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An increasing number of studies have reported that androgens and androgen
receptors (AR) play important roles in the regulation of glucose and lipid
metabolism. Impaired glucose and lipid metabolism and the development of
obesity-related diseases have been found in either hypogonadal men or male
rodents with androgen deficiency. Exogenous androgens supplementation can
effectively improve these disorders, but the mechanism by which androgens
regulate glucose and lipid metabolism has not been fully elucidated.
Mitochondria, as powerhouses within cells, are key organelles influencing
glucose and lipid metabolism. Evidence from both pre-clinical and clinical
studies has reported that the regulation of glucose and lipid metabolism by
androgens/AR is strongly associated with the impact on the content and function
of mitochondria, but few studies have systematically reported the regulatory
effect and the molecular mechanism. In this paper, we review the effect of
androgens/AR on mitochondrial content, morphology, quality control system,
and function, with emphases on molecular mechanisms. Additionally, we discuss
the sex-dimorphic effect of androgens on mitochondria. This paper provides a
theoretical basis for shedding light on the influence and mechanism of
androgens on glucose and lipid metabolism and highlights the mitochondria-
based explanation for the sex-dimorphic effect of androgens on glucose and
lipid metabolism.
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1 Introduction

Androgens, as steroid sex hormones, primarily affect the growth
and development of the male reproductive system. In recent years,
many studies have revealed that androgens can also regulate glucose
and lipid metabolism upon binding to androgen receptors (AR) (1,
2). Evidence from pre-clinical and clinical studies has reported that
in male individuals, androgens promote energy expenditure,
alleviate dyslipidemia, and prevent the occurrence and
progression of obesity. Disorders of glucose and lipid metabolism
in men are associated with age, obesity, and hypogonadism
(decreased androgens and/or AR levels) (3) or in male animals
with androgen deficiency (4, 5). Androgen levels decrease with
worsening obesity, and excessive fat impedes the synthesis of
androgens by inhibiting the “hypothalamic-pituitary-gonadal”
axis in the central nervous system and enhancing the secretion of
aromatase, in peripheral tissues such as the white adipose tissue,
which promotes the conversion of androgens to estrogen (6),
further reducing androgens levels and deteriorating metabolism.

In addition to the gonadal organs, AR are also expressed in
many major metabolic tissues, including the skeletal muscle, liver,
pancreas, and brain, suggesting their important involvement in
metabolism. Previous evidence has demonstrated that the decrease
in the expression and activity of AR is closely related to the
disorders of glucose and lipid metabolism. The blood lipids (e.g.,
free fatty acid and triglyceride) and cytokines (e.g., leptin) in mice
with global AR knockout (ARKO) or tissue-specific knockout (e.g.,
liver and skeletal muscle) are significantly increased, and they are
prone to suffer from obesity, insulin resistance (IR), and liver
fibrosis (7, 8). Although multiple studies have reported the
important role of androgens in the regulation of glucose and lipid
metabolism, the underlying mechanisms have not been fully
elucidated. An increasing body of evidence has revealed that
patients with obesity, diabetes, and hypogonadism often have
mitochondrial dysfunction (9, 10), and supplementation with
exogenous testosterone can improve both mitochondrial function
and metabolism (11), suggesting that the regulation of
mitochondrial function by androgens may be one of the
important ways to affect glucose and lipid metabolism. However,
the specific mechanism behind this has not been
systematically reported.

As the metabolic center of energy substrates, mitochondria
produce a large amount of adenosine triphosphate (ATP) to meet
the energy needs of cells. In addition, mitochondria also play an
important role in influencing intracellular calcium levels, reactive
oxygen species (ROS) production, regulating innate immune
responses, and apoptosis (12). Mitochondrial dysfunction is
strongly related to the disorders of glucose and lipid metabolism,
which manifests in various ways. Firstly, impaired mitochondria
can hinder glucose uptake by inhibiting the activity of adenosine
monophosphate (AMP)-activated protein kinase (AMPK), an
important “energy sensor,” as well as glucose transport protein 4
(GLUT#4) (13). Secondly, dysfunctional mitochondria can increase
the activity of mTOR/S6K and JNK, leading to the serine
phosphorylation of insulin receptor substrate proteins (14). This
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phosphorylation interferes with the normal insulin signaling
cascade, impairing glucose and lipid metabolism regulation.
Lastly, mitochondrial dysfunction may lead to adipocyte
dysfunction, resulting in the release of excessive circulating free
fatty acids and the ectopic deposition of fat (15). This abnormal fat
distribution can lead to lipotoxicity, further exacerbating glucose
and lipid metabolism disorders. Thus, maintaining the density,
quality, and function of mitochondria under optimal conditions is
essential for glucose and lipid metabolism.

Androgens can regulate glucose and lipid metabolism by
affecting mitochondrial density, quality, and function. In
hypogonadal men with diabetes or in male rodents with androgen
deficiency, decreased mitochondrial density, abnormal
mitochondrial morphology, and lower ATP production were
observed, while exogenous testosterone supplementation
effectively alleviated mitochondrial dysfunction and improved
glucose and lipid metabolism (16-18). Although many studies,
including a recent published review article summarized the effects
of androgens on mitochondrial structure, function, and ROS
production (19), the specific underlying molecular mechanism
has not been systematically revealed, and the discussion about the
mitochondria-based mechanism behind the effects of androgens on
glucose and lipid metabolism needs further demonstration. In this
study, we analyzed the effect of androgens and AR on mitochondrial
density, quality control, and function in males and females, with a
particular emphasis on the advances in mitochondria-based
molecular mechanisms of androgens in regulating glucose and
lipid metabolism. This study provides a theoretical basis for
further understanding the sex-dimorphic effect and mechanism of
androgens/AR signaling in the regulation of glucose and
lipid metabolism.

2 The sex-dimorphic regulatory
impact of androgens and AR on
glucose and lipid metabolism

2.1 Inhibited androgens/AR
negatively affects glucose and
lipid metabolism in males

The most well-known androgens include testosterone,
androstenedione, dehydroepiandrosterone (DHEA),
dehydroepiandrosterone sulfate (DHEA-S), and dihydrotestosterone
(DHT). Androstenedione, DHEA, and DHEA-S are produced mainly
by the adrenal cortex, and in relatively small quantities, while
testosterone is mostly secreted by Leydig cells (20). DHEA and
DHEA-S can be converted to testosterone in other tissues, and a
small quantity of testosterone can also be converted to DHT with the
help of 5-alpha reductase. Unlike testosterone, DHT does not play a
notable role in maintaining male physiology in adulthood; it is mainly
involved in prostate enlargement and male-pattern hair loss in
adulthood (21). Thus, testosterone is the predominant and most
active androgen.
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As previously mentioned, androgens play a vital role in the
regulation of glucose and lipid metabolism in patients with chronic
diseases such as obesity and diabetes, which is mainly achieved by
binding to AR (22, 23). AR belong to the nuclear receptor
superfamily with high expressions not only in gonadal organs, but
also in multiple major metabolic tissues including the brain, skeletal
muscle, adipose tissue, liver, and pancreatic islets (24, 25). AR bind
to heat shock proteins in an inactivated state and then undergo
heterodimerization upon androgen activation. After that, AR
translocate into the nucleus, bind to androgen response elements
(AREs) in the gene sequence of target molecules, and regulate the
expression of target genes with the coordination of co-regulatory
factors (26).

