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Abstract
Women are not small men. Sex-specific differences do not only affect the classical target
organs of sexual differentiation and reproduction, but have been found to involve most, if
not all the organs and tissues in the body. One of the consequences of this dimorphism is
that diseases manifest in a sex- and gender-specific way. Key to maintenance of a healthy
state is functioning tissue able to cope with insults. Regulated death of damaged cells and
replacement with new cells by proliferation is a prerequisite for maintaining tissue function taking place at different pace in the different organs. The intent of this chapter is to
review current evidence for sex-specific differences in tissue homeostasis focusing on the
variability of hormone exposure characteristic for the female reproductive life stages.
Keywords: tissue maintenance, sex differences, proliferation, cell death, kidney, menstrual
cycle

1. Introduction
Living systems are continuously challenged by potentially toxic internal and external processes. The normal metabolic function of the cells produces a plethora of potentially damaging
oxidative metabolites inducing damage in DNA, proteins, and lipids. In addition, living cells
are exposed to a variety of external factors, which may be internalized as building blocks and/
or energy sources. These vital processes put the organism at risk to be harmed. Coping
strategies are necessary to avoid damage. There are several lines of cellular defenses induced
via cell stress pathways, including compartmentalization processes, enzymatic modification,
externalization, degradation, and repair [1, 2].
Ultimately, these processes may not be sufficient to prevent major cellular damage. Therefore,
every cell is in addition equipped with internal cell death programs, which can be activated in
order to prevent a damaged cell to cause harm to the organism [3]. Cell losses are inevitable
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and take place continuously in our bodies even without a specific trigger. The rate of cell death
may be significantly enhanced at times of increased challenges. Cellular losses are necessary in
order to prevent detrimental effects like neoplastic transformation [4]. Thus, programmed cell
death needs to be carefully balanced, and this ability is a key determinant for the health and
survival of the organism.
Cells lost by cell death need to be replaced in order to maintain cell numbers and ultimately
tissue function. Controlled regeneration is, thus, required to cope for cell losses due to toxic
challenges derived from internal and external sources, be they derived from normal metabolic
processes or damaging environmental stimuli. Cell losses and proliferation need to be carefully
balanced in order to guarantee proper function. Thus, the process of tissue homeostasis, that is,
the capability to send damaged cells into cell death programs, to replace the cells by proliferation, and to regulate the exact balance of these events are crucial processes for preserving a
healthy state. Any distortion of the balance between cell death and cell proliferation—be it by
overwhelming damaging events beyond the host’s range of tolerance and/or primarily ineffective or maladaptive homeostatic mechanisms by the host—is prone to induce malfunctioning
of the organs in the body ultimately causing disease and potentially death.

2. Sex and sex hormones in tissue homeostasis
2.1. Origin of sex differences
During development, sex differences originate from genetic and hormonal influences. Master
regulators for male sex differentiation, like SRY, are encoded by DNA of the Y chromosome
governing the embryonic development of the male phenotype in mammals. Female or male
gonadal development gives rise to a sex-specific hormonal environment [5]. Sex hormones
induce organizational effects during the life span causing persistent sex-specific changes
within the tissues, for example, by epigenetic modifications [6, 7]. Activational effects further
introduce sex differences in tissue structure and function depending on the pattern of exposure
to gonadal hormones. All the organs in the body are affected throughout life [8]. In this respect,
sex differences are based on the different chromosomal equipment that qualifies every cell in
the body as male or female. These basic differences are further shaped by sex hormones
depending on previous or current, transient or persistent exposure [9]. This hypothesis was
phrased by Arnold [10] as follows: “XX and XY cells are different prior to the secretion of
gonadal hormones, and gonadal hormones affect XX and XY cells unequally.”
Sex hormones act through receptors widely expressed throughout the cells of the body. The
classical estrogen (ERα, ERβ), androgen (AR) and progesterone (PR) receptors belong to the
nuclear receptor protein family acting through the nucleus as transcription factor or co-factor. In
addition to their nuclear actions, they were found to be localized to the cell membrane and
mitochondria inducing fast, non-genomic intracellular signaling pathways, for example, by the
interaction with growth factor or cytokine receptors. Estrogen-binding cell membrane-localized
receptors of the seven transmembrane receptor family were also characterized, for example,
G-protein coupled estrogen receptor, GPR30/GPER-1 [11–13].
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Ultimately, differences between the sexes derive from chromosomal and hormonal sex differences, which are further influenced by environmental factors. Thus, differences originating
from the biological sex are further shaped by gender, which refers to the perceptions of male or
female identity and depends on sex-based social structures [8].
2.2. Influence of sex and sex hormones on cellular proliferation
Tissue homeostasis is guaranteed, when cells lost in physiological tissue turnover or under
stress conditions are replaced by proliferation. Organs with high demanding functions have
increased regeneration potential and continually renew their cell populations. This is the case
for intestine, skin, and blood, for example. Liver, bone, and blood even have the capacity to
fully recover to the original size after loss of tissue [14]. Other organs have lower regeneration
potential, like the heart, brain, and kidney [15–17]. Many organs contain stem cell niches
hosting adult tissue stem cells that are precursor cells maintained in a relatively undifferentiated state ready to replace lost cells by proliferation followed by differentiation [18, 19].
Sex hormones have classically been implicated in regulation of proliferation of cells of reproductive organs and cancer of reproductive tissue [20–24]. Besides these effects, sex hormones were
also found to have pronounced effects on the proliferation of different stem cell populations. Cell
proliferation of embryonic stem (ES) cells was found to be enhanced by female gonadal hormones [25]. ES cells are derived from the inner cell mass of the embryoid body. They can selfrenew in vitro and are pluripotent, that is, they can differentiate into all the cell types of the body
[26]. Estrogen appears to act via nuclear and cell surface signaling pathways involving Erk1/2
activation, cyclin-dependent kinases and proto-oncogenes like c-myc, c-fos, c-jun, and pRB in ES
cells. In addition, store-operated calcium channels were found to play a role in estrogenmediated cell proliferation through the transcription factor NF-AT [27].
Differentiation of ES cells into dopaminergic neurons was also shown to be affected by estrogen. ERβ promoted differentiation by crosstalk signaling with insulin like growth factor-1 [28].
Motor neuron differentiation from ES cells was found to be enhanced by 17-β estradiol and
progesterone through nuclear ERα and progesterone receptor [29]. Dopaminergic precursors
derived from ES cells were found to increase proliferation upon treatment with progesterone
in vitro [30].
Induced pluripotent stem (iPS) cells are similar to ES cells with regard to their ability to
differentiate into all cell types, providing a promising tool for in vitro research and regenerative medicine. They are derived from adult mature cells by reprogramming through the
introduction of specific transcription factors [31]. Similar to ES cells, sex hormones were shown
to affect iPS cells. Neuronal cells derived by differentiation of iPS cells showed increased
dendritic branching by treatment with 17-β estradiol [32]. Functional integration of dopaminergic neuronal cells from iPS cells into neuronal circuits was found to be enhanced by
estradiol [33]. Testosterone was described to enhance differentiation of iPS cells into insulinproducing cells [34].
Sex differences were also described for tissue stem cells in vivo. Adult stem cells are believed to
provide a local pool of self-renewing, multipotent cells pivotal in tissue homeostasis and
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recovery upon damage [35]. Stem cells in many stem cell niches appear to have a higher ability
to self-renew, have an increased regeneration potential, and in some cases, show higher
proliferative activity in women [36, 37]. Intrinsic sexual dimorphism was described for neural
stem cells that hold much promise for potential brain damage repair therapy in the future.
Proliferation of neural stem cell was, for example, shown to depend on hormone changes in
the adult mouse due to the estrous cycle, pregnancy, reproductive status, and age. Phases of
high estrogen exposure like pro-estrus were found to be associated with increased hippocampal adult neurogenesis indicating a role of estrogens [38]. Differential expression of sex steroid
receptors and androgen metabolizing enzymes may result in differential outcomes in neural
stem cell transplantation [39]. Neural stem cell proliferation was found to be dependent on
nuclear ERs, while oligodendroglial differentiation was stimulated by cell membrane-associated
ERs [40]. Other researcher also proposed that actions of sex steroids on the brain might be
correlated with reduced brain damage. Intact females were found to be less susceptible upon
injury than ovariectomized females and males [41]. Similarly, muscle-derived stem cells derived
from female mice and transplanted into dystrophic mutant mice showed a better potential to
regenerate skeletal muscle than stem cells from males [42].
Hematopoietic stem cells were found to be more abundant and proliferative in female mice in
comparison to males dependent on estrogen exposure [43]. 17-β estradiol was found to
improve hematopoietic differentiation from human iPS cells and from human umbilical cord
blood through ERα signaling suggesting a universal function for estrogen in hematopoietic
stem cell differentiation [44, 45].
Estrogens have beneficial effects on bone regeneration [46]. Osteoblasts are stimulated by
estrogen to proliferate with distinct roles for ERα and ERβ [47]. In vitro, proliferation of bone
marrow mesenchymal stromal cells was found to be enhanced by estrogen [48]. Estrogens
enhanced the proliferation and migration of bone marrow-derived endothelial progenitor cells
to ischemic regions of the heart facilitating repair and regeneration [49]. Androgens were also
described to stimulate the proliferation and angiogenesis/vascular repair capability of circulating endothelial progenitor cells in males, not females [50].

