Review Article Kidney360

Sex and Gender Differences in AKI
Lisa M. Curtis @

Sex differences in AKI continue to be identified. Generally, women are protected from AKI when compared to
men. Much of the protection exhibited in women is diminished after menopause. These sex and age effects have
also been noted in animal models of AKI. Gonadal hormones, as modifiers of incidence, severity, and progression
of AKI, have been offered as likely contributors to this sex and age effect. In animal models of AKI, estrogen and
testosterone seem to modulate susceptibility. Questions remain however regarding cellular and molecular
changes that are initiated by modulation of these hormones because both estrogen and testosterone have effects
across cell types that play a role in AKI. Although findings have largely been informed by studies in males,
molecular pathways that are involved in the initiation and progression of AKI may be modulated by gonadal
hormones. Compounding the hormone-receptor effects are developmental effects of sex chromosomal com-
plement and epigenetic influences that may confer sex-based baseline differences in gene and protein expression,
and gene dosage effects of X inactivation and escape on molecular pathways. Elucidation of sex-based protection
may afford a more complete view of AKI and potential therapeutic interventions. Furthermore, the effect on
susceptibility to AKI in transgender patients, who receive life-altering and essential gender-affirming hormone
therapy, requires greater attention. In this review, several potential contributors to the sex differences observed in

humans and animal models are discussed.
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Introduction

AKI is defined by an abrupt loss in GFR leading to
ischemia, tubular epithelial cell death and derange-
ment, endothelial cell loss and damage, immune cell
infiltration, and inflammatory responses to the cellu-
lar debris and hypoxia. Loss of epithelium through
apoptosis, necrosis, and ferroptosis impedes the
transepithelial transport mechanisms that rely on
segregation of ions to drive transport. Oxidative
stress, which induces reactive oxygen and nitrogen
species, damages proteins and DNA. Finally, an in-
flammatory cascade results in the influx of immune
cells and a cytokine storm affecting tubule and vas-
cular responses.

Clinical care for AKI remains limited with no
robust interventions beyond the supportive care of
dialysis. Given the notable sex differences in kidney
physiology and in pathophysiologic responses to
AKI, the ability to advance novel treatments may
benefit from a better understanding of sex differ-
ences in AKI. Resistance to AKI seen in both women
and female rodents in multiple animal models sug-
gests that unique responses may occur in females
that are not found in males. These unique features
might be exploited to define novel approaches to
therapy.

Sex differences in incidence, severity, and recovery
in AKI have been described for various etiologies,
but the mechanistic insights into these differences are

not well defined. The incidence of AKI in women is
less than that in men in most cases.! The exceptions
of intensive care unit-based AKI and those due to
cardiac surgeries were noted to be at least in part
due to the older age and sicker nature of the
women afflicted. Our understanding of these sex
differences has been hindered by studies that include
mostly or exclusively men?3 or are confounded by
inclusion of women with broad age ranges crossing
pre-, peri-, and postmenopausal stages. Furthermore,
clinical studies using small numbers of women,
statistically age-matched for analysis, may be under-
powered to establish sex differences. Animal model-
ing of AKI similarly has largely been conducted on
males.*® When females have been used, a sex differ-
ence is frequently identified,” which may suggest that
women and females have unique physiology that con-
fers protection.