Inhibition of androgens and/or AR is strongly associated with
disorders of glucose and lipid metabolism. Low serum testosterone
levels can be used as a risk predictor of diabetes in men (27).
Evidence from clinical studies has suggested that hyperglycemia, IR,
hypertension, and lipid metabolism disorders are frequently
observed in hypogonadal men, with more severe disorders in
patients with lower androgen levels (27, 28). Exogenous
testosterone supplementation is effective in alleviating or even
reversing these disorders (29-32). In addition, pre-clinical studies
also demonstrated that adverse changes in blood lipids (e.g.,
increase in TG, LDL levels, and decrease in HDL) and the
development of IR were observed in male mice with castration
(16) or testicular feminization (33). Knockdown of hypothalamic
AR is closely associated with reduced insulin sensitivity and central
obesity (34). In peripheral tissues, androgens/AR signaling regulates
glucose and lipid metabolism by affecting lipolysis, glucose uptake,
and pancreatic function (35, 36). AR antagonists markedly
decreased the energy consumption efficiency and lipid
metabolism in the skeletal muscle of mice (37). Further, adipose-
specific AR gene knockout mice were more vulnerable to high-fat
diet-induced central obesity and glucose intolerance (35).
Interestingly, testosterone supplementation and/or selective
androgen receptor modulators (e.g., ostarine) were reported to
improve these disorders in glucose and lipid metabolism, along
with the reduction of leptin and adiponectin levels (38).

2.2 Excessive androgens and overactivation
of AR hinder glucose and lipid metabolism
in females

The role of androgens in glucose and lipid metabolism in
females remains different. Excessive testosterone
(hyperandrogenemia) is the main condition in females with
polycystic ovary syndrome (PCOS) and a risk factor for the
development of IR and type 2 diabetes (39). Recent studies have
reported that hyperandrogenemia induces disorders of glucose and
lipid metabolism at the central and peripheral levels, promoting the
development and progression of obesity and type 2 diabetes in both
female individuals and rodents with PCOS (40, 41).

At the central level, testosterone alters the function of kisspeptin
and gonadotropin-releasing hormone (GnRH) neurons in the
hypothalamic arcuate nucleus of female mice at premature and
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adult stages in an AR-dependent manner. Additionally, it negatively
affects the activity of energy metabolism-related neurons in the
hypothalamic arcuate nucleus (e.g., increases appetite and energy
intake by elevating spiny mouse state-related protein: agouti related
protein (AgRP) neurons and decreasing levels of allantoinogen
proopiomelanocortin (POMC) neurons). Excessive androgens
prompt obesity by reducing the communication between the
hypothalamic nucleus and brown adipose tissue, and decreasing
the function of leptin. In addition, AgRP co-localizes with AR in the
hypothalamus, androgens regulate metabolic homeostasis
by affecting these neurons, and prenatal testosterone or
DHT exposure decreases the co-localization of AgRP and
insulin receptors, which subsequently affects hepatic insulin
sensitivity (42-44). Selective depletion of AR in the mediobasal
hypothalamus (MBH) neurons protected against high-fat diet- and
DHT-induced hyperinsulinemia and IR in female mice (45).

At the peripheral level, excessive androgens negatively regulate
metabolism in multiple metabolic tissues including the adipose
tissue, liver, pancreas, and skeletal muscle. Excessive androgens, on
the one hand, induce disorders of lipid metabolism by promoting
visceral fat deposition, enlarging adipocytes, enhancing
inflammatory response, macrophage infiltration, and apoptosis in
women (39). On the other hand, excessive DHEA contributes to the
disorder of glucose metabolism through deteriorating oxidative
damage, pancreatic B-cell dysfunction, and dysbiosis of intestinal
ecology (46), which eventually triggers the development of diabetes
(45). Moreover, this strong connection between excessive
androgens and adverse changes in metabolism exists in
females, even during childhood and adolescence (47), and
hyperandrogenemia in early adulthood is an independent risk
factor for abnormal glucose metabolism in middle age (48).

In summary, evidence from pre-clinical and clinical studies reveal
the consistent regulatory roles of androgens/AR in glucose and lipid
metabolism, with clear sex-dependent differences (Figure 1). In males,
the decrease in androgens/AR signaling contributes to the disorder of
glucose and lipid metabolism and is considered a promising predictor
of chronic diseases. In females, excessive androgen is strongly
associated with adverse glucose and lipid metabolism. These
evidences suggest that serum androgens and AR protein levels in
metabolic tissues are non-negligible factors in deciphering the
mechanism behind sexual dimorphism in metabolic health, and in
establishing a precise sex-based therapeutic strategy for the prevention
and treatment of metabolic diseases.

3 Mitochondrial dysfunction is
strongly associated with impaired
glucose and lipid metabolism in
obesity and diabetes

Prolonged overload by nutrient substrates causes mitochondrial
dysfunction (49), which can occur in multiple ways, including
mitochondrial swelling, smaller mitochondrial cristae, imbalanced
mitochondrial dynamics, and abnormalities in the mitochondrial
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respiratory chain (50, 51). Mitochondrial dysfunction is closely
associated with abnormal energy metabolism, inflammatory
response, IR (50, 52), and the occurrence of obesity, diabetes, and
chronic renal disease (53-55). Clinical studies have reported that
the damaged structure and dysfunction of mitochondria (56)
including inefficient ATP production, excessive ROS (57-60), and
decreases in mitochondrial biogenesis and activity of ATP synthase
(61, 62) were clearly observed in patients with obesity or diabetes. In
addition, the oxidative damage induced by excessive ROS and
decreases in antioxidants, such as superoxide dismutase and
glutathione peroxidase in diabetes also causes mitochondrial
dysfunction (63). In turn, dysfunctional mitochondria are
commonly associated with metabolic dysfunction and disease
(64). In terms of lipid metabolism, dysfunctional mitochondria
disrupt the balance between lipid usage and storage within cells.
This is supported by research showing that inhibiting
mitochondrial fission through decreasing Drpl leads to an
increase in fatty acid content in lipid droplets and a decrease in
fatty acid oxidation (65). Additionally, dysfunctional mitochondria
contribute to the accumulation of bioactive lipid intermediates,
such as diacylglycerols and ceramides, in the liver and skeletal
muscle. This accumulation is caused by decreased substrate
oxidation levels, which further exacerbates diabetes by inhibiting
insulin signaling (50). Regarding glucose metabolism, dysfunctional
mitochondria have negative effects in various metabolic organs. At
the central level, the impaired mitochondria reduce the glucose
uptake and ATP production in the brain, which subsequently
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hinders the energy balance. This was supported by the evidence that
the genetic removal of Mfn2 in POMC neurons results in severe
obesity characterized by excessive eating and reduced energy
expenditure (66). At the peripheral level, the deletion of Opal
leads to the death of pancreatic B cells, impairing insulin secretion
and systemic glucose regulation (67). In the liver, the absence of
Mfn2 causes mitochondrial fragmentation and triggers ER stress,
leading to increased hepatic glucose production and impaired
insulin signaling (68). Therefore, a vicious circle is formed
between mitochondrial dysfunction and adverse glucose and
lipid metabolism.

Many studies have indicated that mitochondria are potential
targets for the prevention and treatment of obesity or type 2 diabetes
(61). It has been reported that exercise or restriction of energy intake
enhances skeletal muscle mitochondrial levels and oxidase activity,
reduces body weight, and improves insulin sensitivity in patients with
obesity and diabetes (50). In addition, a decrease in androgens/AR
level in males with obesity and diabetes is often accompanied by
mitochondrial dysfunction, as evidenced by a study showing that
male rats experienced myocardial mitochondrial ROS accumulation
and enhanced apoptosis after four weeks of castration, whereas these
disorders did not occur until week eight in rats of the sham group
(69). In addition, exogenous androgens supplementation improves
mitochondrial function and glucose and lipid metabolism (70).
Therefore, improving androgens/AR signaling may be a promising
strategy to enhance mitochondrial function and improve glucose and
lipid metabolism in males.

frontiersin.org


https://smart.servier.com
https://doi.org/10.3389/fendo.2023.1267170
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yin et al.

