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Abstract: The developing and adult brain is a target organ for the vast majority of hormones produced
by the body, which are able to cross the blood–brain barrier and bind to their specific receptors on
neurons and glial cells. Hormones ensure proper communication between the brain and the body
by activating adaptive mechanisms necessary to withstand and react to changes in internal and
external conditions by regulating neuronal and synaptic plasticity, neurogenesis and metabolic
activity of the brain. The influence of hormones on energy metabolism and mitochondrial function
in the brain has gained much attention since mitochondrial dysfunctions are observed in many
different pathological conditions of the central nervous system. Moreover, excess or deficiency of
hormones is associated with cell damage and loss of function in mitochondria. This review aims to
expound on the impact of hormones (GLP-1, insulin, thyroid hormones, glucocorticoids) on metabolic
processes in the brain with special emphasis on oxidative phosphorylation dysregulation, which may
contribute to the formation of pathological changes. Since the brain concentrations of sex hormones
and neurosteroids decrease with age as well as in neurodegenerative diseases, in parallel with the
occurrence of mitochondrial dysfunction and the weakening of cognitive functions, their beneficial
effects on oxidative phosphorylation and expression of antioxidant enzymes are also discussed.

Keywords: mitochondria; oxidative phosphorylation; hormones; brain

1. Introduction

Maintenance of body homeostasis depends on proper communication between various
organs and cells in a living organism, and this communication is in large part achieved by
two different yet complementary systems, namely, the nervous system and the endocrine
system. While the nervous system is responsible for rapid transmission of information
via nerve impulses, allowing quick processing and response to internal and external
stimuli, the endocrine system functions by releasing hormones into the bloodstream,
which then bind to specific receptors in target cells. Thus, its action is much slower,
yet it is able to exert more long-lasting and widespread effects in the body, regulating a
plethora of different processes, including development, growth, metabolism, electrolyte
balance and reproduction in living organisms [1]. The nervous system and endocrine
system are involved in constant reciprocal interactions. On the one hand, endocrine
functions are tightly regulated by the central nervous system (CNS), and the hypothalamus
is the brain structure that exercises superior control of peripheral hormone secretion
from endocrine glands. In response to stimuli from higher brain centers, hypothalamic
neuroendocrine neurons release neurohormones (also referred to as releasing hormones)
into the hypophysial portal blood to act on cells of the anterior pituitary gland to induce
the production of pituitary hormones, which are then transported via the bloodstream
to effector endocrine glands such as the thyroid, adrenal glands and gonads or, as in the
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case of growth hormone or prolactin, act directly on target cells. To maintain the actions of
hormones within appropriate boundaries, their release from specific glands is organized
mainly in negative feedback loop mechanisms between the hypothalamus/pituitary and
selected endocrine glands, which means that hypothalamic and pituitary hormone secretion
is generally downregulated by high peripheral hormone levels [2].

On the other hand, both the developing brain and adult brain are target organs for
the vast majority of hormones produced by the body, including insulin, glucocorticoids,
appropriate sex hormones, and thyroid hormones, which are able to cross the blood–brain
barrier (BBB) and bind to their specific receptors on neurons and glial cells. Furthermore,
it is now known that some peripheral hormones, such as insulin, insulin-like growth
factor-1 (IGF-1) or incretin hormones, are synthetized locally by neurons and glial cells in
particular areas of the brain. Hormones ensure proper communication between the brain
and the body by activating adaptive plasticity mechanisms necessary to withstand and
react to changes in internal and external conditions by regulating neuronal and synaptic
plasticity, neurogenesis in the hippocampal dentate gyrus and metabolic activity of brain
cells [3]. It is noteworthy that any dysfunction or dysregulation in hormone secretion may
severely affect the functioning of the brain and contribute to the progression of different
pathologies in the CNS. For example, central insulin and leptin resistance is known to cause
cognitive decline [4], whereas chronic and excessive action of glucocorticoids, which under
physiological conditions are necessary to generate a proper stress response, may contribute
to dendritic shrinkage and debranching and decrease hippocampal neurogenesis, which
leads to volumetric changes in this brain structure and may contribute to the development
of depressive symptoms [5].

Currently, the influence of hormones on energy metabolism and mitochondrial func-
tion in the brain has gained much attention, since mitochondrial dysfunctions are observed
in many different pathological conditions of the CNS, including neurodegenerative dis-
eases such as Parkinson’s disease and Alzheimer’s disease [6], as well as neuropsychiatric
disorders, such as depression [7] and schizophrenia [8]. Mitochondria are organelles that
generate most cellular energy in the form of ATP via the process of oxidative phosphory-
lation (OXPHOS), in which electrons are transferred along the electron transport system
(ETS), consisting of four enzyme complexes (I-IV) located in the cristae of the inner mito-
chondrial membrane. Electron transport across the membrane generates a proton gradient,
which is harnessed by complex V of ATP synthase/ATPase to produce ATP from ADP and
inorganic phosphate. In addition to their imperative role in energy production, mitochon-
dria are also necessary for regulating calcium homeostasis, programmed cell death and the
cell cycle and for the generation and control of reactive oxygen species (ROS) [9]. Complex
I and complex III are major sites of ROS generation in the ETS due to electron leakage, and
to overcome oxidative stress, mitochondria rely on several defense mechanisms, including
antioxidant enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GPx),
catalase (CAT) and glutathione, transported from the cytosol to restore redox balance [10]
(Figure 1).

To adapt to constantly changing metabolic conditions inside the cell, mitochondria
experience a series of dynamic changes to maintain their proper function. First, in re-
sponse to different cellular stressors, the cell activates the expression of mitochondrial
stress response genes, encoding chaperones and proteases, which regulate the folding and
degradation of unfolded or misfolded mitochondrial proteins to restore the function of
these organelles [11]. Mitochondria also undergo changes in their structure, such as fusion
and fission. Fusion is mediated by proteins such as mitofusins 1 and 2 (Mfn1/2) and optic
atrophy factor-1 (OPA1), whereas dynamin-related protein 1 (DRP-1) regulates fission of
the mitochondria, and it was repeatedly demonstrated that the imbalance between these
processes can impair their function, leading to degradation of these organelles [12,13].
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Figure 1. Schematic representation of mitochondrial respiratory chain complexes, outlining the sites of reactive oxygen
species (ROS) generation and mitochondrial enzymes involved in the maintenance of proper redox status. Q—coenzyme Q;
C—cytochrome C; SOD—Superoxide dismutase; GPx—glutathione peroxidase; CAT—catalase.

The brain is an organ characterized by almost disproportionally high energy demands,
and to sustain their proper function, neurons require a constant supply of ATP. Since they
do not possess the ability to store glycogen, nerve cells rely mostly on the energetic support
of astrocytes, which produce lactate in the process of glycolysis to be transported into
neurons, where it is directly utilized in the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation to generate energy [14,15]. As postmitotic cells, neurons are also very
susceptible to ROS-induced damage, and therefore, any disturbance in OXPHOS efficiency
or mitochondrial integrity in the CNS may result in a potentially deleterious effect on brain
function. Because direct or indirect regulation of cellular metabolism is an important aspect
of many hormone actions, and in recent years it has been proven that some hormones
can directly affect brain mitochondria by regulating gene transcription in mitochondrial
DNA (mtDNA) [16], a better understanding of the influence of different hormones on the
regulation of the OXPHOS process and mitochondrial integrity in the CNS seems to be
an important issue, which, however, has not been comprehensively discussed thus far.
Therefore, in this review article, we present current findings regarding the influence of
signaling mediated by different hormones on mitochondrial respiratory processes in the
brain and provide insights regarding various aspects of central hormonal action in the
context of the development and treatment of CNS diseases.

2. Glucoregulatory Hormones Affect Energy Homeostasis and Mitochondrial Function
in the Brain

Whole-body glucose metabolism is regulated by two opposing-acting peptide hor-
mones synthesized by the pancreas, namely, glucagon and insulin. Glucagon is secreted
from pancreatic α cells under hypoglycemic conditions to increase blood sugar levels
mainly by stimulating the process of gluconeogenesis in the liver and promoting the
breakdown of glycogen. On the other hand, insulin, which is secreted from the β cells of
pancreatic islets, is the main hormone responsible for decreasing the levels of circulating
glucose and participates in the regulation of lipid and protein metabolism. Upon binding to
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its specific receptor (IR) in target organs, which include liver, skeletal muscle and adipose
tissue, insulin activates cellular events aimed at promoting glucose uptake and metabolism,
glycogen and lipid synthesis and inhibition of gluconeogenesis. Moreover, peripheral
secretion and action of insulin are facilitated by incretin hormones, such as glucagon-
like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP), which are
secreted from enteroendocrine cells in the intestines, in response to the presence of food
nutrients [17].

Insulin action is not limited to the periphery. The brain, which was considered for a
long time to be an insulin-insensitive organ mainly because of low expression of insulin-
dependent glucose transporter-4 (GLUT-4), is now clearly proven to react to physiological
concentrations of this hormone. Insulin receptors are widely expressed throughout the CNS
and are present at the highest density in brain areas involved in cognitive and autonomic
functions and regulation of appetite. Insulin can not only be actively transported across the
BBB but can also be synthesized by neurons and, to a lesser extent, by glial cells in various
brain regions [18]. In the CNS, insulin action is complementary to its peripheral functions
and consists of the maintenance of energy homeostasis via regulation of food intake and
feeding behavior by interactions with orexygenic and anorexygenic neuronal populations
in hypothalamic nuclei [19]; however, it was also repeatedly demonstrated that insulin is
able to support neuronal function in the brain by preventing neuronal apoptosis, promoting
synaptic plasticity and affecting neurotransmission by regulating neurotransmitter uptake
and receptor density, and therefore, its action is important for proper maintenance of many
brain functions, such as mood, cognition, memory, learning and attention [20].

