mechanisms which counteract oxidative stress are referred to as antioxidant systems.
Female renal mitochondria displayed lower total antioxidant capacity as compared to males,
which is in line with the ROS production data. An interesting discrepancy exists between these
data and the elevated SOD activity shown in females. One experiment to help clarify non-SOD
antioxidant system involvement in ROS handling between sexes and kidney regions would be to
perform an enzymatic activity assay for glutathione peroxidase 4, a protein which catalyzes the

reduction of peroxides and has been shown to have an anti-inflammatory role®’.

ROS levels have also been linked with the opening of the mPTP; high levels of intramitochondrial
calcium can cause backwards transport of electrons, and opening of the mPTP to allow efflux of
ROS and calcium restores the mitochondrial membrane potential and thus the forward flow of

electrons through the ETC®°, Mechanisms such as this prevent the formation of more ROS by
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increasing consumption of oxygen, but depending on the amount of ROS released by the mPTP,

the cell may undergo harmful or apoptotic pathways®2125:130,

Our results show similar levels of calcium uptake in males and females, but significantly earlier
opening of the mPTP in females. This is a key set of data which suggests that female renal
mitochondria are more sensitive to oxidative stress. The unique oxygen metabolism caused by
the complex architecture of the kidney, paired with the data we have collected so far allow us to
speculate that perhaps renal mitochondria behave differently than in other areas of the body. If
true, this could contribute to why the sex-specific trends in ROS levels we observed in renal
mitochondria differ from the trends observed in many other organs?*®424450.132 Despite producing
more ROS, which are generally considered pathogenic, perhaps the renal mitochondrial ROS
levels are activating protective pathways earlier in females, as opposed to male mitochondria.
Pathways known to be affected by ROS signaling which may be protective include activation of
the HIF1-a pathway to help restore redox homeostasis, various PTEN cascades for cell growth,
and NRF2-mediated antioxidant protein synthesis!*®142, Experiments which could help clarify the
downstream signaling events include the analysis of the pathways mentioned above in the young,
healthy stage that our model represents. To further clarify the involvement of the mPTP,
experiments to test the activation of apoptotic cascades, such as the cytochrome c-mediated
activation of procaspase-9 and -3, to compare males and females could be performed*,
Interestingly, not all cytosolic release of cytochrome c is guaranteed to induce apoptosis. Several
studies suggest that some levels of released cytochrome c are responsible for vital cellular
processes such as proliferation and differentiation**1¢, Furthermore, analyzing the lipid
peroxidation profiles of these renal cells would be beneficial in order to examine how much of the
generated ROS may be pathological in nature; lipid peroxidation is considered a hallmark of the

AKI-to-CKD transition, and is also linked with diabetic nephropathy and glomerulosclerosis®14°,
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Evaluation of the levels of endothelial nitric oxide synthase (eNOS) activity within male and female
kidneys could also reveal a pathway by which ROS are helping or hindering--high levels of ROS
are known to inhibit nitric oxide signaling, which is one of the mechanisms by which salt-sensitive
hypertension develops®*15°, Examination of nNOS activity or expression could also be beneficial,
as nNOS has been shown to produce several ROS™1152 153 The measurement of NO levels in
both the cortex and medulla could also be performed to contextualize results obtained from
measuring ENOS activity Overall, more experiments are needed to determine whether the
controversially high levels of ROS produced by female renal mitochondria are contributing to

renoprotective mechanisms.
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CHAPTER 5 - Final conclusions, discussion, and future directions

Given the large contributions of mitochondria to renal function®?, and the number of renal diseases
linked with renal mitochondrial dysfunction32%52 it is imperative to understand the baseline
bioenergetic parameters of the organelles. The sex-specific trends observed in renal diseases
further prompt investigation into the sexual dimorphisms of baseline renal mitochondrial functions,
to observe is perhaps impaired mitochondrial function in males prior to the onset of diseases is in

part responsible for the more severe clinical manifestations of renal pathology.