4 The mechanisms behind the
regulatory role of androgens/AR in
mitochondrial density, quality control,
and function in males

Mitochondrial density and quality matter mostly for the normal
function of mitochondria. Mitochondrial biogenesis is an important
process for maintaining mitochondrial density, and decreased
biogenesis can induce insufficient mitochondrial ATP production.
The mitochondrial quality control system includes mitochondrial
dynamics and mitophagy. Additionally, the integrity and function
of the electron transfer chain (ETC) are vital for normal
mitochondrial function. Androgens and androgen receptors can
affect mitochondrial function through these aspects.

4.1 Androgens/AR regulate
mitochondrial biogenesis

Mitochondrial biogenesis maintains mitochondrial quantity by
bringing together materials such as lipids, proteins, and
mitochondrial deoxyribonucleic acid (DNA) into existing
mitochondria. There are approximately 1200 proteins in the
mitochondria, 13 of which are encoded by mitochondrial
genomic DNA (mtDNA), while the rest are encoded by nuclear
DNA. Mitochondrial biogenesis requires a fine tune between the
mitochondrial and nuclear genomes through “bidirectional
regulation”. In anterograde regulation, proteins encoded by the
nuclear genome are transferred to the mitochondria to perform
functions (71), while in retrograde regulation, the signal generated
from mitochondria passes into the nucleus to induce gene
expression, which occurs when mitochondrial homeostasis is
interrupted by hypoxia or mutation in mtDNA, or mitochondrial
Ca’" release (72, 73).

Mitochondrial biogenesis is mainly controlled by a network of
transcription factors in the nucleus, including peroxisome
proliferator-activated receptor y (PPARY), peroxisome
proliferator-activated receptor o (PPARa), estrogen-related
receptors (ERRs), cylic AMP (cAMP) response element-binding
protein (CREB), forkhead box (FOXO), and peroxisome
proliferator-activated receptor y coactivator-1 (PGC-1a) (74-77).
PGC-1lo initiates mitochondrial biogenesis as a transcriptional
coactivator after translocation from the cytoplasm to the nucleus
upon phosphorylation by AMPK, and binds to transcription factors
including PPARY, PPARa, and CREB (75, 76). PGC-1a. stimulates
the expression of mitochondria-related genes, such as nuclear
respiratory factors 1/2 (NRF-1 and NRF-2), transcription factors
encoded by the nuclear gene that regulate cellular energy
metabolism in the nucleus; influences mtDNA transcription and
replication; and promotes mitochondrial function through the
activation of mitochondrial DNA transcription factor A (TFAM)
(78). TFAM is a key regulator of the mitochondrial levels and
functions that directly regulate transcription, translation, and
reconstruction of mtDNA within mitochondria (79, 80). Many
studies have reported that the downregulation of PGC-lo. was
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associated with abnormal mitochondrial biogenesis and
diminished ATP production capacity, and the reduced
mitochondrial biogenesis in hepatocytes by silica nanoparticles
was also associated with the inhibition of the PGC-1a/NRF-1/
TFAM pathway (81).

Testosterone promotes biogenesis by activating the AR/PGC-
10/TFAM pathway in the skeletal muscle (82). Evidence from pre-
clinical studies showed that castration notably inhibits protein levels
of PGC-1a.and TFAM, and reduces mitochondrial biogenesis in the
skeletal muscle of rats, mice, and pigs (82, 83). Exogenous
testosterone supplementation upregulates the expression and
activity of PGC-1o. protein and enhances skeletal muscle
mitochondrial biogenesis and energy expenditure, which
eventually alleviates castration-induced mitochondrial dysfunction
(17, 83). mRNA levels of genes involved in mitochondrial
biogenesis were down-regulated in AR deficient mice (83).
Evidence from cultured cells showed that testosterone induced
the levels of Pgc-1ox and Tfam genes in C,C;, myogenic cells (83)
and increased the number of myotubular and mitochondrial DNA
copies in myogenic cells, which was notably attenuated by an
inhibitor of AR (84). Furthermore, recent evidence suggests that
Pgc-1ocand Nrf-1 are directly regulated by AR. This is supported by
the observation that these genes were found to be down-regulated in
AR-deficient myofibers (85). Additionally, luciferin assay
experiments have confirmed that AR promotes the expression of
TFAM by binding to potential AR elements in the TFAM
promoter (82).

Androgens/AR can also affect mitochondrial levels by
regulating mtDNA. Mitochondria have their own genome that
encodes important component proteins of the mitochondrial
respiratory chain, including the seven subunits of complex I,
cytochrome B (cytB) of complex III, and cytochrome ¢ oxidase
subunits I-III (COX1-3) of complex IV. However, adverse
alterations in mtDNA copy number or integrity are closely
associated with the development of metabolic diseases, such as
diabetes (86). Abnormalities in mtDNA copy number have been
observed in patients with skeletal muscle atrophy (87) and
cardiovascular diseases, which are closely associated with
mitochondrial dysfunction (88). Decreased mtDNA copy number
downregulates PGC-1or and TFAM expression and eventually
inhibits mitochondrial biogenesis (89). A previous study revealed
that castration-induced androgen deficiency decreased the copy
number of mtDNA (about 38%) in the skeletal muscle of small pigs
(82). Androgens regulate the transcription of mtDNA through
AREs, and a study using silico genome analysis (SGA)
reported that specific sequence binding sites for AR may be
present in mtDNA and that AR can recognize, bind, and even act
as transcription factors to regulate mitochondrial gene
transcription (84).

Additionally, it is important to note that AR may play
detrimental roles in multiple mitochondrial processes through
localization to mitochondria in prostate tissues and cell lines. In
detail, AR is imported into and localizes to mitochondria with the
help of a genuine 36-amino-acid-long mitochondrial localization
signal at the N terminus and impedes mtDNA content, TFAM
expression, and the expression, assembly, stability, and activity of
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oxidative phosphorylation (OXPHOS) (90). The mitochondrial
stress increases the expression of AR and its translocation to
mitochondria, which indicates an intricate relationship between
AR and mitochondria.

In summary, androgens/AR signaling regulates mitochondrial
biogenesis by enhancing the PGC-10t/NRF-1/TFAM pathway and
affecting mtDNA copy number and OXPHOS through localization
to mitochondria.

4.2 Androgens/AR regulate the
mitochondrial quality control system

4.2.1 Androgens and AR affect the
mitochondrial morphology

Normal mitochondrial morphology is a key factor in
maintaining mitochondrial quality. Mitochondria have an outer
membrane (OMM) and an inner membrane (IMM). The IMM
folds into cristae toward the mitochondrial matrix and is the carrier
of the ETC, which pumps protons across the IMM to form an
electrochemical gradient that promotes ATP production. Adverse
changes in mitochondrial cristae are closely associated with
decreases in ATP production and thermogenesis. Abnormal
mitochondrial morphology can inhibit mitochondrial OXPHOS
and alter calcium homeostasis and mitochondria-mediated
apoptosis, leading to mitochondrial dysfunction and
mitochondria-related diseases (91).

Androgens/AR signaling affects mitochondrial morphology.
Mitochondrial swelling and a decrease in mitochondrial cristae
and mitochondrial length have been reported in cardiomyocytes of
rats with myocardial infarction; castration aggravated the above
conditions, while exogenous testosterone supplementation
effectively alleviated these abnormalities (17). In addition,
mitochondrial vacuolization and reduced mitochondrial
OXPHOS levels were also found in the myocardium of ARKO
mice (92) and rats with obesity (60), further suggesting the vital role
of androgens/AR signaling in mitochondrial morphology, given the
strong connection between obesity and decreased androgens/AR
levels in males. These findings were also verified by clinical studies,
in which the abnormal morphology of mitochondria and decreased
oxygen consumption levels were observed in the liver of men with
hypogonadism, and exogenous testosterone supplementation
notably improved these changes (93).

