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Abstract

1.

The kidney is one of the most energy-demanding organs in the human body, and the maintenance
of mitochondrial homeostasis is central to kidney function. Recent advances have led to a greater
appreciation of how mitochondrial dysfunction contributes to the pathogenesis of AKI, from
decreased ATP production, to enhanced mitochondrial oxidative stress, cell necrosis and apoptosis.
Accumulating evidence suggests sexual dimorphism in the response to AKI with males
demonstrating greater risk for developing ischemia-reperfusion and sepsis-induced kidney injury.
In contrast, females may be more susceptible to nephrotoxic-AKI. There are important sex-related
differences in mitochondrial respiration, biogenesis and dynamics that likely contribute to the
observed sexual dimorphism in AKI. Sex hormones mediate many of these differences with
multiple preclinical studies demonstrating the renoprotective actions of estrogen in many rodent
models of AKI. Estrogenic control of mitochondrial biogenesis, function and reactive oxygen
species (ROS) generation is discussed. Furthermore, the potential role for sex chromosomes in
mediating sex differences in AKI is examined. Novel animal models such as the “four core
genotypes” (FCG) mouse model provide us with important tools to study sex chromosome effects
in kidney health and disease. By understanding the influences of sexual dimorphism or sex
hormones on mitochondrial homeostasis and disease manifestations, we may be able to identify
novel therapeutic targets and improve existing treatment options for AKI.

Introduction:

Acute kidney injury (AKI) remains a serious global public health problem. AKI has been
reported to affect 5-17% of hospital admissions!2 and 1-25% of ICU patients.3 Despite
advances in medical care, available therapies for the prevention and treatment of AKI remain
limited, and it continues to be associated with significant mortality, increased hospital length
of stay and economic costs. Furthermore, recent studies indicate that AKI results in
permanent kidney damage and patients who survive AKI have a greater risk of chronic
kidney disease (CKD), end-stage renal disease and death after hospital discharge.*
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The kidney is tasked with waste removal from the blood, regulation of fluid and electrolyte
balance, reabsorption of nutrients, and maintenance of acid-base homeostasis. The kidney
has the second highest mitochondrial content and oxygen consumption rates after the heart
as an abundance of mitochondria is required to provide energy to drive these important
processes.® The ability of mitochondria to sense and respond to changes in nutrient
availability and energy demand is critical for the maintenance of cellular homeostasis and
proper functioning of the kidney. Recent advances have led to a greater appreciation of how
mitochondria contribute to the pathogenesis of AKI, from decreased ATP production, to
increased mitochondrial oxidative stress, cell necrosis and apoptosis. Hence, there is
increased interest in exploring therapeutic strategies that ameliorate mitochondrial
dysfunction to prevent and treat AKI.

There is accumulating evidence that biologic sex influences many variables that are
important to kidney health, and contributes to differential injury response in patients with
kidney disease. It is increasingly recognized that there are important sex-related differences
in mitochondrial morphology, function, and homeostasis, and that sex differences exist in the
response to AKI,%-8 progression of CKD,? hypertension and kidney transplantation
outcomes.10 This focused review highlights recent advances in our understanding of the role
of mitochondrial dysfunction in the context of AKI, with special emphasis on new insights
into the effects of biologic sex on intrinsic mitochondrial respiration, mitochondrial
biogenesis and dynamics, and ROS homeostasis. A more complete understanding of sexual
dimorphism in mitochondria function and homeostasis in the kidney could offer insights and
possible therapeutic options that significantly impact our current management of AKI.

2. Mitochondrial Dysfunction in AKI:

Mitochondrial dysfunction is increasingly recognized as an initiator of and contributor to
AKI. Histologically, mitochondrial matrix swelling and fragmentation have been observed in
renal tubular epithelial cells in ischemia, sepsis, and drug-induced AKI.11 Other hallmark
features of mitochondrial dysfunction that are observed in AKI include enhanced
mitochondrial oxidative stress, a significant decrease in mitochondrial biogenesis and ATP
production, and impaired mitochondrial dynamics.