In Chapter 3, the process of oxidative phosphorylation as well as the respiratory rates of renal
mitochondria were examined. This was done as a baseline measurement of mitochondrial
function, as oxidative phosphorylation is perhaps the most impactful mitochondrial function across
the body and in the kidney®*2, It was found that, contrary to what is seen in many other organ
systems®®, female mitochondria exhibit lower rate of oxygen consumption, as well as lower
expression of the Cycs gene, as compared to males. The differential substrate feeding
respirometry results allowed us to speculate that ETC Complex | is at least partially responsible
for the sex-related discrepancies in respiration. It is important to note, however, that overall levels
of respiration were lower in males and females in the pyruvate/malate buffer as compared to the
pyruvate/malate/succinate buffer. This suggests that although there is a sexual dimorphism in
Complex | function, it is not the only portion of the ETC responsible for the differences we
observed in respiration between sexes. Furthermore, it is important to take into consideration that
isolated mitochondria used in our experiments lack the physiological context of the cellular milieu;
methods for measuring respiratory flux using intact, permeable cells are routinely employed in
cultured cells™*. Using this method for respirometry in tissue homogenates or isolated nephron

segments may give us more physiologically relevant data, as there are many cytosolic and
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nuclear factors which interact with the mitochondrion to affect cellular signaling pathways,

including those related to respiratory demand and regulating oxidative stress®5-1%,

Mitochondria from the medullae of females displayed higher mitochondrial membrane potential,
which was not necessarily expected given the fact that membrane potential is coupled with
respiratory rate under normal physiological conditions, and female mitochondria in both renal
regions displayed lower respiratory rates than males®'%°, Both higher membrane potential in
female mitochondria as well as lower respiration compared to males are contrary to what is seen
in sex-specifc mitochondrial trends from most other organ systems, such as the heart, liver, and
skeletal muscle*>46:50.161 Presented with this apparent controversy, it is necessary to go back to
the distinct oxygenation and vascular architecture of the kidney. Unlike all other organs in the
body, whereby metabolic rate determines blood flow and oxygen consumption, the kidney’s
metabolism and oxygen consumption are directly influenced by the blood flowing through the
organ®8  Given the unique metabolic microenvironment of renal mitochondria, it is not
surprising that the bioenergetics of renal mitochondria would differ from that of other organ
systems.

Electron micrograph analysis of proximal tubular mitochondria showed that female mitochondria
were more elongated and larger, though less dense than in males. This falls in line with what has
been observed in hepatocytes and cardiomyocytes*®1¢1, though interestingly is not what would be
expected in concordance with the respirometry data: generally, more fusion is indicative of higher
oxygen consumption®12_ |t should be noted, however, that it is possible that elongated
mitochondria are senescent and display significantly reduced levels of oxidative phosphorylation
activity, and this is not something that would be able to be detected from the analysis of an
electron micrograph®?. Given the fact that the analyzed organelles were from young, healthy

animals, however, large numbers of senescent mitochondria in females does not seem likely.
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Notably, increases to mitochondrial fusion are often seen both in healthy states, such as in times
of higher cellular energy demand®?12, To expand on the data provided in this set of experiments,
further analysis of mitochondria from other nephron segments are required in order to fully
reconcile our findings. Though the proximal tubules make up a large portion of the renal cortex,
in EM we assayed mitochondria isolated from all the cortical renal tissue altogether, which is likely
a contributing factor to the observed discrepancies as different tubular segments could exhibit
different trends!. Furthermore, mitochondrial size and scores should be assessed in medullary
renal segments as well.

In Chapter 4, we sought to examine levels of oxidative stress in male and female renal
mitochondria. Given that high levels of oxidative stress are implicated in a variety of renal
diseases®?, investigation of ROS emission and antioxidant capacities prior to the onset of disease
may provide context for the renoprotection observed in females. Our experiments displayed that
mitochondria from female medulla produce higher levels of superoxide, and that both cortical and
medullary mitochondria displayed hydrogen peroxide than male renal mitochondria. This is in
accordance with the membrane potential data discussed above, as ROS are formed during
oxidative phosphorylation, so mitochondrial membrane potential should normally correlate with
formation of ROS®163, Generally, however, female mitochondria have been shown to produce
less ROS than in males®°.