These results suggest a protective effect of testosterone on
mitochondrial morphology in males. However, the specific
mechanism by which androgens regulate mitochondrial cristae is
not yet clear, and the regulation of the expression of genes related to
the mitochondrial cristae structure, such as optical atrophy and
cardiolipin, may be included, but further studies are needed to
confirm this.

4.2.2 Androgens/AR affect the
mitochondrial dynamics

Mitochondria are dynamic organelles that can be divided into
multiple fragmented mitochondria or fused to form an
interconnected mitochondrial network to maintain cellular energy
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homeostasis in response to changes in the cellular environment.
This process, including fission and fusion, is known as
mitochondrial dynamics, which reflects the quality of
mitochondria (94). Mitochondrial fusion occurs at both the IMM
and OMM to fuse multiple healthy mitochondria into a larger
mitochondrion. The damaged mitochondria were separated from
healthy ones in the fission process. These processes are regulated by
guanosine-5’triphosphate (GTP)-binding proteins, including
mitofusinl/2 (MFN1, MFN2, regulate OMM fusion), optical
atrophy 1 (OPA1, promotes IMM fusion), and dynamin-related
protein 1 (DRPI, is involved in mitochondrial fission). Any
abnormality in these molecules can cause an imbalance in
mitochondrial dynamics (e.g., excessive mitochondrial fusion or
fission), and can ultimately lead to disruptions in mitochondrial
structure and function (17). The Mfn2 gene knockout in the mouse
brain not only results in mitochondrial swelling, fragmentation, and
structural disruption of mitochondrial cristae in hypothalamic and
cortical neurons but also causes significant downregulation of ETC
complexes (95). The overexpression of MFN2 enhances
mitochondrial fusion to prevent mitochondrial fragmentation
(96) and alleviates the decrease in mitochondrial membrane
potential and excessive ROS induced by angiotensin II (97).
OPALl is involved in the regulation of mitochondrial cristae
morphology (98-100). In the presence of nutrient deficiency or
decreased cellular ATP levels, OPA1 tightens the arrangement of
mitochondrial cristae, promotes the aggregation of ATP synthase,
and increases ATP production (101). Reduction of OPAl
expression directly inhibits OXPHOS and mitochondrial
function (102).

The imbalance in mitochondrial dynamics caused by abnormal
GTP-binding protein levels is closely associated with the
development of chronic diseases such as obesity and type 2
diabetes. Impaired mitochondrial fusion and enhanced
mitochondrial fission have been reported in mice with Mfn2 gene
knockout, which was accompanied by metabolic disorders such as
glucose intolerance, enhanced hepatic gluconeogenesis, and leptin
resistance (66, 103). Abnormally elevated levels of DRP1 not only
cause mitochondrial fission, mitochondrial fragmentation, and
decreased efficiency of mitochondrial ATP production but also
impede glucose uptake (104) and glucose-stimulated insulin
secretion by inhibiting the translocation of the insulin receptor
substrate 1-protein kinase B (IRS1-Akt) pathway and glucose
transport proteins in mouse pancreatic B-cells (105). Whereas
knockout of the Drpl gene in the mouse skeletal muscle enhances
mitochondrial oxidative metabolism (106) and insulin signaling
(104, 106).

Androgens/AR signaling can affect mitochondrial dynamics by
regulating GTP-binding protein levels. In the hippocampus and
substantia nigra of male rats, castration-induced androgen
deficiency was closely associated with decreased expression levels
of mitochondrial MFN2, OPA1, mitochondrial complex I/III
activity, and ATP production (107). In addition, testosterone
deprivation downregulates the protein levels of MFN2 and OPALl
in obese rats, and mRNA levels of Opal and Mfn2 in the tibialis
anterior muscle of mice, as well as upregulates DRP1 expression
levels (17, 108). Similar results were reported in studies using
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cultured C,C;, myoblasts, in which testosterone supplementation
promoted mitochondrial fusion by upregulating OPA1 protein
levels (84).

In summary, androgens and AR can promote mitochondrial
fusion and prevent fragmentation by elevating the fusion-related
proteins and inhibiting the fission-related proteins, ultimately
affecting the quality and function of mitochondria in males.

4.2.3 Effect of androgens/AR on mitophagy

Mitophagy is a process whereby dysfunctional mitochondria are
engulfed by autophagosomes and eventually cleared by lysosomal
degradation after mitochondrial fission to maintain normal
intracellular mitochondrial levels and metabolism. The
phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1)/E3 ubiquitin ligase Parkin signaling is a major pathway
regulating mitophagy in mammals (109, 110). Under stress
conditions, PINK1 promotes Parkin recruitment to the OMM to
ubiquitinate mitochondrial proteins and polyubiquitin chains are
subsequently phosphorylated by PINKI as an initiation signal for
autophagy. The phosphorylated polyubiquitin chains are
recognized by mitochondrial autophagy receptors, such as BNIP3
(BCL2/Adenovirus E1B 19 kDa Interacting Protein 3) and p62, and
mediate mitochondrial autophagy by binding to lipidated
microtubule-associated protein light chain 3 II (LC3 II). The
upregulation of BNIP3 expression promotes mitophagy (111).

Androgens play vital roles in the regulation of mitophagy. The
marked increases in protein levels of BNIP3, P62, and PARKIN
were clearly observed in the tibialis anterior muscle of mice with
castration (112), and the increased ratio of LC3 II/LC3 I in mice
with hypogonadism, which indicates a strong association between
androgen deficiency and enhancement of mitophagy (113). These
results suggest that androgens enhance the mitochondrial mass by
promoting mitochondrial fusion and inhibiting mitochondrial
fission under physiological conditions, whereas the decrease in
mitochondrial mass is closely related to the enhancement of
mitophagy associated with testosterone deprivation.

4.3 Androgens and AR affect the
production of mitochondrial ATP

Mitochondria produce ATP to meet cellular energy needs
mainly through OXPHOS, which is carried out in ETC. The ETC
consists of five independent mitochondrial complexes, including
complexes I-V. Any ETC-related abnormality may have an adverse
impact on OXPHOS and the tricarboxylic acid (TCA) cycle, which
is a shared process of carbohydrate, fat, and protein metabolism.
Mitochondrial complexes I and II in the ETC replenish
nicotinamide adenine dinucleotide (NAD™") and flavin adenine
dinucleotide (FAD), respectively, allowing the oxidative TCA
cycle to function (114). Structural abnormalities or dysfunctions
of the ETC result in decreased mitochondrial ATP production and
abnormal cellular function (115, 116). Decreased activity of
complexes I and II is closely associated with reduced ATP
production in cardiomyocytes of male obese rats with IR (117),
and the inhibition of cytochrome c¢ oxidase and complex IV
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deteriorates dysfunctional mitochondria and decreases ATP levels
(118). This evidence reveals that the intact ETC with normal
function is essential for ATP production in mitochondria and for
the metabolism of energy substrates.