A multitude of pathways are altered in AKI in a
sex-dependent manner, and numerous proteins or
genes have been explored in preclinical models using
knockout, knockdown, and pharmacologic inhibition
strategies.®’ Piecing together these individual phe-
nomena into an integrated view of how sex modu-
lates AKI remains challenging. In this review, clinical
and preclinical literature will be evaluated to high-
light several important physiologic and pathophysi-
ologic findings that inform our understanding of sex
differences in AKI (Figure 1).
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Figure 1. Potential sources of sex differences in AKI. Sex differences may be conferred in the baseline physiologic framework and can be seen
in responses to injury and repair. (A) Baseline physiology. Chromosomal complement, X inactivation, and epigenetic changes leading to X-
inactivation escape may establish different gene expression profiles. The presence of gonadal tissues and thus the ratios of sex hormones
released lead to hormone-receptor interaction and subsequent gene and protein expression changes. The sex-based differences in density and
localization of hormone receptors along the nephron may give rise to different capability to respond to physiologic and pathophysiologic
signals. Changes occurring in hormonal abundance and additional molecular changes may lead to different outcomes in development,
puberty, adulthood, and aging. (B) Susceptibility and resistance. Differences in responses between men and women may occur with different
etiologies of AKI, and decreased susceptibility in women may lead to lower prevalence and different clinical severity or temporal courses,
including transition to CKD. Differences in mitochondrial number, size, and dynamics, including mitochondrial fission and fusion, as well as
differences in mitochondrial bioenergetics and induction of oxidative phosphorylation may be based on the basis of sex. Mitochondrial
functional aspects may be altered by ambient temperatures. Temporal differences and extent of damage to epithelia and endothelia, and in the
inflammatory response, may underlie sex hormonal or chromosomal influence. Degree and timing of cellular repair may differ between men
and women or males and females. AR-A, androgen receptor A; AR-B, androgen receptor B; ER«, estrogen receptor a; ERB, estrogen receptor j3;
GPER, G-protein—coupled estrogen receptor; Sry, sex-determining region Y. The Figure was partly generated using Servier Medical Art,

provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.

AKI in Women and Females

Recent data continue to confirm that acute insults to the
kidney result in a lower incidence of AKI in women than men.
In a study of community-acquired AKI, women were shown
to have a survival advantage, as well as less severe disease.!”
AKI requiring dialysis also shows a reduced incidence in
women relative to men.!! In sepsis-associated AKI, studies
suggest that women are less susceptible,'? and they exhibit a
survival advantage.!® In a meta-analysis, lesser incidence in
women relative to men was seen in AKI, including hospital-
associated AKI, disease-associated AKI, and AKI due to
general surgery. A lack of sex difference was noted in the
incidence of AKI in the setting of the intensive care unit. A
higher odds ratio for AKI in women after cardiac surgery may
be due to the older age and more advanced disease noted in
women relative to men.!# Consistently, age has been shown to
increase the incidence of AKI in men and women.1516

Preclinical studies also show a more robust resistance to
models of AKI in females than males. Several models exist
within which variations of time, dose, efc., are used. In mice,
ischemia-reperfusion injury (IRI) using the same ischemic
time results in a more blunted rise in systemic indicators
of injury (e.g., serum creatinine, BUN) and reduced

morphological evidence of damage in females relative to
males.?17.18 When longer ischemia times are used in females
to reflect comparable serum creatinine rise seen in males,
similar levels of other injury markers are noted, although
some temporal differences in injury markers may remain.!?
Utilization of cisplatin-induced AKI shows more variability
in sex differences than IRI, although head-to-head compar-
isons between males and females have been limited. Dif-
ferent doses of cisplatin, ages of mice, or animal species may
underlie this variability.”202! Other preclinical models of
toxin-induced AKI, while more limited, consistently show a
lesser degree of injury in females relative to males. As with
patients, age conferred greater susceptibility in preclinical
studies.”?2 Protein and gene profiles have been shown to be
modulated in AKI in a sex-dependent fashion, including
pathways involved in cell death, inflammation, and recov-
ery among others.”?3 Integration of these diverse findings
mechanistically remains challenging.