Many other studies also show that females have higher antioxidant capacities than males, in part
due to higher expression or activity of mitochondrial superoxide dismutase or glutathione
peroxidases*“344 Our data showed that females have reduced antioxidant capacity in the kidney
as well as lower superoxide dismutase activity, both trends of which oppose what has been
demonstrated in other organs. Of the superoxide dismutase family, three isoforms exist which
contribute to the total SOD activity that we reported in Chapter 4. A clearer picture of which

isoforms are contributing to the results may be obtained by the measurement of the expression
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of mitochondrial SOD2, as well as the cytosolic forms SOD1 and SOD3. In particular, loss of
SOD2 has been demonstrated to lead to many kinds of renal injury, and its presence has been
suggested as protective against oxidative stress®4165 Examination of SOD expression levels,
particularly of SOD2, could assist in reconciling the higher total SOD activity observed in female
renal mitochondria with the elevated ROS levels seen. Furthermore, superoxide dismutase is not
the only antioxidant system present in the cell. As briefly discussed above, the glutathione
peroxidase family, in particular GPX4, is responsible for the reduction of reactive oxygen
species'®’. Reduction in GPX4 is associated with increases in oxidative stress, inflammation, and
renal tubular cell death via ferroptosis'®”166.167. GPX4 has recently been suggested as protective
against ischemia-reperfusion AKI as well as renal fibrosis!®®1¢, For its antioxidant and
renoprotective functions, the analysis of GPX4 activity in renal tissues would provide valuable
insight on the antioxidant pathways being enacted in renal cells, and help to further contextualize
our antioxidant capacity data. Notably, we assayed for total antioxidant capacity in tissue lysates.
This analyzed the total antioxidant capacity of the renal cells, but did not assess the specific
capacity of the mitochondria; the assay could be repeated on isolated mitochondrial samples in
order to determine what portion of the cell’'s antioxidant capacity is conveyed by the mitochondria.
In summary, we have obtained information about the total antioxidant state of the cell, but not of

the specific pathways which cause the differences in male and female kidneys.

The data discussed so far, taken together, align with female renal mitochondria behaving in ways
which embody the opposite bioenergetic trends than in what is known about other organ systems.
This poses a controversy primarily because the sexual dimorphism of renal diseases is in
accordance with other pathologies, such as in cardiac dysfunction, liver failure, and in neurological
disease: pre-menopausal females display protection from many diseases in and outside of the

renal system®1014170-175 = This prings up questions regarding what could be driving the
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renoprotection in females: high ROS levels and low antioxidant capacity are thought to be driving
factors in the development of renal diseases such as AKI, CKD, diabetic nephropathy, and salt-
sensitive hypertension®%61117 | jke many biological systems, however, a single molecule can be
responsible for a variety of signaling events. Excess oxidative stress is associated with the
development and exacerbation of many disease states, but lower levels of ROS are associated
with increases in mitophagic signaling®?. These increases in mitophagy can result in removal of
dysfunctional mitochondria from the cell, or termination of an unhealthy cell via apoptosis in a
controlled manner, both of which can function to prevent target organ damage®. By extrapolating
from this, we can speculate that renal cells may have a higher threshold for beneficial ROS
signaling as opposed to other organs, or that the high metabolic rate of the kidneys facilitates a

higher degree of mitochondrial damage, which requires elevated levels of mitophagy.

A comprehensive review by Mitchell et al. suggests that renal disease stems from a three-part
axis that includes mitochondria, oxidative stress, and inflammation, as shown in Figure 26. A
large expansion to our study could involve the investigation of the inflammatory portion of this
disease axis, including a plethora of experimental methods. For one, analysis of the inflammatory
profiles of the experimental groups, both in kidney regions as well as systemically, via the use of
a comprehensive cytokine profiling assay would provide insight as to which inflammatory
pathways are upregulated between sexes, which may provide context for the respirometry and

ROS-related datasets.
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Figure 26. A schematic of the proposed
causative axis which is responsible for the bulk
of renal disease. Used with permission from
Aranda-Rivera, A. K., Cruz-Gregorio, A.,
Aparicio-Trejo, O. E., & Pedraza-Chaverri, J.
(2021). Mitochondrial Redox Signaling and
Oxidative Stress in Kidney Diseases.
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Additionally, several early markers of kidney
disease such as N-acetylglutamine, N-
acetylornithine, or acetyllysine could be
examined both locally in the kidney as well as
systemically in plasma via a metabolomics

approach76-178,

An important factor that must be taken into consideration in the case of disease markers such as

those mentioned above is that their presence can often be counterintuitive. Molecules such as N-

acetylglutamine, N-acetylornithine, or acetyllysine may be produced during the early phases of

damage, but their presence often allows for early detection of damage (such as in clinical

scenarios), or earlier signaling for damage remediation pathways!’®1’®, This perspective on

damage markers could also be applied to our ROS production datasets. It is known that ROS can

be involved in protective signaling cascades involving both mitophagy as well as vital processes

such as cellular proliferation and differentiation'#4148, ROS are also tightly linked with cellular and
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mitochondrial calcium signaling via the mPTP: excess mitochondrial calcium uptake, is implicated
in the opening of the mPTP, which causes efflux of ROS into the cytosol®17°,