2.3. Sex differences in cell survival
When progenitor cells involved in tissue regeneration enter a cell senescence state, tissue
homeostasis may be compromised. The cells are able to permanently halt the cell cycle and
persist in a quiescent, but still functional state [51]. This is a possible fate of cells damaged
beyond repair. The three major types of senescence are replicative senescence, oncogeneinduced senescence, and DNA damage-induced DNA damage. The DNA damage response
pathway appears to be eventually involved in the execution of the program independent of the
primary stimulus [52]. Furthermore, senescent cells are able to influence their neighboring cells
by secretion of a range of activating signals referred to as senescence-associated secretory
phenotype. The signals may favor a pro-inflammatory or—alternatively—an immunosuppressive/pro-fibrotic state. Both phases appear to be important for successful tissue repair and
the timing of the shift in the secretome might be crucial [53]. The etiology and progression of
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many cancerous or age-related diseases have been shown to be influenced by the secretome of
senescence cells [54–56].
Alternatively, cells may activate a cell death program as a means to ensure physiological tissue
renewal or in response to overwhelming damage. The most common are type I cell death
programs or apoptosis, type II or autophagy, type III or necrosis, and mitotic catastrophe [57,
58]. The cell death modalities are characterized by different morphological criteria and are
executed by specific intracellular signaling cascades. Specific catabolic enzymes are typically
associated with specific forms of cell death, for example, caspases with apoptosis. The pathways are interdependent. The intensity of the damage signal is often decisive for the type of
cell death program that is executed or the switch from one modality to the other. In addition,
autophagy is not primarily regarded as a cell death mechanism. Autophagy describes a
process involving the break-down and recycling of specific subcellular organelles. This process
may provide a cell survival strategy by reducing damaged organelles and/or shifting internal
resources in order to optimize cell survival. Only if the damaging process exceeds the cellular
defenses, cells die in the process [59, 60].
Regarding the role of sex in cell fate decisions, several reports have highlighted distinct sexdependent differences. Sex hormones have been shown to influence the propensity of cells to
undergo apoptosis. In general, lower concentrations of estrogen were found to be protective,
while higher concentrations were found to promote apoptosis. Androgens were found to
enhance, but also to suppress apoptosis depending on the cellular context [61, 62]. For example, estrogen and testosterone were described to reduce apoptosis in skeletal muscle cells [63].
Both hormones also appear to prevent apoptosis in neuronal cells adding to their
neuroprotective function [64, 65]. An anti-apoptotic action of testosterone was also described
in pancreatic β cells from male rats, but not from female rats [66]. Estrogen and estrogenic
compounds, however, appeared to enhance apoptosis in pancreatic β cells in elderly mice,
while it reduced apoptosis in young animals [67]. Regarding vascular endothelial cells, several
studies have shown that estrogens protect from apoptotic cell death [68, 69], while apoptosis
increased in coronary artery endothelia from postmenopausal women [70]. Testosterone was
found to induce apoptosis in endothelial cells [71–73]. Treatment with testosterone also
induced apoptosis or senescence in human dermal papilla cells, a process implied in inherited
male alopecia [74, 75]. In addition, androgens were found to promote apoptosis in renal and
intestinal cell lines and bone marrow-derived macrophages [76–78].
Overall, sex hormones appear to influence cell fate decisions depending on the cell context.
Hormone independent sex differences are also apparent shaping the cellular response [79].
Thus, female and male cells appear to rely on different coping strategies in response to
stressors. For example, vascular smooth muscle cells isolated from aorta of male rats appear
to be more inclined to undergo apoptosis in response to UV irradiation, while female cells are
more prone to execute the cell senescence program [62, 80]. Female cells showed characteristics
of autophagy, which is presumed to help female cells to repair the UV-induced intracellular
damages ultimately providing a survival strategy [81]. In addition, female cells were found to
better adhere to the growth support, thus avoiding apoptotic cell death initiation by cell
detachment, a process called anoikis-resistance. Differences in the intracellular organization
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of the actin cytoskeleton and increased phosphorylation of focal adhesion kinase were attributed to this higher propensity of female cells to adhere [81]. Apparently, female cells are better
equipped to prevent cell death. While autophagic processes were found to protect neuronal
cells from cell death due to starving in female rats, male cells were not able to benefit and died
more often from autophagic cell death [82]. Organ-specific sex differences were found in
constitutive autophagy, a process implicated in physiological tissue turnover. While
autophagic marker proteins were increased in the male versus female heart and liver, no such
differences were observed in the kidneys [83]. Osteoblasts showed reduced autophagy in aging
female mice, while the rate remained constant in males over the life span. This was correlated
with higher oxidative stress in female cells, thus potentially enhancing bone loss and playing a
role in the pathophysiology of osteoporosis in women [84]. Estrogens alter the redox balance and
counteract bone loss [46]. Stem cells involved in generation of osteoblast, namely bone marrow
derived mesenchymal stem cells, were found to be influenced by estrogens not only inducing
increased proliferation, but also reducing senescence and apoptosis [85].
In general, increased antioxidative cellular defenses were implicated to provide females with
better strategies to cope with oxidative stress and prevent cellular losses [62]. Differences in
basal redox state and responses to oxidative imbalance were demonstrated between female
and male cells [86]. For example, female cells were shown to produce less hydrogen peroxide
and superoxide anion. Anti-oxidative enzymes, such as superoxide dismutase (SOD) and
catalase, showed higher basic activity in female versus male cells [87]. Thioredoxin reductases
and manganese SOD were increased by estrogen in cardiomyocytes [88, 89]. In vascular
smooth muscle cells and circulating monocytes, estrogen was found to stimulate manganese
and extracellular SOD expression [90]. Estrogen was, furthermore, shown to modulate the
expression of other key molecular defense enzymes differently in XX and XY cells, for example, poly-ADP ribose polymerase (PARP), a DNA damage repair enzyme, or RLIP76, a cellprotective transporter protein [86].
PARP was also found to play a major role in sex differences in stroke. Experiments in mice
have shown that ischemic neuronal cell death is dependent on intact neuronal nitric oxide
synthase (nNOS)/PARP signaling, while in females a protection is provided by estrogen
paradoxically also requiring an intact nNOS/PAPR axis [91]. While male neuronal cells appear
to die via a PARP-mediated caspase independent pathway, ischemic cell death pathways
appear to be dependent on activation of caspase-dependent cell death pathways in females
[9, 92]. Such sex-specific differences may be relevant for the sex-specific difference in stroke
prevalence [93, 94].