Mitochondria are key sites of reactive oxygen species (ROS) generation. ROS are molecules
derived from oxygen that can readily oxidize other molecules. During ATP production when
electrons are passed through the mitochondrial respiratory chain, a low concentration of
superoxide anions is generated. A low level of ROS is important for cell signaling and
function, including eliciting proliferation and survival in response to stress conditions, but
high concentrations are toxic to mitochondria and the cell.? In ischemia-reperfusion AKI,
increased ROS production occurs during reperfusion when oxygen is reintroduced into
mitochondria that has sustained ischemic injury with dysregulation of the electron transport
chain (ETC) and metabolic pathways, and increased electron leak. Excessive ROS can cause
breaks in mitochondrial DNA (mtDNA) leading to respiratory enzymes containing mutant
mtDNA-encoded defective protein subunits, and further impairment in ATP and ROS
production. ROS can also cause tissue damage through the release of cytochrome C from the
mitochondria triggering apoptosis or activation of the immune response through other
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DAMPS (damage-associated molecular patterns).12 Mitochondria have endogenous
antioxidant mechanisms to counteract the excessive formation of ROS; oxidative stress
activates nuclear factor erythryoid 2-related factor (NRF-2), a nuclear transcription factor
that enhances the expression of mitochondrial antioxidant enzymes such as superoxide
dismutase (SOD) and glutathione peroxidase. Mitochondria also contain their own pool of
glutathione. Another important mitochondrial antioxidant defense mechanism involves
uncoupling proteins (UCP2 in the kidneys), which catalyze protein leak to reduce membrane
potential and attenuate ROS production.

Mitochondria are highly dynamic organelles that constantly undergo biogenesis, fission,
fusion, and mitophagy in response to metabolic changes and signaling cues in the cell
environment. Alterations in these processes have been implicated in the pathogenesis of
AKI. Peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a) is a master
regulator of mitochondrial biogenesis. PGC-1a does not bind directly to DNA, but docks on
transcription factors [e.g., nuclear respiratory factor-1 (NRF-1) and NRF-2] bound at their
response elements and co-activates them to regulate the expression of target genes and
mitochondrial function.13 In mouse models of AKI, PGC-1a is suppressed following injury
and returns to basal levels with recovery.1415 Furthermore, knockout of PGC-1a in mice
prolongs impairment in kidney function following endotoxemia, suggesting that PGC-1a
plays a critical role in renal recovery.

A precise balance between fission (when a mitochondrion divides into two daughter
organelles) and fusion (when two mitochondria merge) is required for mitochondrial
homeostasis. Dynamin related protein 1 (DRP1) is the main mediator of mitochondrial
fission. Activation and translocation of DRP1 into the mitochondrial outer membrane has
been observed in AKI, leading to mitochondrial fragmentation and apoptosis.
Administration of mdivi-1, a pharmacological inhibitor of DRP1, inhibits mitochondrial
fragmentation and ameliorates ischemia-reperfusion and cisplatin-induced kidney injury.16
Given the evidence for mitochondrial dysfunction in AKI, exploring therapies to maintain/
restore mitochondrial homeostasis may potentially provide a tool to ameliorate AKI. Sex-
specific differences in mitochondrial biology and their implications in AKI will be discussed
below.

3. Evidence for Sex Differences in AKI:

There is growing evidence that sex differences influence the susceptibility, progression, and
response to AKI and therapeutics. Several large studies of mixed surgical and medical
populations”:18 and multiple small studies of intensive care unit patients®19:20 found that
males are more likely to have in-hospital AKI and increased mortality. Animal models have
consistently shown a protective effect of female sex on the development of AKI, including
models of ischemia-reperfusion injury, cardiac arrest/cardiopulmonary resuscitation, and
endoplasmic reticulum stress-induced AKI.21-25 Because of this well-known resistance of
females to AKI, preclinical studies have largely been performed in males. Recently however,
the importance of defining pathophysiology and disease mechanisms in the context of
different sexes is increasingly being integrated into biomedical research. In rat and mice
models of ischemia-reperfusion kidney injury induced by clamping of the renal vein and
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artery, females demonstrate improved survival, less decline in renal function, and less
histologic damage than males when exposed to identical ischemia times. In certain strains,
the magnitude of protection observed in females is large, with females tolerating nearly
twice the period of ischemia compared with males for an equivalent injury.2226 Improved
tolerance to renal ischemia in females has also been demonstrated in murine models of
kidney transplantation.2” Aufhauser Jr., Wang and colleagues analyzed data from the United
Network for Organ Sharing (UNOS) database, and observed the effects of biological sex on
kidney transplant outcomes in humans. Ischemia-reperfusion injury occurs in all deceased
donor kidney transplants and manifest as delayed graft function (DGF), defined as the need
for dialysis in the first week after transplantation. The authors found that male recipients had
a significantly greater risk of developing DGF compared to female recipients (odds ratio of
1.39). The authors also demonstrated that both donor and recipient sex contributed to renal
ischemia tolerance in humans; grafts from male donors had higher DGF rate compared to
grafts from female donors (odds ratio of 1.10).