The final experiment discussed in Chapter 4 is the renal mitochondrial calcium uptake assay,
which measured not only the mitochondrial calcium uptake in male and female cortex and
medulla, but also the amount of calcium that is sufficient to trigger the irreversible mPTP opening.
In our hands, female mitochondria from both regions of the kidney displayed earlier mPTP
opening than their male counterparts, while the amounts of calcium taken up by mitochondria
were similar. The opening of the mPTP can trigger a variety of signaling events including ROS-
induced ROS release, whereby other mitochondria in the cell release ROS. It has been proposed,
however, that the mPTP opens in more states than the irreversible calcium-overloaded state.
Evidence exists for mPTP “flickers” which briefly cause opening of the pore--this is thought to
occur in order to restore the elevated mitochondrial membrane potential back to physiological
levels and increase forward flow of electrons through the ETC, and can also result in efflux of
ROS and calcium back into the cytosol without triggering any apoptotic cascades!*®18%-182_|n this

manner, mMPTP opening can be beneficial in restoring mitochondrial function.

Taken further from this angle of a conservative mPTP opening, it is important to examine the other
mechanisms by which mPTP-induced ROS efflux in female renal mitochondria could be affecting
the observed renoprotection in females. As discussed in Chapter 4, ROS are involved in a number
of signaling cascades. A major pathway involving mitochondrial ROS is the activation of molecular
mechanisms which combat hypoxia: they are involved in HIF1-a cascades to mediate hypoxic
damage®®*183-18  Mitochondrial ROS have also been shown to have roles in the signaling of
cellular differentiation, apoptosis, growth, proliferation, and metalloproteinase activity*3. Cial6 et
al. further suggest that reverse transport of electrons, which is often paired with reduced activity

in Complex I, produces ROS that are responsible for extension of lifespan in Drosophila’®’. In the
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kidney, the dual functions of ROS are beginning to be explored: some ROS-induced post-
translational modifications of proteins have been demonstrated to be protective against sepsis-
AKI damage'®, while excess levels of ROS are implicated in the transition of AKI to CKD as well
as in the development of salt-sensitive hypertension®>3, Our studies propose that, in the kidney,
female mitochondria display a higher sensitivity to oxidative stress, and induce a conservative,
protective mPTP opening which is responsible for our observed discrepancies in the bioenergetics
and dynamics compared to males. The higher levels of ROS observed in females may be
indicative of this phenomenon. A schematic summary of our hypothesis and findings is displayed

below in Figure 27.
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Figure 27. A schematic detailing a summary of our experimental conclusions and our current

hypothesis regarding protective mPTP opening in female renal mitochondria.

Conclusions. Though mitochondria are implicated in a plethora of renal diseases, and these
renal pathologies are known to be sexually dimorphic, little is known about renal mitochondrial
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sex-specific discrepancies in a healthy physiological state. Though still in early phases of
research, it is clear that renal mitochondrial bioenergetics displays profound sexual dimorphisms.
We have hypothesized that female renal mitochondria display a higher sensitivity to oxidative
stress, and proposed that this allows for earlier ROS-related signaling in females via the calcium
uptake-mPTP-ROS axis. We believe that our studies have opened the way for exploration of
mechanisms which may be responsible for the renoprotective effects observed in females.
Furthermore, our breakthrough into a novel area of science has provided a scaffold for other

studies to examine renal mitochondrial bioenergetics prior to the onset of disease.