PARP signaling was also implied in sex differences in cell fate decisions in kidney cells. In a
mouse model of immune-mediated nephritis, PARP signaling induced necrosis in male cells
and inhibition of PARP shifted the pro-inflammatory necrotic cell death to an antiinflammatory apoptotic pathway. In female cells, by contrast, cell death was independent of
PARP and female cells preferentially underwent apoptosis. Estrogen acted in a pro-survival
manner in female cells only. In addition to the kidney cells, bone marrow-derived hematopoietic cells showed similar sex differences [95].
Mitochondria play a crucial role in apoptotic cell death programs. Estrogens were described to
modulate the propensity for mitochondrial initiation of apoptosis [61, 96]. Estrogen-mediated
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modulation of mitochondrial function is achieved by hormone effects on the expression of
mitochondrial and nuclear genome-encoded mitochondrial proteins [97–101]. Since mitochondria are central in the cellular defense against oxidative stress, mitochondria are especially
sensitive to accumulate damage over time. Malfunctioning mitochondria accumulate during
aging, a process regarded as a major contributor to the onset of many age-related diseases [102,
103]. Sex differences were observed in this process. Delayed malfunctioning of mitochondria
during the aging process might provide females with better strategies to cope with cellular
stressors. Maternal transmission of mitochondria appears to provide a more favorable environment in female offspring [104]. Xist, an RNA-coding gene involved in X chromosome
inactivation in female cells, appears to be pivotal for mitochondrial maintenance [105]. Mitochondrial biogenesis and degradation by mitophagy are dependent on the transcription factors
p53 and FOXO [106, 107]. Sex-specific differences in the activity of these nuclear factors were
reported. Males were shown to exhibit relatively greater FOXO activity. Females, on the other
hand, had higher p53 activity resulting in sex-specific differences in the ability to maintain
healthy mitochondrial functionality during aging [105].
2.4. Potential consequences of sex-specific differences in tissue homeostasis
The abovementioned paragraphs have described examples of sex-specific differences regarding processes involved in tissue maintenance, like the control of cell proliferation and cell
death. Such effects may ultimately result in differences in the ability of female and male tissues
to cope with stressors affecting the ability to repair and restore function or develop disease.
Many diseases show different incidence and prevalence rates in men and women derived from
sex and gender specific pathophysiological mechanisms. Sex and gender differences have been
studied intensively in the neural system, the cardiovascular system, and the development of
cancer, among others [108–110].
Mechanisms underlying differences in kidney diseases between men and women are less well
known, despite renal diseases with a high morbidity and mortality risk being a challenging
problem for patients, clinicians and society [111, 112]. International registries show that fewer
women than men develop kidney failure [113–116]. The underlying causes, however, are
widely unknown. The presumed female protective effects appear to be most pronounced in
women of reproductive age [117–120]. This finding suggests that female sex hormones might
play a key role. Estrogen was proposed to be renoprotective via modulating renal perfusion
and effects on the vasculature. Furthermore, a role of estrogen was proposed in the control of
the local renal renin-angiotensin system [121–123]. On the other hand, estrogen was implicated
in the control of mesangial and tubular cell proliferation and linked to neoplastic transformation of the kidney in hamster kidneys. Low estrogen concentrations were shown to induce
proliferation in glomerular mesangial cell, while high concentrations suppressed it [124].
Primary proximal tubular cell explants and subcultured dissociated proximal tubular cells
were shown to proliferate, when treated with estrogen at physiologic concentrations [125].
This finding was confirmed in primary rabbit proximal tubular cells, which showed increased
proliferation upon estrogen treatment [126].
We have previously shown that renal tubular cell-specific proteins appear at higher rates in the
urine of healthy women at specific hormonal transition phases of the natural ovulating
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menstrual cycle. Urinary samples from healthy probands showed increased rates of urinary
excretion of the marker proteins Fructose-1,6-bisphosphatase and Glutathione-S-transferase α,
when estrogen levels decreased after a preceding height associated with ovulation and luteal
phase [127]. Both enzymes are specifically found in proximal tubular cells, the most populous
cell type in the kidney. When proximal tubular cells are damaged, intracellular enzymes are
released into the urine, making them clinical markers for kidney injury. In contrast to ovulating
women, male probands and postmenopausal women showed consistently low levels of these
renal marker proteins over time. Other urinary proteins, for example, albumin, α1microglobulin, and immunglobulin G, which are markers for functional changes of the glomerular filter and/or tubular protein resorption, showed constant urinary excretion suggesting
that the observed increases of proximal tubular marker protein release in ovulating women are
not accompanied by major functional distress of the kidneys [127]. This pattern of urinary
marker proteins excretion suggests that cyclical changes of female hormones might affect
kidney cell health. Tubular enzymes are released into the urine, if proximal tubular cells are
sloughed off and/or their plasma membranes become leaky. This could be due to tubular cells
being transiently more prone to damage in situ resulting in plasma membrane leakage or to
the cells being removed from the tubular epithelium and released into the urinary space, for
example, by apoptosis. Both processes lead to increased cell losses. Tissue homeostasis would
be maintained, if increased cell removal was accompanied by increased cell proliferation. This
could be the case during the high estrogen exposure phases preceding the observed tubular
enzyme releases into the urine. The finding that tubular cells are able to proliferate upon
estrogen treatment [126] is in line with this hypothesis. Such a periodic interplay between cell
proliferation and cell loss brought about by the specific changes in the pattern of sex hormone
exposure might result in an increased rate of tissue renewal. If this was the case, then women
in their reproductive years would possess an efficient means to easily get rid of potentially
injured, dysfunctional or simply older proximal tubular cells by replacing them with fresh new
cells. Such a transiently increased repair capacity might provide an efficient means to cyclically
renew renal tubular tissue leading to a higher resistance to damage. It is, however, also
possible that during the short phases of increased tubular cell death, the kidneys might be
especially sensitive to damage. With regard to the potential beneficial action of treatment of
renal proximal tubular cells with a proliferation-inducing growth factor, we have previously
demonstrated that epidermal growth factor (EGF) treatment was able to accelerate tissue
repair after treatment with interferon α (IFNα) in vitro. However, if EGF was present before
or during IFNα treatment, epithelial barrier destabilization was intensified [128, 129]. Therefore, the overall effect might be different in other cycle contexts or under hormone therapy, if
the vulnerable phases might not be restricted to short periods.