Among septic shock patients, 60—70% develop AKI, which is associated with high mortality
rates that approach 50%.28 Compared to ischemic AKI, there are few studies that examine
sex effects in septic AKI. Previous studies have suggested that female sex may be associated
with decreased susceptibility to sepsis, possibly due modulatory effects of the immune
responses by estrogen.29-31 A recent analysis of patients with sepsis included in the
Randomized Evaluation of Normal versus Augmented Level renal replacement therapy
(RENAL) trial found that in patients with sepsis and severe AKI, female sex was associated
with improved survival (HR 0.74 for 90-day mortality),32 suggesting that sexual dimorphism
also exists in septic AKI. In contrast, the effect of biological sex on other causes of AKI,
such as perioperative- and nephrotoxic-AKI, is not as clear and may be opposite to the
observed effects in ischemic and septic AKI. Although large epidemiologic studies have
demonstrated lower incidence of AKI after non-cardiac surgery in females compared with
males,33:34 female sex has been identified repeatedly as an independent risk factor for the
development of vascular or cardiothoracic surgery-associated AKI.35-37 These studies
include patients undergoing aortic aneurysm repair, coronary revascularization, cardiac valve
repair or replacement, and other non-transplant, non-congenital cardiac surgery involving
cardiopulmonary bypass. In fact, several cardiac surgery-associated AKI risk stratification
systems include female sex as a risk factor.36:38 However, a recent large meta-analysis of
cardiothoracic-associated AKI studies published between 1978 and 2015 challenged the
generally held consensus that female sex increases the risk for AKI after cardiac surgery.3°
The authors analyzed sixty-four studies that provided sex-specific data regarding the
incidence of cardiothoracic surgery-associated AKI among 1,057,412 subjects and found
that women were more likely than men to develop AKI postoperatively (odds ratio 1.21).
But when the analysis was restricted to studies that used the RIFLE, AKIN, or KDIGO
criteria to define AKI, there was no significant sex-related difference in AKI risk; focusing
on studies that used univariate versus multivariate analysis also yielded disparate results. The
authors note in their discussion that these disparate conclusions may merely reflect the
differing definitions of AKI. Interestingly, many studies have shown that women undergoing
cardiovascular surgery show a higher prevalence of risk factors associated with poor
outcomes than men, including older age, higher burden of comorbidities, worse
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cardiovascular status, and needing non-elective emergency procedures.041 As sex
hormones have been postulated to contribute to sex differences in ischemic tolerance, older
age and menopause may factor into the increased risk experienced by women in cardiac
surgery. Sex-based biases in the delivery of healthcare may also play a role.

Many pharmacologic agents (cisplatin, aminoglycosides, and iodinated contrast) can cause
AKI, and the presence of drug transporters on renal epithelia that allow for accumulation of
these drugs, particularly in the proximal tubule, may facilitate tubular injury. Although
several studies suggest that sexual dimorphism exists in the susceptibility to drug-induced
nephrotoxicity, the results have been variable. Most studies have found that females are more
susceptible to cisplatin-, aminoglycoside-, and contrast-induced kidney injury.42-44 This was
attributed to sex differences in the expression of Organic Cation Transporter 2 (OCT2, a
renal uptake transporter) and Multidrug and Toxin Extrusion Protein-1 and 2 (MATEL1 and
MATE?2, renal efflux transporters that excrete these nephrotoxins into urine) on proximal
renal tubules.#>46 However, a recent meta-analysis of 24 studies published between 1978
and 2015 found no effect of gender on the risk of aminoglycoside-associated nephrotoxicity.
47 Moreover, two recent studies highlighted the importance of aging and changes in sex
hormones on the susceptibility of females to cisplatin-induced AKI. Using a mouse-model
of cisplatin-induced nephrotoxicity, Boddu and colleagues demonstrated that while young
(16-17 week old) female mice were protected from AKI compared to young and aged
males, aged (16—17 month old) female mice had the highest mortality.46 The other cohort
study stratified patients by age and found only postmenopausal women had a significantly
higher risk of kidney injury compared to men (hazard ratio 1.28).48 In fact, Joseph and
colleagues examined gene expression of 30 drug transporters in normal human kidneys
found no statistically significant sex-only or age-only related differences.*® However, when
the participants were grouped based on both sex and age, differential expression of several
drug transporter genes was observed including higher expression of OCT2 in females < 50
years compared to females = 50 years. These studies suggest that sex and age impact kidney
expression of drug transporters, and both factors need to be considered when examining
susceptibility to drug-induced AKI.