In the CNS, insulin acts alongside insulin-like growth factor-1 (IGF-1), a closely
related trophic hormone involved in cell growth, proliferation and differentiation, which
in the periphery is produced mostly by the liver and is released into the bloodstream in
response to growth hormone (GH) secretion from the anterior pituitary. For example,
insulin and IGF-1 can be transported across the BBB and are also locally synthesized in
various parts of the CNS [21,22]. IR and IGF-1 receptor (IGF-1R) share high structural and
functional similarity and can both be activated by insulin. These receptors are heterodimeric
proteins belonging to the tyrosine kinase receptor family, and moreover, they utilize similar
downstream signaling routes, namely, the mitogen-activated protein kinase–extracellular
signal-regulated kinase (MAPK/ERK) pathway, which regulates cell proliferation and
gene expression, and the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathway,
which mainly affects metabolic processes and synaptic plasticity in the brain. Despite some
differences concerning their role in the development of the organism and slightly different
distribution and density between IR and IGF-1R in particular brain regions, the action of
both peptides in large part exerts similar biological effects in the CNS [23].

Insulin resistance, defined as impaired or lack of response of target tissues to insulin
as a consequence of downregulation of IR or its downstream effector proteins such as
insulin receptor substrates (IRS-1 and IRS-2), as well as impaired binding activity of IR, is a
relatively common dysfunction, which can lead to the development of metabolic diseases
such as type 2 diabetes mellitus (T2DM) and obesity, but impairments in central insulin
signaling are also known to reduce synaptic plasticity and cognitive functions and therefore
are often linked to the development of neuropsychiatric disorders such as depression [24]
as well as facilitating neurodegeneration, which may lead to the progression of dementias,
including Alzheimer’s disease [25]. Although the role of brain insulin resistance in the
pathogenesis of both depression and Alzheimer’s disease appears to be evident, the exact
cellular and molecular mechanisms by which it may affect cognitive, mood and neurode-
generative processes are not sufficiently explained; however, the results of current clinical
and preclinical studies emphasize the role of neuroinflammation as well as impaired mito-
chondrial function and increased oxidative stress as common denominators, linking insulin
resistance with the development of both depressive symptoms as well as memory and
cognitive deficits in patients [26].
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Deficiencies in either insulin or IGF-1 signaling in the brain have been known to
cause a decrease in OXPHOS efficiency, and these changes are often clearly correlated with
increased levels of oxidative stress markers and altered mitochondrial morphology. For
example, the activity of complexes III, IV and V were significantly reduced in streptozotocin
(STZ)-treated rats with a simultaneous increase in ROS and NO generation [27]. Transgenic
mice with neuron-specific deficiency of the insulin receptor (NIRKO) displayed altered
mitochondrial morphology, reduction in the oxygen consumption rate and a decline in
protein expression of mitochondrial respiratory complexes in the striatum, also showing
signs of oxidative stress-induced damage [23]. Similarly, selective knockdown of IGF-1R in
astrocytes not only contributed to impairment of working memory and increased gliosis
in mice but also decreased the oxygen consumption rate in primary astrocytic cultures.
Astrocytes obtained from mice in IGF-1R knockdown animals were also more susceptible
to H2O2-induced damage and displayed significant impairment in the uptake of glucose
and amyloid β (Aβ) [28]. In another study, AAV-induced knockdown of liver IGF-1 gene
expression in male mice at the fifth month of age over time resulted in a significant decrease
in cortical ATP levels and a reduction in mitochondrial OXPHOS coupling capacity in the
hippocampus, which was further associated with an increase in the levels of oxidative
stress markers, as well as impairments in hippocampal-dependent spatial acquisition and
learning. It is noteworthy, however, that in the same experiments, deficiency in circulating
IGF-1 levels did not influence or resulted in opposite effects on mitochondrial respiration
in some of the peripheral tissues, since it increased lipid peroxidation in adipocytes and
reduced adipose mass, which seem to illustrate well the tissue-dependent pleiotropic action
of IGF-1 and differences between its peripheral and central effects [29]. These experiments
clearly illustrate that insulin and IGF-1 signaling are necessary for maintaining proper
respiratory function and redox status in the brain.

On the other hand, there is also much evidence that insulin and IGF-1 directly influence
OXPHOS efficiency and mitochondrial stability in the brain. In numerous in vitro studies
conducted on neuronal and glial cell lines and primary cultures, stimulation with insulin
or IGF-1 improved mitochondrial respiration, upregulated the expression of mitochondrial
complexes and increased ATP production [30–32]. Similar results were also observed in
in vivo experiments, and most of the current data concerning the direct central action
of insulin energy metabolism and mitochondrial function come from experiments with
intranasal administration of insulin, which enables us to study its direct action in the brain
and omit peripheral effects of this hormone. Although the precise mechanisms by which
insulin enters the CNS via this administration route have not yet been entirely explained,
it has been demonstrated that its intranasal application can prevent neuroinflammation
and nerve damage and improve memory and cognition in preclinical and clinical stud-
ies [33–35]; furthermore, it was able to reduce weight loss in humans in a sex-dependent
manner [36]. Intranasal insulin was shown to ameliorate ATP synthesis, improve calcium
homeostasis, reduce ROS formation and modulate mitochondrial biogenesis by upregulat-
ing the expression of peroxisome proliferator-activated receptor gamma coactivator 1-α
(PGC1α) in experimental mouse models of diabetes and Parkinson’s disease [31,37]. The
exact mechanism by which insulin administration is able to stimulate energy generation
in the brain is still not clearly understood; however, recent reports indicate that it may
be associated with modulating the activity of ion channels in mitochondrial membranes.
Improvement of complex I and IV activity, redox status and membrane potential after
intranasal insulin administration in STZ-induced early type 2 diabetic mice was associ-
ated with an increase in the activity of the mitochondrial ATP-sensitive large conductance
Ca2+-activated potassium channel (mitoBKCa) along with upregulation of the expression
of its β2 subunit [38]. It was also recently demonstrated that insulin can improve the
mitochondrial stress response, since short-term intranasal insulin treatment increased the
expression of MSR-related genes, including Atf4, Chop, Hsp60, Hsp10, ClpP, and Lonp1,
in the hypothalamus of high-fat diet (HFD)-fed C57BL/6N mice, which was associated
with reduced food intake and body weight development in experimental animals [30].
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Experimental data concerning the direct influence of central insulin action on the brain in
energy metabolism are not limited to rodents. In a clinical study performed on a group
of healthy young volunteers in which cerebral energy metabolism was assessed with 31P
magnetic resonance spectroscopy, intranasal insulin application contributed to the increase
in the levels of ATP and phosphocreatine in the brain [39].

Peripheral administration of many T2DM drugs, which act as insulin-sensitizing
agents, was often shown to not only reverse central insulin resistance but also to alleviate
the associated brain mitochondrial dysfunction and improve respiratory function and
redox capacity in the CNS. Metformin for example is known to act as an inhibitor of the
mitochondrial complex I, which is a notable site for ROS production (Figure 1) and this
feature is regarded as an important mechanism of the antidiabetic action of this drug [40].
Although its intracerebroventricular administration at high doses was previously shown to
cause profound neurotoxic effects in the brain and increase in oxidative stress [41], met-
formin is generally known to exert a neuroprotective effect and has many times been shown
to have neuroprotective and antioxidant properties in the brain. For example, the inhibi-
tion of complex I activity by metformin and phenformin was associated with a reduction
in the opening of mitochondrial permeability transition pore (mtPTP), which prevented
ischemia-induced damage in cultured rat brain slices [42]. In HFD-induced animal models
of insulin resistance, metformin treatment resulted in alleviation of oxidative stress [43]
and recently it was also shown to increase ATP production in the brain [31]. In HFD-fed
rats, an improvement in brain mitochondrial viability, function and redox capacity was
observed also after chronic treatment with other antidiabetic drugs, including peroxisome
proliferator-activated receptor-γ (PPAR-γ) agonists [44] and inhibitor of sodium glucose
cotransporter-2 (SGLT-2) inhibitors [45].

Among insulinotropic compounds used in the treatment of T2DM, the administration
of which is known to have a beneficial effect on the brain energy expenditure, incretin-
based drugs deserve special attention, namely because they act by enhancing or mimicking
the action of endogenous incretin hormone glucagon-like peptide-1 (GLP-1). GLP-1 is syn-
thetized by the intestinal L-type cells but also in the brain, mostly by neurons in the nucleus
of solitary tract (NTS) in the caudal brainstem. In the body, GLP-1 is an important regulator
of energy homeostasis, secreted from the gut in response to the presence of food nutrients.
Its role includes stimulating insulin secretion and potentiation of peripheral insulin action
by binding with GLP-1 receptors (GLP-1R) located in many tissues in the periphery, as well
as the CNS [46]. GLP-1 in the brain acts as an anorexygenic peptide, which decreases food
and water intake and food-related reward, and although it can be actively transported by
BBB, it is characterized by a very short half-life and thus peripherally synthetized peptide
can act only locally [47,48] and has a rather low ability to activate GLP-1R in distant brain
areas [49]. Instead, preproglucagon (PPG) expressing neurons of the NTS are the prime
source of central GLP-1 and project to various brain areas involved in the regulation of
feeding behavior, including hypothalamus, midbrain, amygdala, hippocampus and pre-
frontal cortex [50,51]. It was for a long time postulated that the release of GLP-1 from
NTS neurons is triggered by its peripheral secretion via vagal afferent signals resulting
from stimulation of GLP-1R located in the vagus nerve, however recent report shown that
PPG expressing neurons possess a very limited neuroanatomical connection with GLP-1R
expressing vagal neurons, instead receiving input mostly from neurons, which express
oxytocin receptor (OXTR), thus suggesting that central and peripheral GLP-1 signaling
may facilitate its anorexygenic effects via two independent circuits [52]. Although the main
central role of GLP-1 consists of the regulation of feeding behavior, studies conducted
over the years elucidated more complex functions of GLP-1 in the brain, including the
involvement in regulation of endocrine function including stress response, by stimulating
hypothalamic neuroendocrine neurons in the PVN [53].