3. Conclusion
In conclusion, it appears that males and females are equipped with stress coping strategies that
may differ between the sexes. Sex differences have been demonstrated in the cellular
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Figure 1. Sex and sex hormone-induced differences in tissue homeostasis. The figure shows strategies involved in tissue
maintenance following cellular stress. Sex differences and sex hormone-dependent effects have been shown in these
processes in different organs and tissues.

expression levels and activity of detoxifying and repair enzymes, in the propensity to use
autophagic processes for repair, in senescence or cell death programs and in the ability to
replace cells by proliferation (Figure 1). These effects are apparent in isolated cells and are
further shaped by exposure to sex hormones. Sex hormone levels cyclically changing in
dependence of the female reproductive hormone cycle might enhance physiological tissue
regeneration and provide greater damage repair potential. Overall, female tissues appear to
be more resistant to cellular stress than their male counterparts.

Acknowledgements
This work was supported by the Austrian Central Bank Fund project No 13671 to J Lechner.

Conflict of interest
The authors confirm that there are no conflicts of interest.

Author details
Judith Lechner* and Gerhard Gstraunthaler
*Address all correspondence to: judith.lechner@i-med.ac.at
Division of Physiology, Medical University of Innsbruck, Innsbruck, Austria

37

38

Homeostasis - An Integrated Vision

References
[1] Fulda S, Gorman AM, Hori O, Samali A. Cellular stress responses: Cell survival and cell
death. International Journal of Cell Biology. 2010;2010:23
[2] Jennings P. Stress response pathways, toxicity pathways and adverse outcome pathways. Archives of Toxicology. 2013;87(1):13-14
[3] Lockshin RA, Zakeri Z. Cell death in health and disease. Journal of Cellular and Molecular Medicine. 2007;11(6):1214-1224
[4] Zhivotovsky B, Orrenius S. Carcinogenesis and apoptosis: Paradigms and paradoxes.
Carcinogenesis. 2006;27(10):1939-1945
[5] Quinn A, Koopman P. The molecular genetics of sex determination and sex reversal in
mammals. Seminars in Reproductive Medicine. 2012;30(5):351-363
[6] Wang Y, Liu H, Sun Z. Lamarck rises from his grave: Parental environment-induced
epigenetic inheritance in model organisms and humans. Biological Reviews. 2017;92(4):
2084-2111
[7] Milagre I, Stubbs TM, King MR, Spindel J, Santos F, Krueger F, Bachman M, SegondsPichon A, Balasubramanian S, Andrews SR, Dean W, Reik W. Gender differences in
global but not targeted demethylation in iPSC reprogramming. Cell Reports. 2017;18(5):
1079-1089
[8] Regitz-Zagrosek V, Kararigas G. Mechanistic pathways of sex differences in cardiovascular disease. Physiological Reviews. 2017;97(1):1-37
[9] Siegel C, Turtzo C, McCullough LD. Sex differences in cerebral ischemia: Possible molecular mechanisms. Journal of Neuroscience Research. 2010;88(13):2765-2774
[10] Arnold AP. The organizational–activational hypothesis as the foundation for a unified
theory of sexual differentiation of all mammalian tissues. Hormones and Behavior. 2009;
55(5):570-578
[11] Arnal JF, Lenfant F, Metivier R, Flouriot G, Henrion D, Adlanmerini M, Fontaine C,
Gourdy P, Chambon P, Katzenellenbogen B, Katzenellenbogen J. Membrane and nuclear
estrogen receptor alpha actions: From tissue specificity to medical implications. Physiological Reviews. 2017;97(3):1045-1087
[12] Banerjee S, Chambliss KL, Mineo C, Shaul PW. Recent insights into non-nuclear actions
of estrogen receptor alpha. Steroids. 2014;81:64-69
[13] Boese AC, Kim SC, Yin KJ, Lee JP, Hamblin MH. Sex differences in vascular physiology
and pathophysiology: Estrogen and androgen signaling in health and disease. American
Journal of Physiology—Heart and Circulatory Physiology. 2017;313(3):H524-Hh45
[14] Lindahl A. Chapter 3—Tissue Homeostasis. Tissue Engineering. Burlington: Academic
Press; 2008. pp. 73-87

Sex and Sex Hormones in Tissue Homeostasis
http://dx.doi.org/10.5772/intechopen.76177

[15] Ellison GM, Nadal-Ginard B, Torella D. Optimizing cardiac repair and regeneration
through activation of the endogenous cardiac stem cell compartment. Journal of Cardiovascular Translational Research. 2012;5(5):667-677
[16] Lin R, Iacovitti L. Classic and novel stem cell niches in brain homeostasis and repair.
Brain Research. 2015;1628(Pt B):327-342
[17] Park HC, Yasuda K, Kuo MC, Ni J, Ratliff B, Chander P, Goligorsky MS. Renal capsule as a
stem cell niche. American Journal of Physiology—Renal Physiology. 2010;298(5):F1254-F1262
[18] Rojas-Rios P, Gonzalez-Reyes A. Concise review: The plasticity of stem cell niches: A
general property behind tissue homeostasis and repair. Stem Cells (Dayton, Ohio). 2014;
32(4):852-859
[19] Wabik A, Jones PH. Switching roles: The functional plasticity of adult tissue stem cells.
The EMBO Journal. 2015;34(9):1164-1179
[20] Fox EM, Andrade J, Shupnik MA. Novel actions of estrogen to promote proliferation:
Integration of cytoplasmic and nuclear pathways. Steroids. 2009;74(7):622-627
[21] Bluemn EG, Nelson PS. The androgen/androgen receptor axis in prostate cancer. Current
Opinion in Oncology. 2012;24(3):251-257
[22] Maximov PY, Abderrahman B, Curpan RF, Hawsawi YM, Fan P, Jordan VC. A unifying
biology of sex steroid-induced apoptosis in prostate and breast cancers. Endocrinerelated Cancer. 2018;25(2):R83-r113
[23] Russo J, Russo IH. The role of estrogen in the initiation of breast cancer. The Journal of
Steroid Biochemistry and Molecular Biology. 2006;102(1–5):89-96
[24] Finlay-Schultz J, Sartorius CA. Steroid hormones, steroid receptors, and breast cancer
stem cells. Journal of Mammary Gland Biology and Neoplasia. 2015;20(1–2):39-50
[25] Han HJ, Heo JS, Lee YJ. Estradiol-17beta stimulates proliferation of mouse embryonic
stem cells: Involvement of MAPKs and CDKs as well as protooncogenes. American
Journal of Physiology—Cell Physiology. 2006;290(4):C1067-C1075
[26] Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones
JM. Embryonic stem cell lines derived from human blastocysts. Science (New York, NY).
1998;282(5391):1145
[27] Wong CK, So WY, Law SK, Leung FP, Yau KL, Yao X, Huang Y, Li X, Tsang SY. Estrogen
controls embryonic stem cell proliferation via store-operated calcium entry and the
nuclear factor of activated T-cells (NFAT). Journal of Cellular Physiology. 2012;227(6):
2519-2530
[28] Li H, Ding C, Ding Z, Ling M, Wang T, Wang W, Huang B. 17β-Oestradiol promotes
differentiation of human embryonic stem cells into dopamine neurons via cross-talk
between insulin-like growth factors-1 and oestrogen receptor β. Journal of Cellular and
Molecular Medicine. 2017;21(8):1605-1618