Transgender Physiology and AKI
Although sex has had some attention, gender has had
little examination as a modifier of AKI. Sex is a biologic




162 KIDNEY360

parameter, male, female, or intersex, which is defined by the
chromosomal complement, external anatomy, reproductive
tissue, and the concomitant hormonal milieu derived from
these tissues. Gender identity is one’s internal sense of
being a man, a woman, or another gender. Examples of
other gender identities include nonbinary, two-spirit,
agender, and genderqueer, as well as a variety of other
self-described identities. Transgender individuals have a
gender identity that differs from their assigned sex at birth.
For example, a transgender man was assigned female at
birth, but his gender identity is that of a man. Transgender
people often desire to pursue gender-affirming hormone
therapy (GAHT). Such therapy can be life preserving by
reducing gender dysphoria and aligning their appearance
with their identity. Importantly, sex-defined measures of
kidney function and unclear reference ranges for laboratory
parameters contribute to a more challenging definition of
AKIT in transgender patients.?4-2” Limited case studies avail-
able also highlight the complex considerations for trans-
gender patients in their clinical care course,?®?° including,
for example, the limited mechanistic understanding of
delayed graft function after transplantation.?® In a small
study from our group, we identified that AKI prevalence in
transgender patients was highest in transfeminine individ-
uals not receiving GAHT as compared to transfeminine
individuals receiving GAHT, or transmasculine individuals
regardless of GAHT.30 These data are consistent with the
concept that the presence of estrogenic hormones resists
induction of AKI, but further studies are required to un-
derstand the molecular mechanisms of susceptibility that
may be altered in this setting by GAHT, especially in the
presence of intact endogenous hormonal systems.

Baseline Physiologic Differences

Several fundamental characteristics of the kidney have
been shown to differ by sex. Structural differences in
anatomic structures revealed by morphometric analysis
have demonstrated sex-based differences in cell heights
and volumes in various nephron regions, which may have
implications for intracellular concentrations of toxins de-
livered to induce AKL3! Sex differences in the expression
of a variety of transporters in the nephron have been noted
in rodents and may underpin fundamental physiologic
differences between the sexes®?33 and thereby their re-
sponse to injury. Molecular characterization of the neph-
ron demonstrates sex-based differences in gene expression
in the S3 segment of the proximal tubule,3* a critical site of
cellular damage and functional derangement in response
to hypoxia and toxins. Cellular organelles such as mito-
chondria have been noted to exhibit sex differences.3?
Development and maintenance of these sex differences
may be due to multiple inputs from the chromosomal
level, the gonadal level, and/or an interplay between
the two, and each of these may be subsequently altered
by the induction of AKI.

Chromosomal Contributions to Sex Differences

Male and female sexual features are conferred by the X
and Y chromosomes, with the presence of the sex-
determining region Y (Sry) gene on the Y chromosome

defining development of testes. Sry gene expression outside
the testes has been shown, including in the kidney. Sry
expression modulates BP and may alter expression of
components of the renin-angiotensin-aldosterone system
because Sry-binding sites have been identified in the pro-
moters of renin-, angiotensinogen-, and angiotensin-
converting enzyme.3%

In females, one X chromosome is inactivated to prevent
gene dosage effects. X inactivation is a complex process
that involves epigenetic changes to the DNA that inhibits
transcription of specific genes (reviewed by Migeon3®).
Chromatin location within the nucleus may also contrib-
ute to X inactivation. As each cell may inactivate either the
maternally or paternally derived X chromosome ran-
domly, X inactivation results in cell-to-cell mosaicism.
Recent investigations identify that “escape” from X in-
activation involving certain genes may occur and may
happen differently in different tissues, in different cells
within an organ, and at different times in development
and aging, creating an intricate regulation of sex-based
gene expression. Complex epigenetic changes on the in-
active X chromosome may result in complete or partial X-
inactivation escape which differs by tissue, and which may
lead to reduced, but not eliminated expression levels.
Furthermore, genes expressed on both the X and Y chro-
mosomes may show different effects of escape than genes
expressed only on the X chromosome. Species differences
in escape genes are noted because mice have fewer escape
genes than humans. Tissue-specific X-inactivation escape
is not well understood at the molecular level and has been
minimally studied in the kidney. Notably, some genes that
escape X inactivation in the spleen are important in im-
mune cell function,? which may have important implica-
tions in sex differences in AKI.