GLP-1 receptors are widely expressed throughout the CNS and are present both on
cell bodies and fiber terminals of neurons as well as in astrocytes and microglia [54–56].
Incretin-based therapeutics, which employ either stable agonists of GLP-1 receptor (GLP-
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1R) or inhibitors of dipeptidyl peptidase-4 (DPP-4), which is the enzyme responsible for
cleavage and inactivation of circulating GLP-1 in the body demonstrated neuroprotective
and neurotrophic properties, including improvement of synaptic plasticity and reduction
of neuroinflammatory processes. Treatment with therapeutic GLP-1R agonists, such as
exenatide and liraglutide, resulted in increased neurogenesis in the dentate gyrus [57],
and some data suggest that GLP-1R can exert protective effects on brain mitochondria,
which were mediated by the activation of the PI3K/Akt pathway and increased levels
of the antiapoptotic protein Bcl-2 [58]. GLP-1R agonists are therefore often considered
for the treatment of neurodegenerative diseases as well as depression [58,59], especially
considering the fact that these peptide drugs display significant efficacy in crossing the
blood–brain barrier [60,61].

To date, there are few data describing the effects of GLP-1 signaling on energy
metabolism and mitochondrial function in the brain. For example, in HFD-induced model
of insulin resistance in rats, treatment with DPP-4 inhibitors vildagliptin or sitagliptin im-
proved cognitive function and simultaneously reduced ROS production and mitochondrial
swelling and decreased the membrane potential [62]. Treatment with GLP-1R agonist li-
raglutide was shown to improve motor functional recovery and increased axonal sprouting
of the cortical neurons in a mouse model of focal cerebral ischemia, which was associated
with the enhancement of ATP generation, increased activity of mitochondrial complex I
and three key enzymes of the TCA cycle, i.e., isocitrate dehydrogenase, α-ketoglutarate
dehydrogenase, and succinate dehydrogenase [63]. GLP-1 signaling may also influence mi-
tochondrial dynamics and integrity in both glial cells and neurons, since astrocyte-specific
knockout of GLP-1R in mice was shown to increase mitochondrial fragmentation in the
hypothalamus [56]. It was also demonstrated that treatment with liraglutide was able to
mitigate mitochondrial fragmentation by increasing the levels of Mfn-2 and OPA-1 and
at the same time intensify the phosphorylation of DRP-1, thus promoting mitochondrial
fusion over fission, which prevented hippocampal neuronal loss in a transgenic 5 × FAD
mouse model of Alzheimer’s disease (expressing human APP and PSEN1 transgenes) [64].
In another study involving a 5 × FAD mouse model, liraglutide promoted aerobic glycoly-
sis in astrocytes, thereby improving their ability to support neurons with energy substrates,
which resulted in their increased survival and axonal growth. This mechanism involves
the activation of the PI3K/Akt pathway, and astrocytic OXPHOS efficiency is significantly
reduced and contributes to decreased generation of ROS [65]. Stimulation of GLP-1R may
also prevent oxidative stress in microglia. As shown in an in vitro study conducted on
a BV-2 microglial cell line, activation of GLP-1R and glucose-dependent insulinotropic
polypeptide receptor (GIPR) reduced apoptotic cell death, increased the synthesis of neu-
rotrophic factors and alleviated oxidative stress by inhibiting the accumulation of ROS and
the release of nitric oxide (NO), as well as by upregulating the expression of antioxidative
enzymes such as GPx1 and SOD1 [55].

3. Role of Thyroid Hormones in Brain Metabolism Regulation: Focus on Changes in
Oxidative Phosphorylation

The synthesis and secretion of thyroid hormones (THs) are regulated by a negative
feedback mechanism that involves thyroid-stimulating hormone (TSH), produced by the
anterior pituitary gland, and thyrotropin-releasing hormone (TRH), secreted by the hy-
pothalamus. TSH acts on the thyroid gland to induce the production of the two main THs,
thyroxine (T4) and triiodothyronine (T3), whose endocrine activity is responsible for the
regulation of cell energy metabolism and growth and responds to stress because they act on
almost all nucleated cells [66,67]. THs are extremely important in the early developmental
processes and maturation of the brain. They do not regulate early neuronal processes such
as neuronal induction but affect its architecture and functions, including neuronal process-
ing and integration, neuronal and glial cell proliferation and differentiation, myelination,
and synthesis of enzymes essential for neurotransmitter formation.

T4 and T3 are transported to the brain by specific transmembrane transporters, namely,
monocarboxylate transporter 8 (Mct8) and the organic anion transporter polypeptide 1c1
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(Oatp1c1). The biologically active thyroid hormone T3 in the brain derives only 20% from
the periphery and is mainly produced locally in the brain by 5′-deiodination of T4, mediated
by deiodinase 2 (Dio2) in astrocytes, in proportions that depend on the developmental
stage. The actions of THs are the result of their interactions with nuclear receptors—thyroid
hormone receptor (TR) α and β. The TR subtypes are expressed in the brain from early
development and either repress or activate gene expression [68]. An altered supply of
thyroid hormones in the developing brain, caused by reduced production of THs by the
thyroid gland or insufficient THs uptake by the target cells, causes hypothyroidism, which
can lead to mental retardation and neurological deficits [69,70]. It also turns out that
the proper levels of these hormones play an important role in the maintenance of adult
brain function, and disturbances in TR actions in the adult brain may result in consistent
behavioral changes, mood and behavior and lead to psychiatric manifestations [71]. The
involvement of T3 in the regulation of development, growth and metabolism suggests that
it controls a broad spectrum of pathways, one of which is mitochondrial activity [72].

The search for new molecular mechanisms that precisely describe THs action is
important because thyroid diseases are currently one of the most common chronic disorders
and are relatively easily treatable, but if undiagnosed or left untreated, they can have
harmful adverse effects, including long-term psychological consequences. Hypothyroidism
and hyperthyroidism are most often effects of pathological processes within the thyroid
gland in iodine-replete populations and have mainly autoimmune bases. Hyperthyroidism
refers to the condition of increased thyroid hormone synthesis and secretion from the
thyroid gland, whereas hypothyroidism is a pathological state with thyroid hormone
deficiency [73,74]. Both of these conditions increase the risk for important health issues
concerning, among others, CNS dysfunction [75].

Despite frequent cases of hypothyroidism in the clinic, little is known about the impact
of hypothyroidism on the factors regulating mitochondrial OXPHOS efficiency in the adult
brain, probably because for a long-term adult brain was thought to be resistant to thyroid
hormones. Proper levels of THs maintain mitochondrial integrity, and it is known that
hypothyroidism alters mitochondrial morphology, leading to their enlargement, increased
vacuolization, a decrease in the number of cristae and the loss of transmembrane potential
in the cerebellum of neonates [76]. Previous studies carried out in the 1950s demonstrated
that treatment of rats with thyroid hormone during the prenatal and early postnatal periods
increased oxygen consumption [77,78], which indicated that CNS mitochondria are sensi-
tive to T3 at the early stage of development, in agreement with the observed neurological
symptoms, such as marked retardation of hypothyroidism during development.

Recent studies concerning the early development period also confirmed these ob-
servations. Thyroidectomized fetal sheep were characterized by diminished complex
I-linked respiration and complex I abundance and, as a compensatory mechanism, en-
hanced PGC1α expression simultaneously with thyroid hormone receptor β upregulation
in the cortex, while in the cerebellum, hypothyroidism reduced complex I, II and com-
plex II-linked respiration with no impact on ETS complexes. The observed changes in
mitochondrial processes were correlated with weakened myelination, which may cause
neurodegenerative changes [79]. Additionally, a study on rodents showed a decrease in
the OXPHOS rate (when NADH-generating substrates were added) and complex I and
III activity in the cerebral cortex and striatum of hypothyroid Wistar rat neonates but not
in the hippocampus, cerebellum, thalamus, mid brain or brain stem [80]. The levels of
mitochondrially encoded transcripts were diminished only in the brain structures where
mitochondrial activity was decreased; therefore, these structures have been recognized as
“sensitive” to thyroid hormones, but the lack of effect of thyroid hormones on structures
such as the hippocampus, which have functional thyroid hormone receptors, may arise
from the fact that the regulation of transcription by T3 receptors requires various coregula-
tors, levels of which may vary in different tissues [81]. The impact of hypothyroidism on
brain metabolism in these “insensitive” structures in adult animals seems to be similar. In
the hippocampus of Wistar rats treated with propylthiouracil (PTU), there were no changes
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in the levels of proteins forming respiratory chain complexes, and changes in mitochon-
drial respiration in isolated mitochondria from hippocampi were minor [82]. However,
in the same animals, hypothyroidism induced by propylthiouracil resulted in reduced
levels of proteins such as complex II and ATP synthase in the frontal cortex, and it was
connected with functional changes in mitochondria: intensification of proton leakage across
the mitochondrial inner membrane and a reduction in the capacity of the mitochondrial
ETS [82].

Currently, research increasingly differentiates the function of mitochondria depending
on their location in nervous tissue and distinguishes two major populations of mitochon-
dria: those derived from neuronal and glial cell bodies (CM) and synaptic mitochondria
(SM) versus those derived from nerve terminals. Zhuravliova et al. [83] demonstrated
elevated redox level of copper of cytochrome oxidase and increased production of per-
oxides in the presence of substrates of complex I (glutamate and malate) in the CM of
hippocampi of hypothyroid (methimazole-treated) rats, whereas succinate-induced H2O2
release was diminished. Furthermore, previous data [84,85] showed that in the CM of
hypothyroid neonates, there was diminished activity of complex I and reduced transmem-
brane potential, rate of oxidative phosphorylation and oxygen consumption. Moreover, the
observed effects were correlated with decreased free mitochondrial biogenesis in the CM
of the cerebral cortex, and it is hypothesized that the impact of THs on free mitochondrial
biogenesis could underlie their effects on respiration [85]. Interestingly, mitochondrial
respiration changes in the abovementioned studies [83–85] were observed in CM but not
in the synaptosomal mitochondrial fraction. Moreover, in CM mitochondria, the aerobic
glycolysis process (measured as formation of lactate) was increased, which was connected
with hexokinase—initial, rate-limiting enzyme of glycolysis located on the mitochondria
outer membrane—activity enhancement. Adaptive activation in glycolytic metabolism
was not observed in SM, which shows that synaptic mitochondria differ in their sensitivity
to energetic dysregulation in hypothyroidism [83]. Much less research concerns metabolic
changes in the brain through the course of hyperthyroidism. These are mainly studies from
the second half of the 20th century showing that Wistar rats injected with a thyrotoxic dose
of T3 exhibited slight effects in the brain when compared to the liver or kidney. Impaired
oxidation of succinate seems to be a common mechanism of T4 in all examined tissues [86].