39

40

Homeostasis - An Integrated Vision

[29] Lopez-Gonzalez R, Camacho-Arroyo I, Velasco I. Progesterone and 17beta-estradiol
increase differentiation of mouse embryonic stem cells to motor neurons. IUBMB Life.
2011;63(10):930-939
[30] Díaz NF, Díaz-Martínez NE, Velasco I, Camacho-Arroyo I. Progesterone increases dopamine neuron number in differentiating mouse embryonic stem cells. Journal of Neuroendocrinology. 2009;21(8):730-736
[31] Yamanaka S. Induced pluripotent stem cells: Past, present, and future. Cell Stem Cell.
2012;10(6):678-684
[32] Shum C, Macedo SC, Warre-Cornish K, Cocks G, Price J, Srivastava DP. Utilizing
induced pluripotent stem cells (iPSCs) to understand the actions of estrogens in human
neurons. Hormones and Behavior. 2015;74:228-242
[33] Nishimura K, Doi D, Samata B, Murayama S, Tahara T, Onoe H, Takahashi J. Estradiol
facilitates functional integration of iPSC-derived dopaminergic neurons into striatal neuronal circuits via activation of integrin α5β1. Stem Cell Reports. 2016;6(4):511-524
[34] Liu H, Guo D, Ruzi A, Chen Y, Pan T, Yang F, Li J, Xu K, Zhou T, Qin D, Li YX.
Testosterone improves the differentiation efficiency of insulin-producing cells from
human induced pluripotent stem cells. PLoS One. 2017;12(6):e0179353
[35] Tower J. Stress and stem cells. Wiley Interdisciplinary Reviews—Developmental Biology.
2012;1(6):789-802
[36] Dulken B, Brunet A. Stem cell aging and sex: Are we missing something? Cell Stem Cell.
2015;16(6):588-590
[37] Ray R, Novotny NM, Crisostomo PR, Lahm T, Abarbanell A, Meldrum DR. Sex steroids
and stem cell function, Molecular Medicine (Cambridge, Mass). 2008;14(7–8):493-501
[38] Pawluski JL, Brummelte S, Barha CK, Crozier TM, Galea LAM. Effects of steroid hormones on neurogenesis in the hippocampus of the adult female rodent during the
estrous cycle, pregnancy, lactation and aging. Frontiers in Neuroendocrinology. 2009;
30(3):343-357
[39] Lecanu L. Sex, the underestimated potential determining factor in brain tissue repair
strategy. Stem Cells and Development. 2011;20(12):2031-2035
[40] Okada M, Makino A, Nakajima M, Okuyama S, Furukawa S, Furukawa Y. Estrogen
stimulates proliferation and differentiation of neural stem/progenitor cells through different signal transduction pathways. International Journal of Molecular Sciences. 2010;
11(10):4114-4123
[41] Helen M, Bramlett W, Dalton Dietrich. Neuropathological protection after traumatic
brain injury in intact female rats versus males or ovariectomized females. Journal of
Neurotrauma 2001;18(9):891-900
[42] Deasy BM, Schugar RC, Huard J. Sex differences in muscle-derived stem cells and
skeletal muscle. Critical Reviews in Eukaryotic Gene Expression. 2008;18(2):173-188

Sex and Sex Hormones in Tissue Homeostasis
http://dx.doi.org/10.5772/intechopen.76177

[43] Nakada D, Oguro H, Levi BP, Ryan N, Kitano A, Saitoh Y, Takeichi M, Wendt GR,
Morrison SJ. Oestrogen increases haematopoietic stem-cell self-renewal in females and
during pregnancy. Nature. 2014;505:555
[44] Kim HR, Lee JH, Heo HR, Yang SR, Ha KS, Park WS, Han ET, Song H, Hong SH.
Improved hematopoietic differentiation of human pluripotent stem cells via estrogen
receptor signaling pathway. Cell & Bioscience. 2016;6(1):50
[45] Heo HR, Chen L, An B, Kim KS, Ji J, Hong SH. Hormonal regulation of hematopoietic
stem cells and their niche: A focus on estrogen. International Journal of Stem Cells. 2015;
8(1):18-23
[46] Manolagas SC. Steroids and osteoporosis: The quest for mechanisms. The Journal of
Clinical Investigation. 2013;123(5):1919-1921
[47] Galea GL, Meakin LB, Sugiyama T, Zebda N, Sunters A, Taipaleenmaki H, Stein GS, van
Wijnen AJ, Lanyon LE, Price JS. Estrogen receptor alpha mediates proliferation of osteoblastic cells stimulated by estrogen and mechanical strain, but their acute downregulation of the Wnt antagonist Sost is mediated by estrogen receptor beta. The Journal
of Biological Chemistry. 2013;288(13):9035-9048
[48] Hong L, Zhang G, Sultana H, Yu Y, Wei Z. The effects of 17-beta estradiol on enhancing
proliferation of human bone marrow mesenchymal stromal cells in vitro. Stem Cells and
Development. 2011;20(5):925-931
[49] Hamada H, Kim MK, Iwakura A, Ii M, Thorne T, Qin G, Asai J, Tsutsumi Y, Sekiguchi
H, Silver M, Wecker A, Bord E, Zhu Y, Kishore R, Losordo DW. Estrogen receptors
alpha and beta mediate contribution of bone marrow-derived endothelial progenitor
cells to functional recovery after myocardial infarction. Circulation. 2006;114(21):22612270
[50] Torres-Estay V, Carreño DV, San Francisco IF, Sotomayor P, Godoy AS, Smith GJ. Androgen receptor in human endothelial cells. Journal of Endocrinology. 2015;224(3):R131R1R7
[51] Childs BG, Durik M, Baker DJ, van Deursen JM. Cellular senescence in aging and agerelated disease: From mechanisms to therapy. Nature Medicine. 2015;21(12):1424-1435
[52] Bielak-Zmijewska A, Mosieniak G, Sikora E. Is DNA damage indispensable for stressinduced senescence? Mechanisms of Ageing and Development. March 2018;170:13-21
[53] Ito Y, Hoare M, Narita M. Spatial and temporal control of senescence. Trends in Cell
Biology. 2017;27(11):820-832
[54] Rao SG, Jackson JG. SASP: Tumor suppressor or promoter? Yes! Trends in Cancer. 2016;
2(11):676-687
[55] Byun HO, Lee YK, Kim JM, Yoon G. From cell senescence to age-related diseases:
Differential mechanisms of action of senescence-associated secretory phenotypes. BMB
Reports. 2015;48(10):549-558