Androgens/AR signaling can regulate mitochondrial energy
production by affecting the ETC. In cultured hepatocytes,
flutamide inhibited the activity of mitochondrial complex I and
decreased mitochondrial membrane potential (MMP) and ATP
production (decreased by about 51.2%) (119, 120). The decrease in
MMP can lead to the opening of pores thus increasing
mitochondrial membrane permeability (121), and a large amount
of H+ pumped into the mitochondrial matrix causes a disruption of
proton concentration on both sides of the mitochondrial membrane
to inhibit ATP synthesis and accelerate ATP hydrolysis. Evidence
from studies in vivo suggests that androgen deficiency is closely
associated with decreases in ATP synthesis and the activity of
complexes I and IIT in the hippocampus and substantia nigra of
castrated male rats (84), which was improved by exogenous
testosterone supplementation (16-18). Reduction in ATP and
expression levels of mitochondrial complex V and its subunits
(e.g, ATP6, ATP8) were found in the substantia nigra of aged
rats, which were also reversed by exogenous testosterone (122).
Thus, all this evidence reveals the regulatory role of androgens in
ATP production, which might be achieved by its influence on ETC.
However, how androgens affect ETC has not been clearly
demonstrated. We propose that the underlying mechanism
behind that impact may be related to the mitigation of cellular
oxidative damage and glycolipotoxicity, according to previous
evidence from preclinical and clinical studies.

ROS at the physiological level can act as redox messengers
involved in the regulation of various cellular activities, such as cell
growth, differentiation, proliferation, and apoptosis (123).
Mitochondria are the main site of ROS production but are also the
target of excessive ROS. The mtDNA is more vulnerable to excessive
ROS-related damage to biomolecules, such as DNA repair enzyme
proteins, than nuclear DNA (112), which disrupts the ETC and
ultimately induces dysregulation of mitochondrial OXPHOS (113).
Exposure to high doses of H,O, enhances oxidative stress
accompanied by decreases in gene levels of mtDNA-encoded
mitochondrial respiratory chain-related proteins such as cytochrome
c oxidase subunit 1/2 (Cox1/2), NADPH dehydrogenase subunit 1/4
(ND1/4), and CytB (84). Maintaining the oxidative stress balance is
vital to the normal function of ETC.

Androgens/AR improve ETC function and maintain
mitochondrial ATP production by alleviating oxidative damage.
Castration-induced androgen deficiency is strongly associated with
the deterioration of ETC in the skeletal muscle, increases in H,O, in
plasma, and malondialdehyde in cardiomocytes (124), which
accelerates cardiomyocyte apoptosis (16, 69). In addition,
castration also increased the expression of ROS-production
related genes such as Noxl and GP91PHOX (the catalytic subunit
of Nox2) and decreased the levels of antioxidant enzymes such as
superoxide dismutase 2 (SOD2), glutathione peroxidase 1 (GPX1),
thioredoxin, and peroxiredoxin 5 in the prostate alveolar epithelium
of rats (125). Exogenous androgen protects ETC function by
alleviating mitochondrial oxidative stress, as evidenced by results
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showing that testosterone supplementation reduces Noxl
expression, and increases the expression levels of antioxidants
(e.g., SOD2, GPX1, thioredoxin, catalase, and glutathione
reductase) in the ventral prostate of castrated rats (84, 126).
Treatment with AR antagonist flutamide increased H,O, levels by
approximately 2.4-fold and decreased MMP and ATP production in
hepatocytes (120), which further demonstrates the important role of
androgens/AR in regulating cellular oxidative stress levels.

Androgens/AR signaling may protect mitochondrial function
by alleviating glycolipotoxicity. Glycolipotoxicity has been
considered as a potential mechanism linking mitochondrial
dysfunction and IR for its detrimental role in insulin secretion
from pancreatic B cells and inducing impairment of ETC. High
glucose treatment decreased the mitochondrial respiration level in
myogenic cells, and glycoliptoxicity in pancreatic 3 cells reduced the
mitochondrial oxygen consumption level (127). Results from a
study in vivo suggest that continuous low-dose infusion of
exogenous glucose and fatty milk induces a glycolipotoxic
response in obese rats, causing mitochondrial swelling and cristae
rupture in skeletal muscle cells (128). In hypogonadal male or
castrated mice, unfavorable changes in pancreatic B-cell function,
blood glucose, and blood lipid levels were observed, which were
improved by exogenous androgen supplementation. The exogenous
testosterone may alleviate glycolipotoxicity-related mitochondrial
dysfunction through the regulation of key enzymes involved in
glucose and lipid metabolism, including adipose triglyceride lipase
(ATGL), phosphoenolpyruvate carboxykinase (PEPCK), and
proteins including glucose transport protein 4 (GLUT4) (129).

The regulation of mitochondrial pyruvate carrier (MPC) may
also partially explain the mechanism underlying the effects of
androgens/AR on mitochondrial function. The MPC is composed
of co-stabilizing proteins MPC1 and MPC2 and is located at the
IMM. Its main function is to maintain metabolic homeostasis by
importing pyruvate into the mitochondrial matrix for utilization in
intermediary metabolism in the TCA cycle. This import is a crucial
step for the efficient generation of reducing equivalents and ATP, as
well as for the synthesis of glucose, fatty acids, and amino acids from
pyruvate (130). AR directly regulate the transcription of MPC2
(131). This is supported by the identification of two potential ARE
half-sites in the first intron of the MPC2 gene and the confirmation
that AR recruitment to these sites is androgen-dependent. The anti-
androgen enzalutamide inhibits this recruitment. The regulation of
MPC by androgens/AR promotes the direct flow of glycolytic flux
into mitochondria, fueling TCA metabolism and subsequently
increasing OXPHOS and lipogenesis in PCa cells. Inhibition of
MPC decreases AR-driven cellular proliferation, OXPHOS capacity,
lipogenesis, and also leads to the swelling of mitochondrial cristae in
PCa cells, which is in line with the decreased oxygen consumption
and ATP production (131).

In summary, androgens/AR signaling alleviates mitochondrial
oxidative stress by regulating the expression levels of mitochondrial
respiratory chain-related enzymes such as Cox1/2 and CytB,
decreasing the levels of peroxisomes (e.g., H,O, and MDA),
increasing the antioxidant levels (e.g., SOD2 and GPX1) and
enhances OXPHOS capacity through regulating MPC. In
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addition, androgens promote lipolysis and glucose uptake by
upregulating the expression of key enzymes and proteins involved
in glucose and lipid metabolism, such as ATGL and GLUT4, to
alleviate glycolipotoxicity, thus eventually achieving a protective
effect on the structural integrity and function of the electron transfer
chain (Figure 2).

5 Excessive androgens/AR impairs
mitochondrial quality control and
function in females

Different from the androgen deficiency-related negative impact
on mitochondria in males, excessive androgens and/or
overactivation of AR play detrimental roles in mitochondrial
quality control and functions in females. This is mostly reported
in women or female animals with PCOS. Recent studies reported
that excessive DHEA or DHT induced decreased mitochondrial
number in the ovarian granulosa cells and oocytes of rats with
PCOS (132, 133). In obese mice with PCOS, hyperandrogenemia is
strongly associated with the disruption of mitochondrial structure
in the oocytes (134). In terms of mitochondrial dynamics, excessive
androgens are responsible for the decreased mitochondrial fusion
and increased fission-induced fragmentation, as evidenced by the
marked increase in Drpl gene expression in the liver of mice with
PCOS (135). Interestingly, the effect of androgens on mitochondrial
dynamics may be influenced by the metabolic status and dose of the
exogenous androgen, for the failure of testosterone exposure to
change these dynamics-related proteins (e.g., DRP1, OPA1, and
MFN2) in the skeletal muscle of healthy young women (136).

Additionally, excessive levels of androgens have been found to
induce increased mitophagy and oxidative stress in females. This
was demonstrated by elevated transcript levels of autophagy-related
receptors NIX and Ras Homolog Enriched in Brain (RHEB), as well
as autophagy genes such as Atg9 and Atgl2, in ovarian granulosa
cells of females with PCOS or in mice with PCOS induced by DHT
(137, 138). Furthermore, a significant reduction in the protein levels
of the antioxidant SOD1 was observed in the livers of female mice
with DHT-induced PCOS (135). These detrimental effects of
excessive androgens on mitochondria are primarily mediated
through AR. This is supported by findings that intracellular ATP
content, mtDNA copy number, and protein levels of NRF1 and
TFAM were significantly decreased in pancreatic islets of female rats
treated with DHT, but these effects were prevented by pre-
treatment with the AR antagonist flutamide (139).