Brain mitochondria are targets of THs and were confirmed by experiments involving
T3 and T4 administration. T3 can counteract unfavorable changes observed in hypothy-
roidic mitochondria in the brain by normalizing diminished respiratory processes and
regulating mitochondrial transcript (ND4, 12S rRNA, 16S rRNA and Cox III) levels. High,
supraphysiological doses of T3 that were used caused all measured factors to return to
the control state 72 h after T3 treatment [87]. In peripheral tissues (i.e., in the liver), much
lower doses of T3 enhanced oxygen consumption well above the control [88]. Studies on
adult thyroidectomized rats proved that brain mitochondrial respiratory activity could be
stimulated by T3 and T4 but with different effects depending on the substrate used [89].
Adding glutamate with T3 and T4 caused hyperstimulation of respiratory activity, whereas
pyruvate + malate normalized these process rates only at the high dose. Succinate together
with TH stimulated respiration but to the control level, while in the case of TH treatment
together with ascorbate + N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD), even the
lowest dose of T3 stimulated respiration, whereas T4 normalized the hypothyroidism-
induced changes only at high doses [89]. This study suggested that the effects of THs on
respiratory processes in the brain are substrate-specific and dose-dependent. Additionally,
both examined THs increased the level of cytochrome oxidase (cytochrome aa3). Other
authors also demonstrated that precursor polypeptides of the cytochrome aa3 complex
accumulate even under hypothyroidic conditions and that THs regulate synthesis and
subunit assembly to create a functional complex [72,89,90].

THs augmentation is also one of the recommended treatment strategies for nonre-
sponsive bipolar mood disorders. In clinical studies, L-T3 was preferred over L-T4 for the
combined therapy of acute depression and the prevention of recurrent episodes in bipolar
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disorder with rapid phase change [91]. Despite the irrefutable evidence that additional
therapy with THs is effective in the treatment of depression, for many years, the main
mechanism that has been proposed was only the action of THs on the intensification of
central serotoninergic neurotransmission and the regulatory function of the β-adrenergic
receptor [75]. Recent findings have shown that it is possible that the mechanism of the
antidepressant action of these hormones can be different. L-T4 improved depressive symp-
toms, which were strongly correlated with metabolic changes in the brain structures [91].
Studies using positron emission tomography (PET) with [F-18] fluorodeoxyglucose demon-
strated that even in euthyroid patients with bipolar disorder, adjunctive treatment with
L-T4 led to a reduction in the relative activity of limbic and subcortical structures [92].
Animal research on L-T4 and/or venlafaxine treatment has also shown specific effects
on glycolysis and oxidative phosphorylation in the brain [93]. Venlafaxine is a selective
norepinephrine and serotonin reuptake inhibitor often used in the clinic, and in the men-
tioned study, it was administered together with L-T4 to hypothyroidic Wistar-Kyoto rats,
which are considered to be a model of depression [94]. The data demonstrated that the
most beneficial effect of the combined treatment was glycolysis and the transition from
glycolysis to the Krebs cycle because both drugs normalized unfavorable changes in pyru-
vate dehydrogenase and pyruvate expression caused by depression and hypothyroidic
conditions in the frontal cortex. In this study, neither the antidepressant drug nor L-T4
improved the changes in the expression of mitochondrial respiratory chain complexes [93].
Therefore, it seems that perhaps the mitochondrial complexes in the brain in coexisting
depression and hypothyroidism are not sensitive to thyroid-adjunctive therapy.

4. Insights into Glucocorticoid Effects on Brain Oxidative Phosphorylation Processes

Mitochondria mediate the stress response partially by sensing the levels of glucocorti-
coids [95]. The stress response is characterized by the release of stress mediators-the classic
hormones of the stress system (corticotropin releasing hormone (CRH), adrenocorticotropin
(ACTH), glucocorticoids (GCs), several neurotransmitters (catecholamines: adrenaline and
noradrenaline), cytokines and growth factors. A large amount of energy is required for
this system to function properly; therefore, mitochondria are primarily responsible for
supplying immediate fuel and support for the ‘fight and flight response’ in the cells and
tissues by oxidizing the substrates that are made available by stress hormone-induced
mobilization [95]. After the occurrence of a stress stimulus, the neuropeptide CRH, syn-
thetized in the hypothalamic paraventricular nucleus (PVN), is released into portal vessels
and transported to the anterior pituitary, where it stimulates the synthesis and secretion of
ACTH [96–98], which reaches its target organ, the adrenal cortex, via the blood circulation
and stimulates the synthesis and secretion of GCs [99].

GCs, which are synthesized in the adrenal cortex from cholesterol, play a major role
in survival during stress. GCs can cross plasma membranes by passive diffusion and
act through two related steroid hormone receptors, mineralocorticoid receptors (MRs)
and glucocorticoids receptors (GRs). After binding with ligands, the receptors undergo
conformational rearrangements, dissociation from the chaperones, homodimerization
and translocation to the nucleus. In the nucleus, both MRs and GRs act as homodimeric
transcription factors that bind to glucocorticoid response elements (GREs) in the promoter
regions of GC-sensitive genes, and GRs, as monomers, can also directly regulate the action
of other transcription factors [100–102].

In addition to this well-described molecular mechanism of GCs action and their reg-
ulatory function in the stress system by maintaining molecular, cellular and systemic
homeostasis in nerve cells [103], GCs are increasingly gaining interest as factors that di-
rectly or indirectly influence mitochondrial function. The regulation of mitochondrial
function by a stress stimulus depends on its duration and intensity: GC release associated
with a short-term stimulus leads to the most beneficial effects: mitochondrial biogenesis
enhancement and enzymatic activity of OXPHOS intensification. Shortly after treatment
with different GCs (corticosterone, dexamethasone, cortisol, or prednisolone), there is a
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decrease in oxygen consumption [104,105]. This effect is probably maladaptive and con-
nected with direct regulation of mitochondrial genes [106] but may also have nongenomic
action. Chronic exposure to GCs has a strong effect and can cause accumulation of GR in
mitochondria, respiratory chain dysregulation, disturbances in fusion–fission processes,
ROS generation, and apoptotic processes. However, what processes take place depends
on the target tissue and its energy demand under stress conditions [95,107]. It seems that
decreased oxygen consumption after a short stress stimulus, which turns excessive with
prolonged stress, is an adaptive mechanism connected with the enhancement of glycolysis
at the beginning and then the necessity of paying off metabolic debt [108] (Figure 2).

Figure 2. A schematic diagram illustrating the effects of short-term and long-term effects of glucocor-
ticoids on mitochondrial function. GR—glucocorticoid receptor; GRE—glucocorticoid responsive
element; TF—transcription factors; TREs—transcription factor responsive elements; FKBP51, BAG-1,
Hsp-90, Hsp-70, p23—glucocorticoid receptor co-chaperones: FKBP51—FK506 binding protein 5;
BAG-1; Co-chaperone 1Hsp-90—heat shock protein 90; Hsp70—heat shock protein 70; p23—co-
chaperone protein p23.
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The GR is present in the mitochondria of many cells [109,110]. In addition to its action
in the nucleus, it also induces changes in the mitochondrial genome, which was proven by
studies on GR import/export in mitochondria [111]. GR binds to six potential mitochon-
drial GREs: four localized within the COX1 and COX3 genes and two within the D-loop
region. COX1 and COX3 encode the catalytic subunits of cytochrome c, the terminal oxi-
dase of the mitochondrial electron transport chain [112]. Transfection of mitochondrial GRE
constructs into LATK cells showed that they were dexamethasone-responsive, which sup-
ports the hypothesis that GCs exert their action on mitochondrial gene transcription [113].
The effects of a glucocorticoid receptor agonist, dexamethasone, on mitochondrial changes
in the brain seem to be most interesting and relevant to metabolic studies on the brain.
Dexamethasone, a commonly used synthetic glucocorticoid in the clinic, is characterized
by potent anti-inflammatory properties and higher glucocorticoid activity than the natural
human glucocorticoid cortisol. It is widely used in the treatment of several disorders, i.e.,
skin and pulmonary diseases, low birth weight in infants, rheumatoid arthritis [114–116]
and when there is a risk of a premature delivery recommend prenatal steroid therapy
in every case of threatened premature birth between 24 and 34 weeks of pregnancy. In
such cases, synthetic glucocorticoids (sGCs) are administered to accelerate the maturation
of alveolar epithelium and to stimulate respiratory system maturation in the fetus [117].
Although dexamethasone is commonly used to limit the effects of underdevelopment
of the lungs in premature infants, it is known that this treatment option leads to an in-
creased incidence of short-term neurodevelopmental delay. Unfortunately, little is known
about the impact of dexamethasone on long-term neurodevelopmental processes in the
brain, but the risk of serious adverse neurodevelopmental effects remains after prenatal
as well as postnatal corticosteroid treatment [118]. The active form of dexamethasone is
able to cross the placenta, explaining why it is a widely used glucocorticoid as a factor
triggering the maturation of lung and other tissues in the fetus [117]. It is known that
mitochondrial maturation, among other factors, is controlled by steroid hormones, i.e.,
they are involved in regulatory processes of perinatal mitochondrial maturation in the
kidney [119]. In the rat brain, oxidative metabolism maturation occurs during the late
gestation period and is correlated with an increase in plasma corticosterone levels [120];
thus, prenatal steroid therapy may induce changes in mitochondrial respiratory activities
in the fetal brain. Four doses of dexamethasone administered to pregnant dams at an
interval of 12 h (until 12 h before each measurement) led to precocious maturation of mito-
chondrial respiratory function, manifested by an increase in ADP-stimulated respiration,
uncoupled respiration, and respiratory control ratio (RCR) in the fetal forebrain at Day
16 of gestation [121]. These processes may be essential for proper brain function of the
newborn because mitochondrial respiratory process enhancement is required immediately
after birth to maintain high-energy phosphate concentrations [122]. Studies on the effect
of repeated exposure to dexamethasone on the brain mitochondrial oxidative respiratory
chain (with the use of different substrates: glutamate, pyruvate + malate, succinate and
ascorbate + TMPD) in developing and adult rats at different postnatal stages revealed
that administration of this synthetic glucocorticoid stimulated state 3 respiration rates in
growing rats (2, 4 and 5 weeks old) in an age-dependent and substrate-specific manner,
whereas in adults, state 3 was significantly inhibited [123]. Moreover, injections with
dexamethasone led to significant mitochondrial uncoupling with all substrates tested in
3-week rats [123]. This critical period, when the rats switch from mother’s milk to a solid
diet, is stress nonresponsive because the plasma corticosterone level is low [124], and it
is possible that exposure to excessive dexamethasone levels can lead to its accumulation,
thereby resulting in uncoupling of mitochondria. Surprisingly, the levels of cytochrome
aa3 and b and ATPase activity decreased significantly after dexamethasone in all animals:
young and adult [123]. This may be the result of dexamethasone action as an enhancer
of the intrinsic rate of electron transfer and its negative impact on peptides encoded by
mtDNA [125].
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Another comparative study investigated the in vitro effects of four different glucocor-
ticoids, dexamethasone, prednisolone, triamcinolone and hydrocortisone, on mitochondria
isolated from the rat brain. Measurements showed that the observed decrease in the respi-
ration control ratio was induced by all glucocorticoids, which was the effect of significant
inhibition of state 3 and complex V activity and changed proton fluxes through the mito-
chondrial inner membrane [104]. This study showed that common action of glucocorticoids
on brain metabolism is the decrease in oxygen bioavailability at the inner membrane and
inhibition of complex V. In this research, the authors indicate that the unique action of
acute dexamethasone treatment, in comparison to other glucocorticoids, was the inhibition
of complex I activity and partial reversion of the inhibitory action of the antagonist of
complex I–rotenone, resulting in inhibition of ROS generation (superoxide anion radical
production) [104]. However, the study was conducted in vitro and with the use of acute
administration; thus, conclusions about the therapeutic effects of glucocorticoids cannot
be drawn.