Novel technological advances have resulted in animal
models in which the source of sex-based effects can be
segregated between the presence of gonadal tissue, and thus
hormonal influence, and sex chromosomal content. One such
mouse model, the 4-core genotype,® has the Sry gene re-
moved from the Y chromosome and placed on an autosome.
Gonadal males with XX or XY chromosomes and gonadal
females carrying the XX or XY chromosomes result. In ad-
dition, the gonadal tissue in these mice can be excised to
better understand the influence of sex chromosome comple-
ments in the absence of gonadal hormones. Relevant to the
kidney, the 4-core genotype mice exhibit increased gene
expression levels of angiotensin II receptor type 2 and
Masl receptor, the Ang(1-7) receptor, in the kidney in XX
relative to XY regardless of gonadal tissue present,
suggesting a more prominent chromosomal effect. In a study
of cardiac injury using these mice, the presence of the second
X chromosome increased the infarct size whether ovaries or
testes were present.*? These latter findings are counter to the
“female protection” previously observed in unaltered mice
and highlight the complex interplay between chromosomal
complement and gonadal hormonal influences on injury. No
studies have used this unique animal model to examine AKI.

Gonadal Hormone Effects on AKI
Gonadal hormones are believed to modulate susceptibil-
ity, wherein testosterone is deleterious and estrogen is
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protective. Studies that combine women at ages that cross
the pre-, peri-, and postmenopausal stages may confound
the results. Studies that do stratify women into age ranges
consistent with these menopausal stages demonstrate that
younger, premenopausal women have a lower incidence of
AKI. In the setting of transplantation, male kidneys implan-
ted into individuals of either sex, or men receiving a kidney
from either a woman or a man, show an increased rate of
delayed graft function,? which may suggest a complex
interplay between kidney and systemic effects of gonadal
hormones. Estrogen exerts its effects through the classical
estrogen receptors, ERa and ERB, and through the G-pro-
tein—coupled estrogen receptor, all of which show sex-
defined expression patterns in the kidney.#! In fact, among
nongonadal tissues, the kidney is recognized as the most
estrogenic.*?> Expression of estrogen receptors have been
described in epithelia, vasculature, dendritic cells, macro-
phages, and mesenchymal cells, each of which has been
shown to play a role in modifying severity of AKI.

Examination of estrogen deficiency, through pharmaco-
logic inhibition or knockdown of the gene, has demonstrated
the importance of estrogen signaling in susceptibility and
lethality of AKI. Receptor blockade or ovariectomy increases
kidney disfunction and damage. Administration of estrogen
or an estrogen metabolite, with or without previous ovari-
ectomy, restores or enhances the protective effects of estro-
gen in AKI. Furthermore, studies using ERa knockout mice
in a model of IRI demonstrated lethality in the absence of
ERa, but survival in wild-type mice.? The presence of
G-protein—coupled estrogen receptor also may facilitate
protection.*3

Testosterone effects on AKI have been less well stud-
ied. Studies differ in response to testosterone in AKI, in
some cases exhibiting deleterious effects!® and in others
conferring a protective response,** perhaps due to the
timing of administration. Orchiectomy decreases suscep-
tibility, and replacement of testosterone after orchiec-
tomy returns the susceptibility to that of intact
mice.!844 Testosterone receptors, including androgen re-
ceptors A (AR-A) and AR-B, are expressed throughout
the nephron*! and thus may affect sex-based responses to
the gonadal hormones. Urinary biomarkers used to de-
fine AKI show modulation by the presence or absence of
testosterone.*> Epidermal growth factor receptor, a tyro-
sine kinase that is important in regulating cell prolifer-
ation, is expressed at higher levels in male mice and men
than in female mice and women, and increases or de-
creases to its kinase activity lead to modulation of sus-
ceptibility to AKI in males only.46:47