41

42

Homeostasis - An Integrated Vision

[56] Davalli P, Mitic T, Caporali A, Lauriola A, D'Arca D. ROS, cell senescence, and novel
molecular mechanisms in aging and age-related diseases. Oxidative Medicine and Cellular Longevity. 2016;2016:3565127
[57] Galluzzi L, Maiuri MC, Vitale I, Zischka H, Castedo M, Zitvogel L, Kroemer G. Cell
death modalities: Classification and pathophysiological implications. Cell Death and
Differentiation. 2007;14(7):1237-1243
[58] Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke EH,
Blagosklonny MV, El-Deiry WS, Golstein P, Green DR, Hengartner M, Knight RA,
Kumar S, Lipton SA, Malorni W, Nunez G, Peter ME, Tschopp J, Yuan J, Piacentini M,
Zhivotovsky B, Melino G. Classification of cell death: Recommendations of the nomenclature committee on cell death 2009. Cell Death and Differentiation. 2009;16(1):3-11
[59] Portal-Nunez S, Esbrit P, Alcaraz MJ, Largo R. Oxidative stress, autophagy, epigenetic
changes and regulation by miRNAs as potential therapeutic targets in osteoarthritis.
Biochemical Pharmacology. 2016;108:1-10
[60] Kroemer G, Levine B. Autophagic cell death: The story of a misnomer. Nature Reviews
Molecular Cell Biology. 2008;9(12):1004-1010
[61] Vasconsuelo A, Pronsato L, Ronda AC, Boland R, Milanesi L. Role of 17beta-estradiol
and testosterone in apoptosis. Steroids. 2011;76(12):1223-1231
[62] Maselli A, Matarrese P, Straface E, Canu S, Franconi F, Malorni W. Cell sex: A new look at
cell fate studies. The FASEB Journal. 2009;23(4):978-984
[63] Pronsato L, Ronda A, Milanesi L, Vasconsuelo A, Boland R. Protective role of 17βestradiol and testosterone in apoptosis of skeletal muscle. Actualizaciones en Osteologia.
2010;6(2):65-80
[64] Nilsen J, Chen S, Irwin RW, Iwamoto S, Brinton RD. Estrogen protects neuronal cells
from amyloid beta-induced apoptosis via regulation of mitochondrial proteins and function. BMC Neuroscience. 2006;7:74
[65] Pike CJ, Nguyen TV, Ramsden M, Yao M, Murphy MP, Rosario ER. Androgen cell
signaling pathways involved in neuroprotective actions. Hormones and Behaviour.
2008;53(5):693-705
[66] Palomar-Morales M, Morimoto S, Mendoza-Rodriguez CA, Cerbon MA. The protective
effect of testosterone on streptozotocin-induced apoptosis in beta cells is sex specific.
Pancreas. 2010;39(2):193-200
[67] Ackermann S, Hiller S, Osswald H, Losle M, Grenz A, Hambrock A. 17beta-estradiol
modulates apoptosis in pancreatic beta-cells by specific involvement of the sulfonylurea
receptor (SUR) isoform SUR1. The Journal of Biological Chemistry. 2009;284(8):4905-4913
[68] Ling S, Zhou L, Li H, Dai A, Liu JP, Komesaroff PA, Sudhir K. Effects of 17beta-estradiol
on growth and apoptosis in human vascular endothelial cells: Influence of mechanical
strain and tumor necrosis factor-alpha. Steroids. 2006;71(9):799-808

Sex and Sex Hormones in Tissue Homeostasis
http://dx.doi.org/10.5772/intechopen.76177

[69] Lu A, Frink M, Choudhry MA, Hubbard WJ, Loring W, Rue I, Bland KI, Chaudry IH.
Mitochondria play an important role in 17β-estradiol attenuation of H2O2-induced rat
endothelial cell apoptosis. American Journal of Physiology—Endocrinology and Metabolism. 2007;292(2):E585-EE93
[70] Seli E, Guzeloglu-Kayisli O, Cakmak H, Kayisli UA, Selam B, Arici A. Estradiol increases
apoptosis in human coronary artery endothelial cells by up-regulating Fas and Fas ligand
expression. The Journal of Clinical Endocrinology & Metabolism. 2006;91(12):4995-5001
[71] Ling S, Dai A, Williams MR, Myles K, Dilley RJ, Komesaroff PA, Sudhir K. Testosterone
(T) enhances apoptosis-related damage in human vascular endothelial cells. Endocrinology. 2002;143(3):1119-1125
[72] Alvarez RJ, Gips SJ, Moldovan N, Wilhide CC, Milliken EE, Hoang AT, Hruban RH,
Silverman HS, Dang CV, Goldschmidt-Clermont PJ. 17beta-estradiol inhibits apoptosis
of endothelial cells. Biochemical and Biophysical Research Communications. 1997;237(2):
372-381
[73] Florian M, Magder S. Estrogen decreases TNF-alpha and oxidized LDL induced apoptosis in endothelial cells. Steroids. 2008;73(1):47-58
[74] Yang YC, Fu HC, Wu CY, Wei KT, Huang KE, Kang HY. Androgen receptor accelerates
premature senescence of human dermal papilla cells in association with DNA damage.
PLoS One. 2013;8(11):e79434
[75] Winiarska A, Mandt N, Kamp H, Hossini A, Seltmann H, Zouboulis CC, Blume-Peytavi
U. Effect of 5alpha-dihydrotestosterone and testosterone on apoptosis in human dermal
papilla cells. Skin Pharmacology and Physiology. 2006;19(6):311-321
[76] Verzola D, Villaggio B, Procopio V, Gandolfo MT, Gianiorio F, Fama A, Tosetti F, Traverso
P, Deferrari G, Garibotto G. Androgen-mediated apoptosis of kidney tubule cells: Role of
c-Jun amino terminal kinase. Biochemical and Biophysical Research Communications.
2009;387(3):531-536
[77] Gu S, Papadopoulou N, Gehring E-M, Nasir O, Dimas K, Bhavsar SK, Föller M,
Alevizopoulos K, Lang F, Stournaras C. Functional membrane androgen receptors in
colon tumors trigger pro-apoptotic responses in vitro and reduce drastically tumor
incidence in vivo. Molecular Cancer. 2009;8:114
[78] Jin L, Ai X, Liu L, Wang Z, Cheng Y, Qiao Z. Testosterone induces apoptosis via
Fas/FasL-dependent pathway in bone marrow-derived macrophages. Methods and
Findings in Experimental and Clinical Pharmacology. 2006;28(5):283-293
[79] Penaloza C, Estevez B, Orlanski S, Sikorska M, Walker R, Smith C, Smith B, Lockshin RA,
Zakeri Z. Sex of the cell dictates its response: Differential gene expression and sensitivity to
cell death inducing stress in male and female cells. FASEB Journal. 2009;23(6):1869-1879
[80] Straface E, Gambardella L, Brandani M, Malorni W. Sex differences at cellular level:
“Cells have a sex”. In: Regitz-Zagrosek V, editor. Sex and Gender Differences in Pharmacology. Berlin, Heidelberg: Springer Berlin Heidelberg; 2012. pp. 49-65