Glucocorticoids and the stress hormone system have also been highly implicated in the
pathophysiology of many diseases, i.e., depression. Impaired GR function and feedback
mechanisms and elevated raised cortisol/corticosterone levels are widely observed in
the course of this disease [126,127]. Animal models of repeated stress/glucocorticoid
administration have provided much data about mechanisms that are connected with
altered glucocorticoid action, i.e., changes in learning-induced plasticity [128], but since it
is known that mitochondrial trafficking is arrested by glucocorticoids and these alterations
lead to energy deficiency, particularly for synaptic transmission, this pathway is gaining
attention [129]. Repeated corticosterone (CORT) injections mimic the behavioral and
neurochemical manifestations of depression in rodents. CORT effects are manifested by
the increased immobility time measured in the forced-swim test [130,131], suppression of
neurogenesis processes in the hippocampus [132], and a volume reduction in this brain
area [133], but the mechanism by which the underlying CORT regulates neuron functions
has not been fully elucidated. Experiments on mouse neural stem cells demonstrated
that CORT administration to cultures significantly changed the proteomic profiles of
neurons, which has an impact on intracellular pathways of transmission, among which the
mitochondrial oxidative respiratory chain was extensively examined. It was shown that
CORT inhibited oxidative phosphorylation in mitochondria by affecting mainly NADH-
related enzymes, NADH dehydrogenase (ubiquinone) (Nduf), ubiquinol-cytochrome c
reductase complex (Uqcc) and mitochondrial ribosomal protein (Mrp), which disrupted
energy metabolism in neurons in vitro and simultaneously disturbed their function [134].
In vivo studies also showed a reduction in oxidative phosphorylation in the brain but
at different stages of metabolism, in site-specific uncoupling and in an age-dependent
manner [105].

Mitochondria, as highly dynamic organelles, respond to glucocorticoids, which influ-
ence their morphology, localization, and removal/replacement and can impair mitochon-
drial homeostasis and quality control [129]. Usually, various stress conditions intensify
mitochondrial fusion in tissues and cells. Energy demand in neurons also results in frag-
mentation of mitochondria into shorter globular forms. Fission processes are necessary
for the removal of damaged mitochondria from the cells, and it was also demonstrated
that they are elevated under glucocorticoid action. However, the glucocorticoid-enhancing
effect on mitochondrial fission is still controversial [129]. An in vitro study using the
SH-SY5Y neuroblastoma cell line showed that dexamethasone may cause mitochondrial
dysfunction by increasing the levels of the fission proteins DRP1 and FIS1, enhancing
fusion processes by increasing Mfn1 and OPA1 expression, thus causing disturbances in
mitochondrial dynamic processes, oxidative stress production, impairment of the gener-
ation of energy needed for metabolism and decreased ATP content [135]. Furthermore,
this study revealed that an imbalance in mitochondrial dynamic processes caused by dex-
amethasone is involved in the inhibition of neuronal proliferation [135]. The local energy
demand may also cause controlled mitochondrial trafficking, but in neurons, many of
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them remain stationary because of the high need for ATP. Long-lasting exposure to GCs
promotes inhibition of mitochondrial motility, which induces a depression-like phenotype
in mice, providing further evidence that energy deficiencies in the brain cause disturbances
in neurotransmission and behavior [129].

5. Sex Hormone Regulation of Oxidative Phosphorylation in the Brain

Steroid hormones, including estrogens, progesterone and androgens, which cross the
blood–brain barrier and/or are synthesized in the CNS, are significantly involved in the
regulation of the functions and survival of nerve cells [136]. Many of these compounds
have been shown to have neuroprotective properties, and therefore lowering their levels
in the brain can play an important role in brain aging and the pathogenesis of some neu-
rodegenerative and neurological diseases [137]. In addition to the classic steroid hormones,
neurosteroids, which are synthesized in the brain, both by neurons and glial cells, regulate
many functions of CNS cells [136]. Neurosteroids act mainly by activating membrane-
associated signaling pathways in the CNS, but some of them may also bind to nuclear
receptors and regulate gene expression [138]. Classic neurosteroids that are precursors
or metabolites of steroid hormones, such as pregnenolone, dehydroepiandrosterone and
allopregnanolone, modulate neurotransmission mainly by acting as allosteric modulators
of NMDA or GABAA receptors [139]. Currently, an increasing amount of data points out
that mitochondrial function is a potential target for both sex steroid and neurosteroid
action [140]. Maintaining the correct energy balance of mitochondria in the CNS is partic-
ularly important because nerve cells, especially neurons, need large amounts of ATP to
sustain the plasma membrane ionic gradients for proper neural excitability and the process
of neurotransmission.

5.1. The Influence of Ovarian Hormones on Oxidative Phosphorylation

The beneficial, neuroprotective effects of the female sex hormones 17ß-estradiol (E2)
and progesterone are relatively well understood, and currently, substantial amounts of
data show that the action of these hormones on mitochondrial function is important
in this effect. Estrogen action is mediated via genomic (activation of estrogen receptor
ERα and ERβ) and nongenomic mechanisms (via membrane-bound ERα and ERβ and
G protein-coupled estrogen receptor). Many studies, conducted mainly in rodents, have
shown that administration of estrogen, especially 17ß-estradiol, modulates cholinergic
and dopaminergic transmission, increases neurotrophin synthesis, enhances cognition
and exerts neuroprotective effects. Studies on the effect of E2 on metabolism in the brain
have shown that this hormone intensifies almost all stages of energy transformation [141].
E2 administration prevents ovariectomy-induced reduction in the levels of glucose trans-
porters (GLUT-1, GLUT-2, GLUT-4), increases activity of glycolytic enzymes (hexokinase,
phosphofructokinase, pyruvate kinase), the enzyme linking glycolysis to the TCA cycle
(pyruvate dehydrogenase), TCA enzyme (aconitase) and enhances oxidative phospho-
rylation. In the estrogen regulation of mitochondrial energy production, intensifying
hexokinase activity may be an important mechanism leading to increased production of
ATP [141]. Hexokinase can bind with voltage-dependent anion channels (VDACs) on the
mitochondrial outer membrane and thus bind glycolysis with oxidative phosphorylation.
Moreover, since E2 activates not only hexokinase but also Akt kinase, which regulates
the binding of hexokinase with VDAC, the connection of glycolysis with ATP synthesis
can be enhanced by estrogen in various ways. It was also shown that administration
of E2 increases the expression of complex I, complex IV and complex V (ATP synthase).
In line with these changes, E2 increases the maximal mitochondrial respiratory rate in
neurons and glial cells and induces an increase in ATP production [141]. The enhancement
of oxidative phosphorylation by 17ß-estradiol is due to its action through both ERα and
ERβ receptors; however, ERβ stimulation produces a stronger effect. Intensifying the
oxidative phosphorylation process by E2 and simultaneous stimulation by this hormone of
the expression of some antioxidant enzymes (inter alia peroxiredoxin 5 and SOD) appear
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to be the main mechanisms underlying its neuroprotective effects, including a protective
effect on β-amyloid-induced injuries.

Epidemiologic studies show that the lack of ovarian hormones in women during
menopause exacerbates age-related brain changes and increases the risk of neurodegen-
erative disease development, and these alterations correlate with reduced brain bioener-
getics [142,143]. The greater risk of developing Alzheimer’s disease in women than in
men is explained by a sharp decrease in the level of sex hormones in menopausal women
and therefore greater age-related atrophy in the brain structures important in the patho-
genesis of this disease. Some data have indicated that older age at menopause and a
longer reproductive period in women are associated with a lower risk of depression later
in life and may also be associated with delayed cognitive decline [144,145]. However, in
contrast to the well-defined neuroprotective and enhancing cognitive function effects of
17ß-estradiol in preclinical studies, the action of hormone replacement therapy (HRT) on
age-related cognitive decline is ambiguous. The beneficial effect of estrogen supplementa-
tion is recognized in women in some studies, but these results have not been confirmed
by international clinical trials [137,146]. The differences in the effects of hormone replace-
ment therapy in women are probably due to the time of HRT introduction (better effect
with an earlier start of treatment), administration of various estrogenic and progestogenic
compounds (17ß-estradiol more effective than estrone; progesterone has a better effect than
synthetic medroxyprogesterone acetate), route of administration (oral vs. transdermal) and
occurrence of other risk factors (e.g., apolipoprotein E, mtDNA haplogroup).