Sex Differences in Inflammation

Inflammation is a hallmark of AKI. The importance of a
cascade of immune cells in modulating both insult and
recovery has been established in both rodent models and
patients with AKL4849 Only a few studies have examined
sex differences specifically (reviewed by Lima-Posada and
Bobadilla®). Immune cells present in rodent kidneys in
models of AKI show sex-specific differences that are mod-
ulated by the presence or absence of gonadal hormones.!”
F4/80+ macrophage influx to the kidney was elevated in
AKI, decreased by castration, but returned to similar levels
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after AKI when testosterone was replaced. Females also
show influx of F4/80+ cells with AKI, but ovariectomy
increases this influx, while estrogen replacement returns cell
levels to that of intact animals with AKI Testosterone also
modulates inflammation in AKI by decreasing T-cell in-
filtration and shifting the cytokine profile to a more anti-
inflammatory state.>° Females demonstrate higher levels of
regulatory T cells in inflammatory states, which may be
protective in AKI. Macrophage shift from an M1 to M2
phenotype may also be different in males and females.
Cytokine expression after a cisplatin-induced AKI shows
both sex and age effects, with young females having the
least inflammatory profile.” Elevations in TNFe after IRI in
intact males are reversed with testosterone supplementa-
tion or with aromatase inhibition to preserve levels of
testosterone.* Patient studies have been performed pre-
dominantly in men and with age ranges that reside near the
menopausal stage in women or including age ranges that
are substantial. While these facts highlight the resistance to
AKI in women, a better understanding of the role of im-
mune cells in sex differences in AKI clinically awaits further
study.

Sex Differences in Mitochondrial Biology

Mitochondria play a central role in induction and recov-
ery from AKI, and sex-based differences in mitochondria
are known.5! Females have higher mitochondrial number,
larger size, and more robust function.>52 Mitochondrial
energetic derangement has been identified to alter injury in
AKI.335 Intraarterial injection of mitochondria in female
Yorkshire pigs undergoing an IRI model conferred reduced
measures of kidney injury.>> Mitochondrial transplantation
in male rats undergoing IRI®® or gentamicin-induced tox-
icity®” was protective; in the latter case, this protection was
more pronounced when mitochondria were from females.
Given the importance of gonadal hormones, it is notewor-
thy that estrogen receptors have been identified in
mitochondria,>®>° and mitochondrial energetics are altered
by manipulation of estrogen levels.°

Knockout of sirtuin-3, a protein involved in several mi-
tochondrial processes, results in increased susceptibility to
AKI. Testosterone decreases the mitochondrial expression
of sirtuin-3, particularly in males.®! Activation of the
adapter protein p66shc leads to mitochondrial dysfunction
and increased reactive oxygen species elaboration. Males
express higher levels of p66shc, which is modulated by
testosterone.%?

Peroxisome proliferator-activated receptors y coa-
ctivator-la (PGC-la), a master regulator of several
mitochondrial-based mechanisms, plays a role in mitochon-
drial biogenesis and thermoregulation and regulates turn-
over of mitochondria through mitophagy, a process to
ensure mitochondrial quality. PGC-1a and one of its down-
stream effectors in thermoregulation, uncoupling protein 1,
are downregulated in AKL®3 and elevated levels of PGC-1a
correlate with reduced delayed graft function in patients.®
PGC-1a knockout animals exhibit kidney inflammation at
baseline, which is enhanced in folic acid—induced injury in
female mice, with decreased survival and increased injury
noted.®> PGC-la also regulates the expression of heme
oxygenase-1 (HO-1),°¢ a cytoprotective enzyme that also
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shows a temporally different pattern of expression after
AKI in males and females.” Induction of HO-1 is protective
both by its enzymatic role to breakdown heme with the
elaboration of antioxidant molecules and by its transcrip-
tional activity. Specific genetic polymorphisms in HO-1
confer a greater odds of having AKI, with the strongest
association seen in women undergoing cardiac surgery.®”
HO-1 also may enhance mitochondrial function and bio-
genesis by preventing mitochondrial fragmentation and
promoting mitochondrial biogenesis. Importantly, HO-1
expression is regulated by estrogen.86°