4. Sex Hormones in AKI:

Certain mechanisms for sex differences in AKI have been proposed but the exact mechanism
remains to be determined. The primary factor may be sex hormones as some epidemiologic
studies demonstrate reduced renal protection in aging females post-menopause. Multiple
preclinical studies have described protective actions of exogenous estrogen in different
rodent models of AKI (ischemia-reperfusion injury, kidney transplantation, cardiac arrest/
cardiopulmonary resuscitation, and ER stress-induced injury).21:23.24.27.50 Fyrthermore,
ovariectomy eliminates the protective effects of female sex in models of renal ischemia,
while estrogen administration to aged female mice restores tolerance to ischemic injury.
Renoprotection by estrogen is also described in other forms of kidney injury, including
rodent models of chronic allograft nephropathy, age-related glomerular damage, and
hypertensive nephrosclerosis. The role of estrogen receptors in this process remains
controversial. Some studies report significantly increased susceptibility to ischemia-
reperfusion kidney injury and mortality in estrogen receptor a. (ER-a)) knockout female
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mice compared with wild-type controls.2” While others report that estrogen-mediated
protection in cardiac arrest models of AKI is not affected by ER-a or ER- deletion or
blockade.®® Studies that modulate testosterone levels provide additional support for the role
of sex hormones in the observed sexual dimorphism in AKI. Hodeify and colleagues
demonstrated that testosterone administration to female mice increased susceptibility to ER
stress-induced AKI resulting in an injury phenotype comparable to that observed in male
mice.25 In ischemia-reperfusion injury, Park and colleagues showed similar results with
testosterone administration; in addition, they showed that orchiectomy attenuated ischemia-
reperfusion kidney injury in male mice.2250 These studies suggest that estrogen,
testosterone, and the ratio of testosterone/estrogen may all be important determinants of sex
differences in AKI.

5. Potential Role for Sex Chromosomes in AKI:

More recently, studies have focused on distinguishing sex differences caused by gonadal
hormones versus sex chromosome complement (XX versus XY). All sex differences arise
from the inherent sexual inequality in these two chromosomes. Sex chromosome-mediated
differences in phenotype may have varying mechanisms,2 including 1) Gonadal effects of
the Y chromosome: The Y-linked gene Sry3determines sex differences in the development
of gonads. Genes present in both sexes cause differentiation of ovaries unless Sryis present.
In males, the sex-determining region Y (SRY) protein acts as a transcription factor and
initiates differentiation of testes. 2) Non-gonadal effects of the Y chromosome: Sryis
expressed in adult males at times and in tissues not involved with testis determination. For
example, Sryis expressed in the brain, kidney and adrenal gland, and has been reported to
modulate blood pressure. The promoter sequences of angiotensinogen, renin and ACE genes
all contain Sry~binding sites, suggesting that Sry may affect their expression contributing to
sex-related differences in hypertension.?3:54 3) Gene dosage effects of the X chromosome:
Because one X chromosome is transcriptionally silenced in XX adult somatic cells, most X
chromosome genes do not show large sex differences in their expression. However, some
genes escape inactivation and are expressed at higher level in XX versus XY cells. These
include genes that perform an array of regulatory functions and their expression is gene
copy-sensitive, including histone lysine demethylases (Kdmb5c and Kdméa) and RNA
helicase Ddx3x. Therefore, X gene dosage effects may mediate sex differences in kidney
disease.

Until recently, separating sex chromosome effects from sex hormone effects was difficult as
it requires manipulating the number of X and Y chromosomes while holding gonadal
hormone levels constant. The “four core genotypes” (FCG) mouse model was created using
two critical genetic manipulations: deletion of the testis-determining gene Sry from the Y
chromosome,® and insertion of a Sry transgene onto an autosome in the same mouse.56:57
In this model, the Y~ chromosome is no longer testis-determining and gonadal determination
rests on whether an autosome contains a functional Sry transgene or not. Four core
genotypes are generated, including XX mice with ovaries, XY™ mice with ovaries, XX Sry
mice with testes, and XY~ Sry mice with testes (Figure 1). This model can discriminate
between sex differences determined by gonadal type (XX Sryand XY~ Sry “males” differ
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from XX and XY~ “females) versus those determined by the effects of sex chromosomes
(XX and XX Sry differ from XY~ and XY~ Srymice).