Data from animal studies indicate that loss of ovarian hormones decreases brain mito-
chondrial function, including the process of oxidative phosphorylation, ATP production
and expression or activity of some mitochondrial metabolic enzymes. For example, it has
been shown that chronic ovariectomy reduces oxygen consumption, ATP production rates
and mitochondrial membrane potential in NADH-associated respiration in Wistar adult
female rats’ hippocampal mitochondria [147]. These data suggest that the lack of ovarian
hormones leads to a decrease in the function of mainly complex I in the respiratory chain.
Moreover, these authors also showed that ovarian hormone deprivation causes changes in
the mitochondrial membrane lipid profile, including lowering of the level of cardiolipin, a
glycerolophospholipid that reduces the permeability of the mitochondrial membrane and
increases the stability of complexes and supercomplexes, and thus the energy efficiency
of cellular respiration [147,148]. Cardiolipin, the level of which falls with age, is needed
to maintain cytochrome c function, and its weaker action may disturb the physiological
intensification of oxidative phosphorylation under stress conditions. Accordingly, it was
found that exposure of neurons taken from old rats to 17β-estradiol increases cardiolipin
levels and enhances mitochondrial respiration under glutamate stress [148].

The beneficial effects of hormone replacement therapy on cognitive function in post-
menopausal women are mainly attributed to 17ß-estradiol action, but estrogen is usually
given together with progesterone derivative, and although the role of progesterone is
less defined, this hormone also exerts a neuroprotective effect under certain conditions.
Progesterone regulates neuronal development of Purkinje cells in the cerebellum, differ-
entiation and proliferation of oligodendrocytes, synaptogenesis, and neuronal plasticity,
promotes myelin production and modulates neuroinflammation. Studies conducted in
adrenalectomized Sprague–Dawley rats have shown that administration of progesterone,
such as 17ß-estradiol, significantly increases brain mitochondrial respiration, activity and
expression of complex IV and expression of complex V but does not affect mitochondrial
biogenesis [149]. Interestingly, in this study, both progesterone and E2 reduced the leakage
of free radicals, indicating a greater efficiency of electron transport, and in accordance
with this effect, they reduced mitochondrial lipid peroxidation. Even though both of these
hormones increased oxidative phosphorylation and decreased leakage of free radicals and
lipid peroxidation and, on some parameters, even more strongly acted progesterone, after
the combined administration of progesterone and 17ß-estradiol, no increase in estrogen
action but even a decrease in some metabolic effects was observed [149]. These data suggest
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that these two steroids may act via two different, overlapping mechanisms between which
there may be synergism or antagonism. In contrast to the attenuation of estradiol-induced
metabolic changes by progesterone, the effect on the antioxidant system was preserved.
This phenomenon can to a certain extent explain the various effects of hormone replace-
ment therapy observed in postmenopausal women. However, in the case of HRT, the type
of progestin administered may be more important because in the case of medroxyproges-
terone acetate (MPA), a compound most used in contraception and hormone therapies,
no attenuation but suppression of the effect of estrogen was observed [150]. In addition,
MPA inhibited not only the beneficial effect of 17ß-estradiol on the ovariectomy-induced
decrease in mitochondrial bioenergetic function but also the coadministration of MPA,
which was detrimental to the antioxidant defense system. These results indicate significant
differences between the effects of progesterone and MPA on oxidative phosphorylation,
the level/activity of antioxidant enzymes and lipid peroxidation [150]. Moreover, apart
from the differences in the effects of progesterone and MPA, various effects of progesterone
depending on its administration were also observed. More beneficial action on genes
involved in mitochondrial bioenergetics, redox homeostasis and insulin signaling was
observed after more physiological, cyclic progesterone administration than after chronic,
continuous exposure to this steroid [151].

The beneficial effects of both 17ß-estradiol and progesterone, but not MPA, on an-
tioxidant defense are particularly important because the brain, due to weak antioxidant
activity and strong production of free radicals during mitochondrial respiration, and the
metabolism of some neurotransmitters, mainly dopamine, is particularly sensitive to oxida-
tive stress-induced damage. Oxidative stress and the related induction of apoptosis are
believed to be the main mechanisms responsible for neuronal damage both in age and in
neurodegenerative diseases (Alzheimer’s disease, Parkinson’s disease) and brain damage
(ischemic stroke, traumatic brain injury). It is also known that some unfavorable changes
in CNS cells may begin many years earlier than clinical symptoms of neurodegenerative
diseases appear, and presumably the first disturbances concern mitochondrial dysfunction,
which may induce oxidative stress followed by apoptosis.

5.2. The Influence of Androgens on Oxidative Phosphorylation

The neuroprotective and cognitive effects of testosterone, although less studied than
those of 17ß-estradiol and progesterone, have also been demonstrated. For example, it
has been found that testosterone and its active metabolite dihydrotestosterone reduce
neurological deficits and brain damage in a focal cerebral ischemia model and weaken
astrogliosis and microgliosis caused by traumatic brain injury [152,153]. On the other
hand, lowering testosterone levels increases the susceptibility of the cerebral cortex and
the hippocampus to damage caused by oxidative stress [154]. The protective effect of this
steroid is associated mainly with its antioxidant activity, decreasing mitochondrial apopto-
sis and intensifying brain-derived neurotrophic factor (BDNF) production [155]. Currently,
increasing data indicate that in terms of the neuroprotective effect of testosterone, especially
protecting against damage induced by oxidative stress, its influence on the improvement of
mitochondrial function plays an important role. Male gonadectomy (GDX) rats have been
shown to have decreased expression of genes encoding mitochondrial respiratory chain
proteins [156]. Moreover, the expression of the major regulator of mitochondrial biogenesis,
PGC-1α, and its downstream transcription factors were also decreased. Interestingly, these
changes occurred in the hippocampus and not in the cortex, which suggests that lowering
testosterone levels (for example, age-related) may be the cause of hippocampus-dependent
memory deficits. Regarding the mechanism underlying the protective effect of testosterone
on the function of mitochondria, its influence on the level of neuroglobin also plays an
important role [157]. Testosterone increases the synthesis of neuroglobin, an oxygen sensor
protein involved in its transport and ROS scavenging, interacts with cytochrome c in
mitochondria and inhibits its translocation to the cytoplasm and, as a result, the activation
of apoptosis.
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5.3. The Role of Sex Steroids in Brain Damage—Gender Differences in Brain Cell
Damage Mechanisms

Current research indicates that impaired mitochondrial function plays a major role
not only in brain aging but also in the pathogenesis of some neurodegenerative diseases
and changes induced by brain damage [158]. In line with this concept, the beneficial
effect of ovarian hormones on brain mitochondrial function seems to be responsible for
better protection of females in the reproductive period than males after cerebral ischemia.
Mitochondria, which regulate energy production, oxidative stress, calcium homeostasis
and the apoptotic process, play an important role in the damage to nerve cells caused
by ischemia-reperfusion. Sex-related differences in both the severity of damage and the
mechanism of inducing cell death in stroke have been demonstrated. In males, cell death is
mainly connected with activation of poly(ADP ribose) polymerase 1 (PARP-1), whereas in
females, primary death is evoked by caspase activation. Accordingly, it has been shown
that a decrease in the size of the brain infarct is caused by PARP-1 and NO synthase
inhibition in males and by caspase inhibitors in females [159,160]. Moreover, other changes
in mitochondrial function were observed in male and female mice 6 h after middle cerebral
artery occlusion (MCAO). A decrease in oxygen consumption in the presence of succinate
(FADH2-linked respiration) and a decrease in complex II activity were observed only in
females, while oxygen consumption in the presence of pyruvate (NADH-linked respiration)
was lowered more in males than in females [137]. Since ATP synthesis depends on NADH-
linked respiration, this suggests that a greater decrease in ATP levels may be induced by
MCAO in males than in females, which would explain the stronger endogenous protection
in females. In the MCAO-induced injury model, some data indicate the protective effect
of progesterone, which, when administered 1 h after ischemia, normalized mitochondrial
respiration and reduced damage in males and females, whereas some studies show a
beneficial effect of progesterone in males only [161,162].

Low levels of testosterone in men have also been shown in certain neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease, vascular dementia, amyotrophic
lateral sclerosis, and Huntington’s disease [163]. The protective effect of androgens in
Alzheimer’s disease results not only from reducing the susceptibility of neurons to apopto-
sis but also from increasing the expression of the Aβ-catabolizing enzyme neprilysin and
decreasing Aβ accumulation [163].

5.4. Mitochondrial Dynamics and Neurosteroid Synthesis

The decrease in the levels of sex hormones with age, much stronger in women than
in men, may be a significant cause of the reduction in mitochondrial function, but mi-
tochondrial dysfunction may also reduce the synthesis of sex steroids. The level of sex
hormones in the brain does not fully correlate with their concentration in the blood because
they can also be synthesized locally, and mitochondria are the site of the first step of
steroidogenesis. The precursor to all steroid hormones and neurosteroids is cholesterol,
which is transferred from the outer to inner mitochondrial membrane by the steroidogenic
acute regulatory (StAR) protein and then converted to pregnenolone by cytochrome P450
side-chain cleavage (P450scc; CYP11A1) enzyme (Figure 3).