Future Directions. This set of studies is, to our knowledge, the first which examines renal
mitochondrial bioenergetics in males and females in a healthy physiological context. For this
reason, there are a plethora of directions which need further exploration in order to fully
characterize the sex-specific discrepancies observed in renal mitochondrial function in physiology
vs. pathology. In order to fully define the roles that the respective sex hormones are playing, the
experiments discussed in Chapters 3 and 4 could be performed again with groups of
gonadectomized animals. In fact, Gaignard et al. performed gonadectomies on healthy mice, and
reported amelioration of sex differences in brain mitochondrial respiration and ATP production*?.
Ovariectomized mice also displayed reduced recovery time from calcium-induced mitochondrial
depolarization as compared to females®®. To further expand on the roles sex hormones play in
mitochondrial function, a set of similar experiments as described in Chapter 2 could be performed
with a “rescue” group composed of gonadectomized animals with hormone replacement therapy
for their respective sexes. Eliminating and subsequently replacing the hormones will elucidate
any causal roles they have in the sex-specific differences noted in renal mitochondrial function,

and perhaps in the trends observed in renal disease onset.
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Other future experiments to expand upon these studies include the performance of more in-depth
analyses of proteins involved in oxidative phosphorylation, as well as for each superoxide
dismutase isoform and GPX4. Examination of the expressions and activities of other proteins
involved in the bioenergetics and dynamics homeostasis of mitochondria would also serve to
expand our set of studies: potential targets include mitochondrial uncoupling proteins UCP1 and
UCP2, fission proteins PINK1 and Parkin®2. This would help clarify which complexes other than
Complex | could be contributing to the sex differences we observed in our respirometry
experiments. This could be complemented by the performance of metabolomics, as suggested
above. A metabolic profile of the substrates and products related to oxidative phosphorylation
could reveal key differences in respiratory chain Complexes, contextualizing our respirometry
data and investigating what TCA metabolites and other mitochondrial molecules could be

influencing cellular signaling®®®.

There are also additional methods to measure oxidative stress in the kidney; quantifying lipid
peroxidation is one such method. Loosely ligated (“labile”) iron is able to react with superoxide
and/or hydrogen peroxide to form oxygen-centered radicals, which is then able to form a resonant
structure with a hydrogen atom of a polyunsaturated fatty acid, and thus is able to react with
molecular oxygen to form a lipid peroxyl radical in a process referred to as Fenton chemistry or
the Fenton reaction'®191, Both the destruction of lipids which comprise membranes, as well as
the high level of reactivity of lipid peroxyl radicals are harmful to cells; lipid peroxides are known
to be involved with CKD and polycystic kidney disease, and are also suggested as early markers
of renal disease prior even to decline in renal function!®21%3, Performance of electron
paramagnetic resonance (EPR) would elucidate levels of lipid peroxidation in male and female

renal tissues, which would allow interpretation as to whether the higher ROS levels observed in
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females was to a pathogenic degree, further clarifying our hypothesis of the protective mPTP

opening and subsequent ROS efflux in females.

Though we have measured ROS levels and other physiological parameters of renal mitochondria
in males and females, we have yet to examine whether sex hormones are responsible for the
dimorphisms we report. There are a number of emerging studies which place the mitochondrion
in a prime position for investigation regarding sexual dimorphism of function: mitochondria have
been shown to express sex hormone receptors. Studies from Solakidi et al. and Pronsato et al.
found that testosterone receptors can localize to mitochondrial membranes in sperm cells, as well
as in skeletal muscle, respectively’”’8, Recent studies have also shown nonclassical localization
of estrogen-B receptors to the outer mitochondrial membrane in breast and neural cancer
cells’®1%, Several of these directions would be beneficial in the expansion of our study:
gonadectomized rat groups would allow for the observation of whether mitochondrial
bioenergetics are sexually dimorphic in the lack of hormones, which would provide mechanistic
insight regarding renal disease incidence and development, as well as providing context for the
differences in renal disease phenotype observed in women pre- and post-menopause®314,
Furthermore, examining renal mitochondria for the presence of colocalized estrogen or androgen
receptors would not only be novel, but would present a direct pathway by which sex hormones

could be influencing mitochondrial function and thus progression or prevention of disease.

To summarize the above, extensive and detailed future studies aimed at exploring the function
and expression of the network of proteins involved in mitochondrial bioenergetics, as well as the
function and phenotypes of mitochondria in other renal cell types, are needed in order to expand
upon the foundational studies we have performed. This will allow for a more robust understanding

of the reasons behind the sex-specific discrepancies we have observed in mitochondrial
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bioenergetics and ROS handling, and would open up an avenue for the discovery of the specific

mitochondrial mechanisms which may be enacting renoprotection in females pre-menopause.
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