There is a paucity of data regarding the role of sex chromosomes in the observed sexual
dimorphism in kidney disease. However, studies utilizing the FCG model in cardiac and
brain ischemic injury may provide some insights. In cardiac ischemia-reperfusion injury, Li
and colleagues found that gonadectomized adult mice with two X chromosomes (XX or
XX Sry) have ~50% larger infarct size compared to mice with one X chromosome (XY~ or
XY~Srymice), regardless of their gonadal phenotype.>® McCullough and colleagues
reported similar findings in a mouse model of stroke; furthermore, XX/ XXSry mice had
increased microglial activation and higher serum levels of pro-inflammatory cytokines than
XY~/XY~Srymice.5? These findings suggest that the second X chromosome increases
susceptibility to ischemic injury, which is paradoxical from the observed protective effect of
female sex in preclinical and epidemiologic studies of ischemia-reperfusion kidney injury.
Perhaps this explains the poor outcomes reported in females undergoing cardiothoracic or
vascular surgery, which includes a greater proportion of older/postmenopausal women, as
females may be protected by estrogens early in life but are more susceptible to ischemic
injury after menopause especially because of the deleterious effects of the second X
chromosome. Further studies will be required to determine the contribution to-and
mechanisms by which sex chromosomes influence AKI risk and outcomes.

6. Sex Effects on Mitochondria:

Mitochondria dysfunction plays a pivotal role in the pathogenesis of AKI. There is emerging
evidence suggesting that some of the sex differences in disease outcomes may be partially
related to differences in mitochondrial biology. Reported sexual dimorphism in
mitochondrial morphology, biogenesis, respiratory function and ROS homeostasis, and the
potential role of estrogen in mediating these sex differences are discussed below and
summarized in Figure 2.

Mitochondria number and morphology contribute greatly to their function. It has been
reported that females have a greater number of mitochondria than males in the heart and
brain, two organs that exhibit sexual dimorphism in susceptibility to ischemic injury.50
Moreover, males exhibited fragmented and smaller mitochondria relative to females. In
isolated cardiac mitochondria from young mice and muscle mitochondria from young
humans, higher intrinsic mitochondrial respiratory capacity is observed in females compared
to males.%0:61 Furthermore, Khalifa and colleagues found that these differences were
associated with lower ROS (H,05) production in female cardiac and brain tissues. In
contrast, other studies report that cardiac mitochondrial activity in young mice did not vary
significantly between sexes; in aged mice, mitochondrial oxygen consumption, ATP content
H»0, production and oxidative damage did not differ between males and females in the
heart, skeletal muscle or liver.52 While the data suggest that sex differences in mitochondrial
biology exist, there are tissue- and age-dependent variabilities. Studies to examine sex
differences in kidney mitochondrial bioenergetics and ROS homeostasis are needed to
elucidate its role in AKI.
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As discussed above, estrogen has been shown to have renoprotective effects in many models
of AKI. Classical estrogen signaling is mediated by ER-a and ER-B, members of the
steroid/nuclear receptor superfamily of transcription factors. Once activated by estradiol, or
an estrogen-like ligand, ERs form dimers and bind with high affinity to estrogen response
elements (EREs, a 15 bp palindromic sequence) in the promoters, introns, or 3’ untranslated
regions of target genes.53 ER-a and ER-B have been identified in mitochondria of various
tissues. In addition, the mitochondrial genome contains DNA sequences that resemble half
the palindromic nuclear ERE sequence.54 Previous studies reported that ER-a and ER-
directly bind mtDNA through these mitochondrial EREs, and 17p-estradiol (E2) treatment
increased their binding. E2 treatment also increased levels of several mtDNA-encoded and
nuclear DNA-encoded mitochondrial respiratory chain proteins leading to increased
mitochondrial respiratory chain activity, suggesting that this is a mechanism by which
female hormonal milieu affects mitochondrial function and ROS.85 Another mechanism may
be mediated through upregulation of mitochondrial antioxidant proteins. Indeed, Strehlow
and colleagues reported that E2 increased the expression and activity of manganese
superoxide dismutase (MnSOD), an antioxidant enzyme that neutralizes the highly reactive
superoxide to the less reactive hydrogen peroxide in the mitochondria, and protects cells
from oxidative stress.56 Additionally, E2 induces nuclear translocation of NRF-2, providing
a mechanism for E2-induced expression of antioxidant enzymes such as MnSOD.67:68 On
the other hand, Kim and colleagues reported that dihydrotestosterone treatment decreased
MnSOD activity in the kidney, leading to greater injury and ROS production following
ischemia-reperfusion injury.5% Consistent with these observations, unpublished data from
our lab show higher kidney expression of mitochondrial-targeted antioxidant proteins
stanniocalcin-1 (STC1) and sirtuin-3 (SIRT3) in female mice compared with males, and that
sex hormones may mediate the difference in their expression. We previously reported that
STC1 inhibits ROS and protects from ischemia-reperfusion kidney injury via activation of
AMPK and induction of mitochondrial SIRT3 and uncoupling protein-2.70 SIRT3 is a
protein deacetylase that has been shown to regulate the function of mitochondrial respiratory
chain complexes and MnSOD activity. SIRT3 may also have a functional role in
mitochondrial dynamics as treatment with the AMPK agonist 5-aminoimidazole-4-
carboxmide-1-p-D-ribofuranoside (AICAR) or the antioxidant agent acetyl-L-carnitine
(ALCAR) restored SIRT3 expression and activity, and preserved mitochondrial integrity by
preventing translocation of dynamin related protein 1 (DRP1, primary mediator of
mitochondrial fission).”