StAR and transport protein (TSPO) are the main components mediating the transport
of cholesterol into the mitochondria. Current research indicates that the synthesis of
pregnenolone, a precursor to all other steroids, is regulated by the circadian clock, which in
turn depends on diurnal changes in mitochondrial dynamics [164]. Mitochondrial fusion
correlates with pregnenolone production, and disturbance of the mechanism regulating the
circadian cycle disturbs both the rhythm of changes in the dynamics of mitochondria and
the synthesis of pregnenolone. Thus, circadian regulation of mitochondrial fusion-fission
processes affects not only the process of oxidative phosphorylation and ATP production
but also steroidogenesis. Moreover, it is believed that the neuroprotective effects of TSPO
ligands in Alzheimer’s disease, compounds that increase mitochondrial respiration and
decrease ROS production, may be due to enhanced neurosteroid synthesis [165]. In addition
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to pregnenolone, other steroids can also attenuate the mitochondrial disturbances seen
in cellular models of Alzheimer’s disease. Thus, a disturbance in the dynamics of the
mitochondria may weaken the process of steroidogenesis in the brain, and decreased levels
of neurosteroids and sex hormones can further aggravate mitochondrial dysfunction. A
similar relationship between the dynamics of mitochondria and the synthesis of steroid
hormones was also demonstrated in the periphery. For example, a correlation between
mitochondrial fusion and progesterone synthesis in testicular Leydig cells was found, and
both processes were downregulated in the case of mitofusin 2 deficiency, a protein involved
in the fusion of outer mitochondrial membranes [166].

Figure 3. A simplified diagram of the synthesis of steroid hormones and neurosteroids. DHEA—dehydroepiandrosterone;
DHEA-S—dehydroepiandrosterone sulfate; CYP11A1—mitochondrial cholesterol side-chain cleavage enzyme; StAR—
steroidogenic acute-regulatory protein; 3β-HSD—3β-hydroxysteroid dehydrogenase; CYP17-hydroxylase/17,20-lyase;
CYP19—aromatase; 17β-HSD—17β-hydroxysteroid dehydrogenases; 3α-HSD—3α-hydroxysteroid oxidoreductase. Sex
steroids are presented in blue boxes whereas neurosteroids are featured in red boxes.

5.5. The Role of Neurosteroids in the Regulation of Mitochondrial Function

Classic steroid hormones act in the brain as well as in the periphery, mainly through
intracellular nuclear hormone receptors, while neurosteroids generally act on membrane
receptors, mainly GABAA, NMDA, and Sigma 1. Neurosteroids are synthesized in the
brain and remain in the brain even after peripheral endocrine glands are removed [167]. By
regulating neurotransmission, they influence many functions of the CNS, and most of them
have been shown to have neuroprotective effects. The greatest amount of data on neuropro-
tective effects concerns allopregnanolone (3α,5α-tetrahydroprogesterone), a metabolite of
progesterone. Both allopregnanolone and progesterone have beneficial effects on the dam-
age caused by various factors to nerve cells, and current research indicates that enhancing
mitochondrial bioenergetics may be the main mechanism underlying their neuroprotective
effects (Figure 4). In models of traumatic and ischemic brain injury, administration of
allopregnanolone, stronger than progesterone, inhibits the permeability of the mtPTP, a key
element in the induction of the mitochondrial apoptosis pathway and decreases cytochrome
c release [168]. It was found that allopregnanolone and its agonists in control cultures of
SH-SY5Y cells and amyloid-beta precursor protein (APP)/Aβ-overexpressing cells, which
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are an in vitro model of Alzheimer’s disease, increase ATP synthesis and intensify mito-
chondrial respiration under baseline conditions and in the presence of oxidative stress [169].
In addition, under oxidative stress, allopregnanolone and its agonist BR 297 also decreased
ROS production and prevented cell death. This study further suggests that the mitochon-
drial respiration-enhancing and ROS-depleting effects of allopregnanolone are not due to
its best-known activity as a positive allosteric GABAA receptor modulator but rather an
effect on intracellular pathways that control oxidative phosphorylation. The fact that the
stable analog of allopregnanolone, the compound BR 297, with a weak effect on the GABAA
receptor, exerts a stronger, beneficial effect on mitochondrial function and ROS production
than allopregnanolone, and additionally only it increases the capacity of substrate oxida-
tion when cells have high energy demands, indicating the existence of another mechanism
of action of these compounds on mitochondrial bioenergetics and cell survival, other than
through the GABA receptor. The reversal of bioenergy deficits by allopregnanolone has
also been demonstrated in vivo in an animal model of Alzheimer’s disease. Administration
of allopregnanolone has been found to reverse ovariectomy-induced reduction in mitochon-
drial respiration, increase proton leak, and decrease mitochondrial biogenesis [170]. When
examining the mechanism of action of allopregnanolone, it was found that the reduction in
proton leakage may be due to the reduction in the expression of the uncoupling proteins
UCP2, UCP3 and UCP5, as well as the inhibition of lipid peroxidation, whereas the increase
in mitochondrial biogenesis may be due to activation of key modulators of this process,
that is, peroxisome proliferator-activated receptor-γ and peroxisome proliferator-activated
receptor-γ coactivator 1α. Moreover, allopregnanolone enhances glucose metabolism by
enhancing the expression or activity of pyruvate dehydrogenase and α-ketoglutarate de-
hydrogenase. The second essential neurosteroid that can be synthesized in the brain is
dehydroepiandrosterone (DHEA) and its sulfated conjugate DHEA-S. DHEA regulates
many functions of the brain, including neuronal plasticity, neuronal survival, and cognition,
and its reduced level seems to be involved in the pathogenesis of depression and neu-
rodegenerative diseases, including Alzheimer’s disease. DHEA administration increased
oxidative phosphorylation and ATPase activity in the mitochondria of developing rats [171].
Additionally, administration of DHEA to adult male rats significantly stimulates oxidative
phosphorylation in the brain’s mitochondria and increases the production of ATP [172].
The intensification of mitochondrial respiration by DHEA is accompanied by an increase
in the content of cytochrome aa3 and b and an increase in the activity of dehydrogenases
(Figure 4).

In light of current research, it seems that the ability to intensify the function of mito-
chondria in the brain is demonstrated not only by the abovementioned hormones, such
as 17ß-estradiol, progesterone, testosterone and neurosteroids such as allopregnanolone
and DHEA, but also by the common mechanism of action of many steroids in the brain. In
primary neuronal cultures, in addition to the steroids mentioned above, compounds such
as estrone and 3α-androstanediol are able to improve bioenergetic activity by increasing
basal mitochondrial respiration, mitochondrial membrane potential and ATP content [173].
An important aspect of their action is the fact that by increasing oxidative phosphorylation,
which often leads to intensification of the production of mitochondrial reactive oxygen
species (mtROS), they simultaneously heighten antioxidant activity, mainly by enhancing
the activity of manganese superoxide dismutase activity (MnSOD), an enzyme located in
the mitochondrial matrix.
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Figure 4. A schematic diagram illustrating the effects of neurosteroids on the regulation of mitochondrial function. DHEA—
dehydroepiandrosterone; DHEA-S—dehydroepiandrosterone sulfate; 3α-androstanediol—5α-androstano-3α, 17β-diol;
PGC-1α—peroxisome proliferator-activated receptor-γ coactivator 1α; PPAR-γ—peroxisome proliferator-activated receptor
γ; MnSOD—manganese superoxide dismutase.

Since the synthesis of sex steroids and neurosteroids decreases with age as well as in
neurodegenerative diseases, in parallel with the occurrence of mitochondrial dysfunction
and the weakening of cognitive functions, steroids through their pleiotropic effects, espe-
cially the intensification of oxidative phosphorylation, may find wider clinical application
in the future, both in terms of delaying the aging process and the treatment of certain
neurodegenerative diseases.

It is apparent that CNS cells can be both the target and also the source of many hor-
mones, the question arises whether the hormones synthesized in the brain may have a
different effect on its functioning, including bioenergetic processes and mitochondrial
function when compared to hormones which reach to the brain from the periphery. Un-
fortunately, the data on possible differences in effects between hormones synthesized in
the brain and derived from the periphery are very scarce, although such differences have
been observed several times in the case of steroid hormones. For example, Chen et al. [174]
demonstrate that hippocampal E2, but not peripheral E2, influences cognitive functions
assessed in the novel object recognition test in female rats. In addition, studies, which
found that the neuroprotective effect of E2 in brain damage depends on the intensity of
aromatase expression in reactive astrocytes, indicate the role of locally synthesized estradiol
in promoting the viability of neurons [175]. Previous studies comparing mitochondrial
respiration in the brain between female and male control and gonadectomy mice showed
that females have higher a mitochondrial respiration and lower oxidative stress compared
to males and that these differences were suppressed by ovariectomy. which proves the role
of peripheral steroids [136]. In addition, the fact that chronic ovarian hormone deprivation
induces mitochondrial dysfunction in the brain, which may contribute to an increased risk
of Alzheimer’s disease and other age-related disorders seen in postmenopausal women,
also demonstrates the protective effect of peripheral hormones [147]. Thus, it is currently
not possible to determine the role of steroids synthesized locally in the brain as compared
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to those derived from the periphery and there is no existing data, which may distinguish
their influence on mitochondrial function.

6. Conclusions

Research conducted over recent decades has significantly changed our view of the
effects of hormones in the body by extending knowledge about the role of endocrine
signaling in the complex interactions between the body and the brain. It is currently clearly
evident that neurons and glia respond to peripheral hormone signaling, and moreover,
some peptide hormones, such as insulin, IGF-1 or GLP-1, can also be synthetized locally in
particular regions of the brain or, as in the case of neurosteroids, are synthesized mainly in
brain cells. Proper hormonal signaling is important for the regulation of neuronal survival,
synaptic plasticity, neurogenesis, neurotransmission and cognitive function, and many of
their effects may be mediated by the modulation of energy metabolism since the action
of different hormones in the brain on the one hand was shown to affect the production
of ATP and the activity and protein expression of mitochondrial respiratory complexes.
On the other hand, hormone-mediated signaling was shown to influence many processes
related to the structural and functional stability of the mitochondrial network, such as their
biogenesis, fusion, fission, stress response, calcium homeostasis and redox balance.

Deficiencies in the action of many hormones, including insulin and thyroid hor-
mones, estrogens and androgens, can impair brain functions, including mood, memory
and cognition, and moreover, their decreased action in the long run can promote neurode-
generative changes, thereby significantly contributing to the development of CNS diseases,
particularly dementias and depressive symptoms. Although the mechanisms by which
disturbances in central hormone signaling contribute to the development of neurodegener-
ative changes are complex, increased action of free radicals linked to impaired OXPHOS
efficacy and stability of the mitochondrial network has repeatedly been shown to play
a role.