Ambient Temperature and AKI

Over the last couple of decades, nephropathy due to
excess heat exposure has come to light as has a recognition
that global warming may contribute to a rising incidence of
this condition.”® Originally described in populations in
Central America leading to the nomenclature of Mesoamer-
ican nephropathy (MeN), this condition has been documen-
ted subsequently world-wide in hot climates. Although
CKD due to MeN has been diagnosed, now referred to
as CKD of unknown or nontraditional origin, studies also
suggest that the resulting CKD is due to repeated events of
AKI in the acute phase of the condition.”’”> The AKI is
believed to result from rhabdomyolysis and systemic in-
flammation with a potentially complex pathophysiology.”?
Repeated episodes of dehydration induce chronic vaso-
pressin secretion, activation of the renin-angiotensin-
aldosterone system, and activation of the polyol pathway
that leads to endogenous fructose production, which in turn
leads to a more proinflammatory, prooxidant milieu.”* CKD
of unknown/CKD of nontraditional/MeN disproportion-
ately affects young men, but whether this sex difference is
due to different biology or to the disproportionate number
of men in these affected industries has not been clarified.
Exposure to hot environments increases incidence of kidney
diseases, including AKI, and men are more likely than
women to present at emergency departments with kidney
disease in hot climates.”>7¢

Studies of heat stress in rodents have largely been con-
ducted in males””7?; thus, understanding effects of sex or
gender remains underexplored. Studies using more modest
changes in temperature have not examined the kidney.
Thermoneutral temperatures are those temperatures at
which excess energy through mitochondrial shunting to
heat generation, with a concomitant loss in ATP production,
is not required to maintain core body temperatures. Ani-
mals housed under these conditions show a loss of sex
differences in other organ systems. In models of nonalco-
holic fatty liver disease and atherosclerosis, resistance to
injury in female rodents was eliminated.88! Thermoneutral
housing of mice exacerbates graft-versus-host disease8? and
alters inflammatory and immune cell responses in the
liver,®° lung,83 and heart.8! Several proteins and pathways
are altered by thermoneutrality housing,® as well as ex-
treme housing temperature shifts to induce hypothermia or
hyperthermia.?> In the latter case, the heat shock protein
induction alters outcomes in AKI.8¢87 Notably, altered am-
bient temperature results in different mobilization or acti-
vation of immune cells, including monocytes and T
cells.8388,89

In addition, estrus and pregnancy result in different
thermoregulation which may have an effect on susceptibil-
ity to AKLY Circadian rhythm differences in peak and
nadir body temperature vary in different species of male
mice,”! although no information is available for females.
This loss of sex differences in acute injuries with the mod-
ulation of ambient temperature warrants further study in
the kidney.

An integrated theory of the mechanisms discussed is
challenging because of the complexity of input and the
interplay of these various mechanisms with gonadal hor-
mones and chromosomal complements. The multitude of
downstream effects directed by estrogen and testosterone
may suggest that sex hormones can alter both kidney-
centric and systemic effects. Similarly, emerging evidence
of a role for the sex chromosomes in modulating molecular
pathways independently of gonadal hormones is expand-
ing our understanding of sex differences. Fundamental
morphological and molecular expression differences in ma-
les versus females, coupled with the modulation of key
pathways in AKI by gonadal hormones or sex chromo-
somes, may result in very different effects in AKI between
the sexes. A better scientific understanding of the differ-
ences between the male and female kidney, and their dif-
ferent responses to AKI, awaits further studies.
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