Estrogen is also involved in the regulation of mitochondrial biogenesis. E2 treatment has
been shown to increase transcription and protein expression of NRF-1 in different cell lines
and tissues.53 NRF-1 is a nuclear-encoded transcription factor that regulates the expression
of several nuclear-encoded genes that in turn regulate mitochondrial function. These include
mtDNA-specific transcription factors Tfam, TFB1M, and TFB2M.72 Additional NRF-1
target genes include subunits of the mitochondrial respiratory chain complexes, and
components of mtDNA transcription and replication machinery. E2 treatment has also been
shown to increase expression of PGC-1a., a key regulator of mitochondrial biogenesis and
coactivator of NRF-1/NRF-2 in cardiac tissue.’3
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7. Summary:

AKI is a common complication experienced by patients due to many different causes. It has
significant implications including increased mortality and risk for the development/
progression of CKD, but available therapies for the prevention and treatment of AKI remain
limited. There is significant evidence that sexual dimorphism exists in the susceptibility,
progression, and response to AKI and therapeutics. Furthermore, there are significant sex
differences in mitochondrial biology, which play key roles in kidney health and diseases.
These sex differences suggest that biomedical principles learned from the study of males
may not apply equally to females. Study and direct comparison of both males and females
with the purpose of finding factors that cause sex differences and prevent AKI in one sex
compared to the other may help identify novel therapeutic targets and provide guidance for
development of sex-directed therapies. Future investigation should further define the role of
sex hormones and sex chromosomes in mediating the observed sexual dimorphism in AKI,
as well as, elucidate their mechanisms of action.
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Figure 1. Four Core Genotypes Model:
FCG mice are produced by breeding XX wild-type females with XY~ Sry gonadal males that

have deletion of the testis-determining gene Sry from the Y chromosome and insertion of a

Sry transgene into an autosome. FCG mice allow comparison to detect the phenotypic

Page 13

effects of sex hormones (Sry present or absent) or sex chromosomes (XX vs. XY). Adapted

from.57
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Figure 2. Summary of Sex Differencesin Mitochondrial Homeostasis:
[1] Mitochondria number is greater in females likely due to enhanced biogenesis.t? Estradiol

activates PGC-1a, a key regulator of mitochondrial biogenesis. Activation of PGC-1a
causes its translocation to the nucleus where it coactivates NRF-1 leading to transcription of
genes (including Tfam, TFB1M, TFB2M) involved in mitochondrial biogenesis.®® [2] ROS
generation is greater in males likely due to lower intrinsic mitochondrial respiratory capacity
and poor antioxidant defense system vs. females. Estradiol also increases the expression of
mitochondrial respiratory chain complex proteins and [3] NRF-2-mediated transcription of
mitochondrial antioxidants.®8 [4] Increased activation and translocation of DRP1 into the
mitochondrial outer membrane in AKI leads to mitochondrial fragmentation and apoptosis.
SIRT3 prevents translocation of DRP1.71 Thus, lower expression of SIRT3 in males may
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lead to fragmented, smaller mitochondria vs. females. mtDNA, mitochondrial DNA; ERE,
estrogen response element; I/11/111/1V/V, mitochondria respiratory chain complexes 1-5;
UCP, uncoupling protein; SOD, superoxide dismutase; GPX, glutathione peroxidase.
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