Different hormone-based therapies, which are implemented to counteract deficien-
cies in endogenous hormone signaling, have been proven to exert numerous beneficial
effects on brain function in patients, which in some cases include the improvement of brain
energy metabolism. Depending on a particular hormone, targeting respiratory processes
in mitochondria may be achieved indirectly by activating certain intracellular pathways
upon the binding of hormone to its specific receptor, as is most likely achieved by peptide
hormones; however, it was also found that in the case of steroid hormones such as gluco-
corticoids, modulation of mitochondrial function is also achieved directly by activating
mitochondrial GR receptors. At this point, in the context of physiological outcomes of
hormonal action, glucocorticoids are a good example to illustrate the differences between
short- and long-term hormone action. Glucocorticoids are necessary to maintain proper
brain function during stressful events; however, their prolonged excessive action results in
pathological brain changes, which also include impairments in mitochondrial function and
increased oxidative stress.

In this review, we provided evidence that the regulation of energy metabolism in
the brain is an important aspect of the central action of many hormones, and we also
provided examples showing that both insufficient and, in some cases, excessive hormone
action may contribute to the formation of pathological changes in the brain. It is worth
noting, however, that despite the existence of numerous experimental data, the intracellular
mechanisms related to the influence of hormones on particular aspects related to the
regulation of mitochondrial OXPHOS are still not sufficiently understood. Therefore, more
detailed studies aimed at understanding the molecular regulatory mechanisms of metabolic
processes by individual hormones are needed to not only better understand the complex
role of endocrine signaling in the brain under both physiological and pathophysiological
conditions but also provide a valuable foundation for the possibility of using hormone
therapies in the treatment of central nervous system diseases, such as cognitive impairment
and depression.



Cells 2021, 10, 2937 22 of 28

Author Contributions: Conceptualization, K.G.; writing—original draft preparation, K.G., J.D., B.B.;
writing—review, K.G., J.D., B.B.; visualization, K.G., J.D., B.B.; funding acquisition, K.G., B.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants: No. 2020/39/D/NZ7/01610 from the National Science
Center, Poland and No. 2017/25/B/NZ7/01708 from the National Science Center, Poland and in
part by the statutory funds of Laboratory of Immunoendocrinology, Department of Experimental
Neuroendocrinology, Maj Institute of Pharmacology PAS, Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The manuscript has been edited by the American Journal Experts for proper
English language, grammar, punctuation, spelling, and overall style.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Malcomson, R.D.G.; Nagy, A. The Endocrine System; Springer: Cham, Switzerland, 2015; pp. 671–702. [CrossRef]
2. Clarke, I. Hypothalamus as an Endocrine Organ. Compr. Physiol. 2014, 5, 217–253. [CrossRef]
3. McEwen, B.S. Hormones and behavior and the integration of brain-body science. Horm. Behav. 2020, 119, 104619. [CrossRef]

[PubMed]
4. Biessels, G.J.; Reagan, L.P. Hippocampal insulin resistance and cognitive dysfunction. Nat. Rev. Neurosci. 2015, 16, 660–671.

[CrossRef] [PubMed]
5. Sheline, Y.I.; Liston, C.; McEwen, B.S. Parsing the Hippocampus in Depression: Chronic Stress, Hippocampal Volume, and Major

Depressive Disorder. Biol. Psychiatry 2019, 85, 436–438. [CrossRef]
6. Macdonald, R.; Barnes, K.; Hastings, C.; Mortiboys, H. Mitochondrial abnormalities in Parkinson’s disease and Alzheimer’s

disease: Can mitochondria be targeted therapeutically? Biochem. Soc. Trans. 2018, 46, 891–909. [CrossRef]
7. Allen, J.; Romay-Tallon, R.; Brymer, K.J.; Caruncho, H.J.; Kalynchuk, L.E. Mitochondria and Mood: Mitochondrial Dysfunction as

a Key Player in the Manifestation of Depression. Front. Neurosci. 2018, 12, 386. [CrossRef]
8. Roberts, R.C. Postmortem studies on mitochondria in schizophrenia. Schizophr. Res. 2017, 187, 17–25. [CrossRef]
9. Pei, L.; Wallace, D.C. Mitochondrial Etiology of Neuropsychiatric Disorders. Biol. Psychiatry 2018, 83, 722–730. [CrossRef]
10. Jardim, F.R.; de Rossi, F.T.; Nascimento, M.X.; Barros, R.G.D.S.; Borges, P.A.; Prescilio, I.C.; De Oliveira, M.R. Resveratrol and

Brain Mitochondria: A Review. Mol. Neurobiol. 2017, 55, 2085–2101. [CrossRef]
11. Zhao, Q.; Wang, J.; Levichkin, I.V.; Stasinopoulos, S.; Ryan, M.; Hoogenraad, N.J. A mitochondrial specific stress response in

mammalian cells. EMBO J. 2002, 21, 4411–4419. [CrossRef] [PubMed]
12. Wai, T.; Langer, T. Mitochondrial Dynamics and Metabolic Regulation. Trends Endocrinol. Metab. 2016, 27, 105–117. [CrossRef]
13. El-Hattab, A.W.; Suleiman, J.; Almannai, M.; Scaglia, F. Mitochondrial dynamics: Biological roles, molecular machinery, and

related diseases. Mol. Genet. Metab. 2018, 125, 315–321. [CrossRef]
14. Pellerin, L.; Magistretti, P.J. Food for Thought: Challenging the Dogmas. Br. J. Pharmacol. 2003, 23, 1282–1286. [CrossRef]
15. Bélanger, M.; Allaman, I.; Magistretti, P.J. Brain Energy Metabolism: Focus on Astrocyte-Neuron Metabolic Cooperation. Cell

Metab. 2011, 14, 724–738. [CrossRef] [PubMed]
16. Picard, M.; McEwen, B.S. Psychological Stress and Mitochondria: A Conceptual Framework. Psychosom. Med. 2018, 80, 126–140.

[CrossRef] [PubMed]
17. Röder, P.V.; Wu, B.; Liu, Y.; Han, W. Pancreatic regulation of glucose homeostasis. Exp. Mol. Med. 2016, 48, e219. [CrossRef]
18. Gray, S.M.; Meijer, R.I.; Barrett, E.J. Insulin Regulates Brain Function, but How Does It Get There? Diabetes 2014, 63, 3992–3997.

[CrossRef] [PubMed]
19. Vogt, M.C.; Brüning, J.C. CNS insulin signaling in the control of energy homeostasis and glucose metabolism—From embryo to

old age. Trends Endocrinol. Metab. 2013, 24, 76–84. [CrossRef]
20. Blazquez, E.; Velã¡zquez, E.; Hurtado-Carneiro, V.; Ruiz-Albusac, J.M. Insulin in the Brain: Its Pathophysiological Implications for

States Related with Central Insulin Resistance, Type 2 Diabetes and Alzheimer’sDisease. Front. Endocrinol. 2014, 5, 161. [CrossRef]
21. Garcia-Segura, L.; Pérez, J.; Pons, S.; Rejas, M.; Aleman, I.T. Localization of insulin-like growth factor I (IGF-I)-like immunoreac-

tivity in the developing and adult rat brain. Brain Res. 1991, 560, 167–174. [CrossRef]
22. Russo, V.C.; Gluckman, P.D.; Feldman, E.; Werther, G.A. The Insulin-Like Growth Factor System and Its Pleiotropic Functions in

Brain. Endocr. Rev. 2005, 26, 916–943. [CrossRef]
23. Kleinridders, A. Deciphering Brain Insulin Receptor and Insulin-Like Growth Factor 1 Receptor Signalling. J. Neuroendocr. 2016,

28, 1–13. [CrossRef]
24. Leonard, B.E.; Wegener, G. Inflammation, insulin resistance and neuroprogression in depression. Acta Neuropsychiatr. 2019, 32,

1–9. [CrossRef] [PubMed]

http://doi.org/10.1007/978-3-319-19207-9_25
http://doi.org/10.1002/cphy.c140019
http://doi.org/10.1016/j.yhbeh.2019.104619
http://www.ncbi.nlm.nih.gov/pubmed/31790663
http://doi.org/10.1038/nrn4019
http://www.ncbi.nlm.nih.gov/pubmed/26462756
http://doi.org/10.1016/j.biopsych.2019.01.011
http://doi.org/10.1042/BST20170501
http://doi.org/10.3389/fnins.2018.00386
http://doi.org/10.1016/j.schres.2017.01.056
http://doi.org/10.1016/j.biopsych.2017.11.018
http://doi.org/10.1007/s12035-017-0448-z
http://doi.org/10.1093/emboj/cdf445
http://www.ncbi.nlm.nih.gov/pubmed/12198143
http://doi.org/10.1016/j.tem.2015.12.001
http://doi.org/10.1016/j.ymgme.2018.10.003
http://doi.org/10.1097/01.WCB.0000096064.12129.3D
http://doi.org/10.1016/j.cmet.2011.08.016
http://www.ncbi.nlm.nih.gov/pubmed/22152301
http://doi.org/10.1097/PSY.0000000000000544
http://www.ncbi.nlm.nih.gov/pubmed/29389735
http://doi.org/10.1038/emm.2016.6
http://doi.org/10.2337/db14-0340
http://www.ncbi.nlm.nih.gov/pubmed/25414013
http://doi.org/10.1016/j.tem.2012.11.004
http://doi.org/10.3389/fendo.2014.00161
http://doi.org/10.1016/0006-8993(91)91228-S
http://doi.org/10.1210/er.2004-0024
http://doi.org/10.1111/jne.12433
http://doi.org/10.1017/neu.2019.17
http://www.ncbi.nlm.nih.gov/pubmed/31186075


Cells 2021, 10, 2937 23 of 28

25. Shieh, J.C.-C.; Huang, P.-T.; Lin, Y.-F. Alzheimer’s Disease and Diabetes: Insulin Signaling as the Bridge Linking Two Pathologies.
Mol. Neurobiol. 2020, 57, 1966–1977. [CrossRef]
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