Taken together, these studies suggest the sex-dependent effects
of androgens/AR on mitochondria but the possible reasons remain
largely elusive. A recent review proposed a possible explanation,
suggesting that excessive androgen levels may induce mitochondrial
overactivation and ATP production surplus in females with PCOS
through a synergistic effect with estrogen (140), considering the
overlapping activities of androgens and estrogen in regulating
mitochondrial function (77). This excessive mitochondrial activity
could potentially lead to mitochondrial dysfunction.
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6 Changes in androgens/AR and
mitochondria may partly explain the
effects of exercise on glucose and
lipid metabolism

Exercise has been widely reported to ameliorate obesity and
diabetes by improving glucose and lipid metabolism. A recent
review summarized that combined exercise improves glycemic
control, weight loss, and insulin sensitivity among patients with
type 2 diabetes and concurrent overweight/obesity (141). Pre-
clinical study has also revealed that aerobic exercise can improve
glucose and lipid metabolism in male rats with obesity or diabetes
by decreasing levels of fasting blood glucose, insulin, TG, and LDL
cholesterol (142).

Androgens/AR and mitochondria may be involved in the
exercise-induced effects on glucose and lipid metabolism,
considering the regulatory role of exercise in both androgens/AR
and mitochondria. It is important to note that excessive exercise
(e.g., overtraining) is widely reported to decrease levels of
androgens (143) and AR (144). Appropriate exercise has been
found to increase endogenous androgen production (145, 146),
promote skeletal muscle hypertrophy (147), and reduce age-related
decreases in androgens in aging men (148). The administration of
exogenous androgens, such as mesterolone, has been shown to
increase the cross-sectional area of oxidative muscle fibers,
particularly when combined with endurance exercise (149).
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Exercise also regulates AR protein levels in the skeletal muscle.
Chronic aerobic exercise has been found to increase AR protein
levels, which in turn affects glucose and lipid metabolism in several
ways. Firstly, the upregulation of AR induced by exercise is
associated with improvements in muscle mass, suggesting higher
energy expenditure (147, 150). Secondly, exercise-related AR
activation has been shown to improve blood glucose and lipid
levels in male rats with obesity or diabetes by regulating the protein
levels of key enzymes involved in glucose and lipid metabolism,
such as PEPCK (151). Additionally, AR may play a role in the
impact of exercise on metabolism by regulating other key enzymes,
such as GLUT4 (152), lipoprotein lipase (LPL), and ATGL (153), as
previous evidence suggests that both exercise and AR can regulate
these enzymes (85). Regarding mitochondria, a comprehensive
review summarized that exercise enhances physical performance
and confers health benefits largely through coordinating
improvements in the content, structure, and function of
mitochondria (154). The utilization of regular exercise programs
including both endurance and resistance training can be an effective
strategy for managing sarcopenic obesity through improving
mitochondrial function (155).

In summary, these results highlight the important regulatory
impacts of exercise on androgens/AR and mitochondria. However,
whether androgens/AR are involved in the exercise-induced
improvement of mitochondrial function and the subsequent
regulation of glucose and lipid metabolism remains elusive
at present.
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7 Conclusions

Mitochondrial dysfunction and IR are closely related to each
other and are major factors in the development and progression of
metabolic diseases such as obesity and diabetes mellitus. Androgens
regulate glucose and lipid metabolism in a sex-dependent manner,
and their mechanism is strongly associated with their impact on
mitochondria. In this study, we analyzed the role and mechanism of
androgens/AR signaling in regulating glucose and lipid metabolism
from a mitochondria-centered perspective. In short, androgens/AR
promote mitochondrial quantity by activating biogenesis-related
signaling and maintain mitochondrial function through a positive
effect on the morphology of mitochondria and integrity of the
mitochondrial respiratory chain in males. In females, excessive
androgen plays a detrimental role in the mitochondrial quality
control system. The overactivation induced by a synergistic effect
with estrogen may partly explain the detrimental impact of
excessive androgen on mitochondria in females but needs
further validation.

In addition, it is widely accepted that exercise alleviates or even
reverses disorders in glucose and lipid metabolism in individuals
with chronic diseases, such as obesity and diabetes, by improving
mitochondrial function, which is accompanied by enhanced
androgens/AR signaling. However, whether androgens/AR are
involved in exercise-induced improvement of mitochondrial
function and the subsequent regulation of glucose and lipid
metabolism is elusive at present but deserves further investigation
in the future.

Author contributions

LY: Conceptualization, Writing — original draft, Writing —
review & editing. SQ: Writing - original draft. ZZ:

References

1. Corona G, Giagulli VA, Maseroli E, Vignozzi L, Aversa A, Zitzmann M, et al.
Testosterone supplementation and body composition: results from a meta-analysis of
observational studies. ] Endocrinol Invest (2016) 39:967-81. doi: 10.1007/s40618-016-0480-2

2. Yu IC, Lin HY, Sparks JD, Yeh S, Chang C. Androgen receptor roles in insulin
resistance and obesity in males: the linkage of androgen-deprivation therapy to
metabolic syndrome. Diabetes (2014) 63:3180-8. doi: 10.2337/db13-1505

3. Cheung KK, Lau ES, So WY, Ma RC, Ozaki R, Kong AP, et al. Low testosterone
and clinical outcomes in Chinese men with type 2 diabetes mellitus - Hong Kong
Diabetes Registry. Diabetes Res Clin Pract (2017) 123:97-105. doi: 10.1016/
j.diabres.2016.11.012

4. Chang C, Yeh S, Lee SO, . Chang TM. Androgen receptor (AR)
pathophysiological roles in androgen-related diseases in skin, bone/muscle,
metabolic syndrome and neuron/immune systems: lessons learned from mice lacking
AR in specific cells. Nucl Recept Signaling (2013) 11:1-26. doi: 10.1621/nrs.11001

5. Zhang L, Cai Y, Wei S, Ling Y, Zhu L, Li D, et al. Testosterone deficiency induces
changes of the transcriptomes of visceral adipose tissue in miniature pigs fed a high-Fat
and high-Cholesterol diet. Int ] Mol Sci (2016) 17:1-16. doi: 10.3390/ijms17122125

6. Carrageta DF, Oliveira PF, Alves MG, Monteiro MP. Obesity and male
hypogonadism: Tales of a vicious cycle. Obes Rev (2019) 20:1148-58. doi: 10.1111/
obr.12863

7. De Gendt K, Verhoeven. Tissue- G. and cell-specific functions of the androgen
receptor revealed through conditional knockout models in mice. Mol Cell Endocrinol
(2012) 352:13-25. doi: 10.1016/j.mce.2011.08.008

Frontiers in Endocrinology

10.3389/fendo.2023.1267170

Conceptualization, Funding acquisition, Supervision, Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was funded by the Shenzhen Science and Technology R&D Fund
(No. 20220810110849002), and the Educative Reform Project of
Shenzhen University (No. 000031090315).