43

44

Homeostasis - An Integrated Vision

[81] Straface E, Vona R, Gambardella L, Ascione B, Marino M, Bulzomi P, Canu S, Coinu R,
Rosano G, Malorni W, Franconi F. Cell sex determines anoikis resistance in vascular
smooth muscle cells. FEBS Letters. 2009;583(21):3448-3454
[82] Du L, Hickey RW, Bayir H, Watkins SC, Tyurin VA, Guo F, Kochanek PM, Jenkins LW,
Ren J, Gibson G, Chu CT, Kagan VE, Clark RSB. Starving neurons show sex difference in
autophagy. Journal of Biological Chemistry. 2009;284(4):2383-2396
[83] Campesi I, Straface E, Occhioni S, Montella A, Franconi F. Protein oxidation seems to be
linked to constitutive autophagy: A sex study. Life Sciences. 2013;93(4):145-152
[84] Camuzard O, Santucci-Darmanin S, Breuil V, Cros C, Gritsaenko T, Pagnotta S,
Cailleteau L, Battaglia S, Panaia-Ferrari P, Heymann D, Carle GF, Pierrefite-Carle V.
Sex-specific autophagy modulation in osteoblastic lineage: A critical function to counteract bone loss in female. Oncotarget. 2016;7(41):66416-66428
[85] Lee WJ, Lee SC, Lee JH, Rho GJ, Lee SL. Differential regulation of senescence and in vitro
differentiation by 17beta-estradiol between mesenchymal stem cells derived from male
and female mini-pigs. Journal of Veterinary Science. 2016;17(2):159-170
[86] Ortona E, Matarrese P, Malorni W. Taking into account the gender issue in cell death
studies. Cell Death & Disease. 2014;5:e1121
[87] Malorni W, Straface E, Matarrese P, Ascione B, Coinu R, Canu S, Galluzzo P, Marino M,
Franconi F. Redox state and gender differences in vascular smooth muscle cells. FEBS
Letters. 2008;582(5):635-642
[88] Satoh M, Matter CM, Ogita H, Takeshita K, Wang C-Y, Dorn GW, Liao JK. Inhibition of
apoptosis-regulated signaling Kinase-1 and prevention of congestive heart failure by
estrogen. Circulation. 2007;115(25):3197-3204
[89] Liu H, Yanamandala M, Lee TC, Kim JK. Mitochondrial p38beta and manganese superoxide dismutase interaction mediated by estrogen in cardiomyocytes. PLoS One. 2014;
9(1):e85272
[90] Strehlow K, Rotter S, Wassmann S, Adam O, Grohé C, Laufs K, Böhm M, Nickenig G.
Modulation of antioxidant enzyme expression and function by estrogen. Circulation
Research. 2003;93(2):170
[91] McCullough LD, Zeng Z, Blizzard KK, Debchoudhury I, Hurn PD. Ischemic nitric oxide
and poly (ADP-ribose) polymerase-1 in cerebral ischemia: Male toxicity, female protection. Journal of Cerebral Blood Flow and Metabolism. 2005;25(4):502-512
[92] Liu F, Li Z, Li J, Siegel C, Yuan R, McCullough LD. Sex differences in caspase activation
after stroke. Stroke. 2009;40(5):1842-1848
[93] Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Ferranti SD, Floyd J,
Fornage M, Gillespie C, Isasi CR, Jimenez MC, Jordan LC, Judd SE, Lackland D,
Lichtman JH, Lisabeth L, Liu S, Longenecker CT, Mackey RH, Matsushita K, Mozaffarian
D, Mussolino ME, Nasir K, Neumar RW, Palaniappan L, Pandey DK, Thiagarajan RR,

Sex and Sex Hormones in Tissue Homeostasis
http://dx.doi.org/10.5772/intechopen.76177

Reeves MJ, Ritchey M, Rodriguez CJ, Roth GA, Rosamond WD, Sasson C, Towfighi A,
Tsao CW, Turner MB, Virani SS, Voeks JH, Willey JZ, Wilkins JT, Wu JH, Alger HM,
Wong SS, Muntner P. Heart disease and stroke Statistics-2017 update: A report from the
American Heart Association. Circulation. 2017;135(10):e146-e603
[94] Koellhoffer EC, McCullough LD. The effects of estrogen in ischemic stroke. Translational
Stroke Research. 2013;4(4):390-401
[95] Jog NR, Caricchio R. Differential regulation of cell death programs in males and females by
poly (ADP-ribose) polymerase-1 and 17beta estradiol. Cell Death & Disease. 2013;4:e758
[96] Klinge CM. Estrogens regulate life and death in mitochondria. Journal of Bioenergetics
and Biomembranes. 2017;49(4):307-324
[97] Sanchez MI, Shearwood AM, Chia T, Davies SM, Rackham O, Filipovska A. Estrogenmediated regulation of mitochondrial gene expression. Molecular Endocrinology. 2015;
29(1):14-27
[98] Nilsen J, Irwin RW, Gallaher TK, Brinton RD. Estradiol in vivo regulation of brain
mitochondrial proteome. The Journal of Neuroscience. 2007;27(51):14069
[99] Razmara A, Duckles SP, Krause DN, Procaccio V. Estrogen suppresses brain mitochondrial oxidative stress in female and male rats. Brain Research. 2007;1176:71-81
[100] Stirone C, Duckles SP, Krause DN, Procaccio V. Estrogen increases mitochondrial efficiency and reduces oxidative stress in cerebral blood vessels. Molecular Pharmacology.
2005;68(4):959
[101] Velarde MC. Mitochondrial and sex steroid hormone crosstalk during aging. Longevity
& Healthspan. 2014;3(1):2
[102] Salmon AB, Richardson A, Perez VI. Update on the oxidative stress theory of aging: Does
oxidative stress play a role in aging or healthy aging? Free Radical Biology & Medicine.
2010;48(5):642-655
[103] Haigis MC, Yankner BA. The aging stress response. Molecular Cell. 2010;40(2):333-344
[104] Tower J. Sex-specific gene expression and life span regulation. Trends in Endocrinology
and Metabolism. 2017;28(10):735-747
[105] Tower J. Mitochondrial maintenance failure in aging and role of sexual dimorphism.
Archives of Biochemistry and Biophysics. 2015;576:17-31
[106] Park JH, Zhuang J, Li J, Hwang PM. p53 as guardian of the mitochondrial genome. FEBS
Letters. 2016;590(7):924-934
[107] Kim S, Koh H. Role of FOXO transcription factors in crosstalk between mitochondria and
the nucleus. Journal of Bioenergetics and Biomembranes. 2017;49(4):335-341
[108] Oertelt-Prigione S, Regitz-Zagrosek V. Sex and Gender Aspects in Clinical Medicine.
Springer-Verlag London Ltd: London, UK; 2012