Acknowledgments

We would like to thank Editage (www.editage.com) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

8. Harada N, Hanada K, Minami Y, Kitakaze T, Ogata Y, Tokumoto H, et al. Role of
gut microbiota in sex- and diet-dependent metabolic disorders that lead to early
mortality of androgen receptor-deficient male mice. Am J Physiol Endocrinol Metab
(2020) 318:E525-37. doi: 10.1152/ajpendo.00461.2019

9. Heinonen S, Jokinen R, Rissanen A, Pietilainen KH. White adipose tissue
mitochondrial metabolism in health and in obesity. Obes Rev (2020) 21:e12958.
doi: 10.1111/0br.12958

10. Pileggi CA, Parmar G, Harper ME. The lifecycle of skeletal muscle mitochondria
in obesity. Obes Rev (2021) 22:¢13164. doi: 10.1111/0br.13164

11. Maseroli E, Comeglio P, Corno C, Cellai I, Filippi S, Mello T, et al. Testosterone
treatment is associated with reduced adipose tissue dysfunction and nonalcoholic fatty
liver disease in obese hypogonadal men. ] Endocrinol Invest (2021) 44:819-42.
doi: 10.1007/s40618-020-01381-8

12. Montava-Garriga L, Ganley IG. Outstanding questions in mitophagy: what we
do and do not know. ] Mol Biol (2020) 432:206-30. doi: 10.1016/j.jmb.2019.06.032

13. Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin.
Diabetologia (2017) 60:1577-85. doi: 10.1007/s00125-017-4342-z

14. ZhangJ, Gao Z, Yin J, Quon M]J, Ye J. S6K directly phosphorylates IRS-1 on
Ser-270 to promote insulin resistance in response to TNF-(alpha) signaling
through IKK2. J Biol Chem (2008) 283:35375-82. doi: 10.1074/jbc.M806480200

15. Vamecq J, Dessein AF, Fontaine M, Briand G, Porchet N, Latruffe N, et al.
Mitochondrial dysfunction and lipid homeostasis. Curr Drug Metab (2012) 13:20.
doi: 10.2174/138920012803762792

frontiersin.org


http://www.editage.com
https://doi.org/10.1007/s40618-016-0480-2
https://doi.org/10.2337/db13-1505
https://doi.org/10.1016/j.diabres.2016.11.012
https://doi.org/10.1016/j.diabres.2016.11.012
https://doi.org/10.1621/nrs.11001
https://doi.org/10.3390/ijms17122125
https://doi.org/10.1111/obr.12863
https://doi.org/10.1111/obr.12863
https://doi.org/10.1016/j.mce.2011.08.008
https://doi.org/10.1152/ajpendo.00461.2019
https://doi.org/10.1111/obr.12958
https://doi.org/10.1111/obr.13164
https://doi.org/10.1007/s40618-020-01381-8
https://doi.org/10.1016/j.jmb.2019.06.032
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.1074/jbc.M806480200
https://doi.org/10.2174/138920012803762792
https://doi.org/10.3389/fendo.2023.1267170
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yin et al.

16. Apaiajai N, Chunchai T, Jaiwongkam T, Kerdphoo S, Chattipakorn SC. N.
Chattipakorn. Testosterone deprivation aggravates left-ventricular dysfunction in male
obese insulin-resistant rats via impairing cardiac mitochondrial function and dynamics
proteins. Gerontology (2018) 64:333-43. doi: 10.1159/000487188

17. Wang F, Yang ], Sun J, Dong Y, Zhao H, Shi H, et al. Testosterone replacement
attenuates mitochondrial damage in a rat model of myocardial infarction. J Endocrinol
(2015) 225:101-11. doi: 10.1530/joe-14-0638

18. Yan W, Kang Y, Ji X, Li S, Li Y, Zhang G, et al. Testosterone upregulates the
expression of mitochondrial ND1 and ND4 and alleviates the oxidative damage to the
nigrostriatal dopaminergic system in orchiectomized rats. Oxid Med Cell Longevity
(2017) 2017:1202459. doi: 10.1155/2017/1202459

19. Ahmad I, Newell-Fugate AE. Role of androgens and androgen receptor in
control of mitochondrial function. Am ] Physiol Cell Ph (2022) 323:C835-46.
doi: 10.1152/ajpcell.00205.2022

20. Rege J, Nakamura Y, Satoh F, Morimoto R, Kennedy MR, Layman LC, et al.
Liquid chromatography-tandem mass spectrometry analysis of human adrenal vein 19-
carbon steroids before and after ACTH stimulation. J Clin Endocr Metab (2013)
98:1182-8. doi: 10.1210/jc.2012-2912

21. Roth MY, Page ST. A role for dihydrotestosterone treatment in older men? Asian
J Androl (2011) 13:199-200. doi: 10.1038/aja.2010.173

22. Yabiku K, Nakamoto K, Tokushige A. Reintroducing testosterone in the db/db
mouse partially restores normal glucose metabolism and insulin resistance in a leptin-
independent manner. BMC Endocr Disord (2018) 18:1-15. doi: 10.1186/s12902-018-
0266-y

23. Gyawali P, Martin SA, Heilbronn LK, Vincent AD, Taylor AW, Adams RJT,
et al. The role of sex hormone-binding globulin (SHBG), testosterone, and other sex
steroids, on the development of type 2 diabetes in a cohort of community-dwelling
middle-aged to elderly men. Acta Diabetol (2018) 55:861-72. doi: 10.1007/s00592-018-
1163-6

24. Gibson DA, Saunders PTK, McEwan IJ. Androgens and androgen receptor:
Above and beyond. Mol Cell Endocrinol (2018) 465:1-3. doi: 10.1016/j.mce.2018.02.013

25. Xu WW, Qadir MMF, Nasteska D, de Sa PM, Gorvin CM, Blandino-Rosano M,
et al. Architecture of androgen receptor pathways amplifying glucagon-like peptide-1
insulinotropic action in male pancreatic 3 cells. Cell Rep (2023) 42:1-29. doi: 10.1016/
j.celrep.2023.112529

26. van de Wijngaart DJ, Dubbink HJ, van Royen ME, Trapman J, Jenster G.
Androgen receptor coregulators: Recruitment via the coactivator binding groove. Mol
Cell Endocrinol (2012) 352:57-69. doi: 10.1016/j.mce.2011.08.007

27. Boden WE, Miller MG, McBride R, Harvey C, Snabes MC, Schmidt J, et al.
Testosterone concentrations and risk of cardiovascular events in androgen-deficient
men with atherosclerotic cardiovascular disease. Am Heart J (2020) 224:65-76.
doi: 10.1016/j.ahj.2020.03.016

28. Raza MT, Sharif S, Khan ZA, Naz S, Mushtaq S. A. Umer. Frequency of
hypogonadism in type 2 diabetes mellitus patients with and without coronary artery
disease. Cureus (2019) 11:¢6500. doi: 10.7759/cureus.6500

29. Yassin A, Haider A, Haider KS, Caliber M, Doros G, Saad F, et al. Testosterone
therapy in men with hypogonadism prevents progression from prediabetes to type 2
diabetes: eight-year data from a registry study. Diabetes Care (2019) 42:1104-11.
doi: 10.2337/dc18-2388

30. Dhindsa S, Ghanim H, Batra M, Kuhadiya ND, Abuaysheh S, Sandhu S, et al.
Insulin resistance and inflammation in hypogonadotropic hypogonadism and their
reduction after testosterone replacement in men with type 2 diabetes. Diabetes Care
(2016) 39:82-91. doi: 10.2337/dc15-1518

31. Saad F, Yassin A, Doros G, Haider A. Effects of long-term treatment with
testosterone on weight and waist size in 411 hypogonadal men with obesity classes I-IIT:
observational data from two registry studies. Int J Obes (2005) (2016) 40:162-70.
doi: 10.1038/ij0.2015.139

32. Jia Y, Yee JK, Wang C, Nikolaenko L, Diaz-Arjonilla M, Cohen JN, et al.
Testosterone protects high-fat/low-carbohydrate diet-induced nonalcoholic fatty liver
disease in castrated male rats mainly via modulating endoplasmic reticulum stress. Am
J Physiol Endocrinol Metab (2018) 314:E366-76. doi: 10.1152/ajpendo.00124.2017