45

46

Homeostasis - An Integrated Vision

[109] Schenck-Gustafsson K, DeCola PR, Pfaff DW, Pisetsky DS. Handbook of Clinical Gender
Medicine. Ergolding, Germany. Basel (CH): Karger Medical and Scientific Publishers;
2012
[110] Legato MJ. Principles of Gender-Specific Medicine: Gender in the Genomic Era. Chennai,
India: Elsevier Inc, Academic Press; 2017
[111] Kramer A, Pippias M, Stel VS, Bonthuis M, Abad Diez JM, Afentakis N, Alonso de la
Torre R, Ambuhl P, Bikbov B, Bouzas Caamaño E, Bubic I, Buturovic-Ponikvar J, Caskey
FJ, Castro de la Nuez P, Cernevskis H, Collart F, Comas Farnés J, Garcia Bazaga MdlÁ,
De Meester J, Ferrer Alamar M, Finne P, Garneata L, Golan E, Heaf JG, Hemmelder M,
Ioannou K, Kantaria N, Kolesnyk M, Kramar R, Lassalle M, Lezaic V, Lopot F, Macário F,
Magaz A, Martín-Escobar E, Metcalfe W, Ots-Rosenberg M, Palsson R, Piñera Celestino
C, Resić H, Rutkowski B, Santiuste de Pablos C, Spustová V, Stendahl M, Strakosha A,
Süleymanlar G, Torres Guinea M, Varberg Reisæter A, Vazelov E, Ziginskiene E, Massy
ZA, Wanner C, Jager KJ, Noordzij M. Renal replacement therapy in Europe: A summary
of the 2013 ERA-EDTA Registry Annual Report with a focus on diabetes mellitus. Clinical Kidney Journal. 2016;9(3):457-469
[112] Saran R, Robinson B, Abbott KC, Agodoa LY, Ayanian J, Bragg-Gresham J, Balkrishnan
R, Chen JL, Cope E, Eggers PW, Gillen D, Gipson D, Hailpern SM, Hall YN, Han Y, He K,
Herman W, Heung M, Hutton D, Jacobsen SJ, Kalantar-Zadeh K, Kovesdy CP, Li Y, Lu Y,
Molnar MZ, Morgenstern H, Nallamothu B, Nguyen DV, O'Hare AM, Obi Y, Plattner B,
Pisoni R, Port FK, Rao P, Ravel V, Rhee CM, Sakhuja A, Schaubel DE, Selewski DT, Sim JJ,
Song P, Streja E, Kurella Tamura M, Tentori F, White S, Woodside K, Hirth RA, Shahinian
VUS. Renal data system 2016 annual data report: Epidemiology of kidney disease in the
United States. American Journal of Kidney Disease. 2017;69(3S1):A7-A8
[113] USRDS. United States Renal Data System 2016. USRDS annual data report: Epidemiology of kidney disease in the United States. National Institutes of Health, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD, 2016 http://www.
usrds.org. 2016
[114] Kramer A, Stel V, Zoccali C, Heaf J, Ansell D, Grönhagen-Riska C, Leivestad T, Simpson
K, Pálsson R, Postorino M, Jager K. An update on renal replacement therapy in Europe:
ERA–EDTA registry data from 1997 to 2006. Nephrology Dialysis Transplantation. 2009;
24(12):3557-3566
[115] Turin TC, Tonelli M, Manns BJ, Ahmed SB, Ravani P, James M, Hemmelgarn BR. Lifetime
risk of ESRD. Journal of the American Society of Nephrology. 2012;23(9):1569-1578
[116] Kiberd BA, Clase CM. Cumulative risk for developing end-stage renal disease in the US
population. Journal of the American Society of Nephrology. 2002;13(6):1635-1644
[117] Neugarten J, Golestaneh L. Gender and the prevalence and progression of renal disease.
Advances in Chronic Kidney Disease. 2013;20(5):390-395

Sex and Sex Hormones in Tissue Homeostasis
http://dx.doi.org/10.5772/intechopen.76177

[118] Carrero JJ. Gender differences in chronic kidney disease: Underpinnings and therapeutic
implications. Kidney and Blood Pressure Research. 2010;33(5):383-392
[119] Kummer S, von Gersdorff G, Kemper M, Oh J. The influence of gender and sexual
hormones on incidence and outcome of chronic kidney disease. Pediatric Nephrology.
2012;27(8):1213-1219
[120] Seliger SL, Davis C, Stehman-Breen C. Gender and the progression of renal disease.
Current Opinion in Nephrology and Hypertension. 2001;10(2):219-225
[121] Kang D-H, Yu ES, Yoon K-I, Johnson R. The impact of gender on progression of renal
disease: Potential role of estrogen-mediated vascular endothelial growth factor regulation and vascular protection. American Journal of Patholology. 2004;164(2):679-688
[122] Iliescu R, Reckelhoff JF. Sex and the kidney. Hypertension. 2008;51(4):1000-1001
[123] Maric C. Sex differences in cardiovascular disease and hypertension: Involvement of the
renin-angiotensin system. Hypertension. 2005;46(3):475-476
[124] Kwan G, Neugarten J, Sherman M, Ding Q, Fotadar U, Lei J, Silbiger S. Effects of sex
hormones on mesangial cell proliferation and collagen synthesis. Kidney International.
1996;50(4):1173-1179
[125] Oberley TD, Lauchner LJ, Pugh TD, Gonzalez A, Goldfarb S, Li SA, Li JJ. Specific
estrogen-induced cell proliferation of cultured Syrian hamster renal proximal tubular
cells in serum-free chemically defined media. Proceedings of the National Academy of
Sciences. 1989;86(6):2107-2111
[126] Han H, Lim M, Lee Y, Kim E, Jeon Y, Lee J. Effects of TCDD and estradiol-17beta on the
proliferation and Na+/glucose cotransporter in renal proximal tubule cells. Toxicology In
Vitro. 2005;19(1):21-30
[127] Seppi T, Prajczer S, Dorler MM, Eiter O, Hekl D, Nevinny-Stickel M, Skvortsova I,
Gstraunthaler G, Lukas P, Lechner J. Sex differences in renal proximal tubular cell
homeostasis. Journal of the American Society of Nephrology. 2016;27(10):3051-3062
[128] Lechner J, Malloth NA, Jennings P, Hekl D, Pfaller W, Seppi T. Opposing roles of EGF in
IFN-{alpha}-induced epithelial barrier destabilization and tissue repair. American Journal of Physiology—Cell Physiology. 2007;293(6):C1843-C1850
[129] Lechner J, Malloth N, Seppi T, Beer B, Jennings P, Pfaller W. IFN-{alpha} induces barrier
destabilization and apoptosis in renal proximal tubular epithelium. American Journal of
Physiology—Cell Physiology. 2008;294(1):C153-CC60

47