33. Kelly DM, Akhtar S, Sellers DJ, Muraleedharan V, Channer KS. TH. Jones.
Testosterone differentially regulates targets of lipid and glucose metabolism in liver,
muscle and adipose tissues of the testicular feminised mouse. Endocrine (2016) 54:504-
15. doi: 10.1007/s12020-016-1019-1

34. Yu IC, Lin HY, Liu NC, Sparks JD, Yeh S, Fang LY, et al. Neuronal androgen

receptor regulates insulin sensitivity via suppression of hypothalamic NF-kB-mediated
PTP1B expression. Diabetes (2013) 62:411-23. doi: 10.2337/db12-0135

35. McInnes KJ, Smith LB, Hunger NI, Saunders PTK, Andrew R, Walker BR.
Deletion of the androgen receptor in adipose tissue in male mice elevates retinol
binding protein 4 and reveals independent effects on visceral fat mass and on glucose
homeostasis. Diabetes (2012) 61:1072-81. doi: 10.2337/db11-1136

36. Navarro G, Xu W, Jacobson DA, Wicksteed B, Allard C, Zhang G, et al.
Extranuclear actions of the androgen receptor enhance glucose-stimulated insulin
secretion in the male. Cell Metab (2016) 23:837-51. doi: 10.1016/j.cmet.2016.03.015

37. Kim J, Park J, Kim N, Park HY, Lim K. Inhibition of androgen receptor can
decrease fat metabolism by decreasing carnitine palmitoyltransferase I levels in skeletal
muscles of trained mice. Nutr Metab (2019) 16:82. doi: 10.1186/s12986-019-0406-z

Frontiers in Endocrinology

11

10.3389/fendo.2023.1267170

38. Leciejewska N, Pruszynska-Oszmalek E, Bien J, Nogowski L, Kolodziejski PA.
Effect of ostarine (enobosarm/GTX024), a selective androgen receptor modulator, on
adipocyte metabolism in Wistar rats. J Physiol Pharmacol: an Off ] Polish Physiol Soc
(2019) 70:525-33. doi: 10.26402/jpp.2019.4.04

39. Sanchez-Garrido MA, Tena-Sempere M. Metabolic dysfunction in polycystic
ovary syndrome: Pathogenic role of androgen excess and potential therapeutic
strategies. Mol Metab (2020) 35:1-16. doi: 10.1016/j.molmet.2020.01.001

40. Ding HG, Zhang J, Zhang F, Zhang SO, Chen XZ, Liang WQ, et al. Resistance to
the insulin and elevated level of androgen: A major cause of polycystic ovary syndrome.
Front Endocrinol (2021) 12:741764. doi: 10.3389/fend0.2021.741764

41. Wang J, Wu D, Guo H, Li M. Hyperandrogenemia and insulin resistance: The
chief culprit of polycystic ovary syndrome. Life Sci (2019) 236:116940. doi: 10.1016/
j.1fs.2019.116940

42. Brown RE, Wilkinson DA, Imran SA, Caraty A, Wilkinson M. Hypothalamic
kiss1 mRNA and kisspeptin immunoreactivity are reduced in a rat model of polycystic
ovary syndrome (PCOS). Brain Res (2012) 1467:1-9. doi: 10.1016/
j.brainres.2012.05.049

43. Nohara K, Zhang Y, Waraich RS, Laque A, Tiano JP, Tong J, et al. Early life
exposure to testosterone programs the hypothalamic melanocortin system (vol 152, pg
1661, 2011). Endocrinology (2013) 154:1667-7. doi: 10.1210/en.2013-1198

44. Nohara K, Laque A, Allard C, Munzberg H, Mauvais-Jarvis F. Central
mechanisms of adiposity in adult female mice with androgen excess. Obesity (2014)
22:1477-84. doi: 10.1002/0by.20719

45. Navarro G, Allard C, Morford JJ, Xu W, Liu S, Molinas AJ, et al. Androgen excess
in pancreatic beta cells and neurons predisposes female mice to type 2 diabetes. JCI
Insight (2018) 3:1-17. doi: 10.1172/jci.insight.98607

46. Han QX, Wang J, Li WP, Chen ZJ, Du YZ. Androgen-induced gut dysbiosis
disrupts glucolipid metabolism and endocrinal functions in polycystic ovary syndrome.
Microbiome (2021) 9:1-16. doi: 10.1186/s40168-021-01046-5

47. Chynoweth ], Hosking J, Jeffery A, Pinkney J. Contrasting impact of androgens
on male and female adiposity, fat distribution and insulin resistance in childhood and
adolescence (EarlyBird 75). Pediatr Obes (2020) 15:¢12685. doi: 10.1111/ijpo.12685

48. Tuorila K, Ollila MM, Jarvelin MR, Tapanainen JS, Franks S, Puukka K, et al.
Hyperandrogenemia in early adulthood is an independent risk factor for abnormal
glucose metabolism in middle age. J Clin Endocr Metab (2021) 106:E4621-33.
doi: 10.1210/clinem/dgab456

49. Misso G. Mitochondria as playmakers of apoptosis, autophagy and senescence.
Semin Cell Dev Biol (2019) 98:139-53. doi: 10.1016/j.semcdb.2019.05.022

50. Montgomery MK, Turner N. Mitochondrial dysfunction and insulin resistance:
an update. Endocr Connect (2015) 4:R1-R15. doi: 10.1530/EC-14-0092

51. Montgomery MK. Mitochondrial dysfunction and diabetes: is mitochondrial
transfer a friend or foe? Biology (2019) 8:1-17. doi: 10.3390/biology8020033

52. Bodis K, Jelenik T, Lundbom J, Markgraf DF, Strom A, Zaharia OP, et al.
Expansion and impaired mitochondrial efficiency of deep subcutaneous adipose tissue
in recent-onset type 2 diabetes. J Clin Endocrinol Metab (2020) 105:e1331-e1343.
doi: 10.1210/clinem/dgz267

53. Jezkova J, Durovcova V, Wenchich L, Hansikova H, Zeman J, Hana V, et al. The
relationship of mitochondrial dysfunction and the development of insulin resistance in
Cushing’s syndrome. Diabetes Metab Syndrome Obes: Targets Ther (2019) 12:1459-71.
doi: 10.2147/DMS0.S209095

54. Sergi D, Naumovski N, Heilbronn LK, Abeywardena M, O’Callaghan N, Lionetti
L, et al. Mitochondrial (Dys)function and insulin resistance: from pathophysiological
molecular mechanisms to the impact of diet. Front Physiol (2019) 10:532. doi: 10.3389/
fphys.2019.00532

55. Supinski GS, Schroder EA, Callahan LA. Mitochondria and critical illness. Chest
(2020) 157:310-22. doi: 10.1016/j.chest.2019.08.2182

56. Hardie DG. AMPK: positive and negative regulation, and its role in whole-body
energy homeostasis. Curr Opin Cell Biol (2015) 33:1-7. doi: 10.1016/j.ceb.2014.09.004

57. Pinti MV, Fink GK, Hathaway QA, Durr AJ, Kunovac A, Hollander JM.
Mitochondrial dysfunction in type 2 diabetes mellitus: an organ-based analysis. Am ]
Physiol Endocrinol Metab (2019) 316:E268-85. doi: 10.1152/ajpendo.00314.2018

58. Koliaki C, Roden M. Alterations of mitochondrial function and insulin
sensitivity in human obesity and diabetes mellitus. Annu Rev Nutr (2016) 36:337-67.
doi: 10.1146/annurev-nutr-071715-050656

59. Pham T, Loiselle D, Power A, Hickey AJ. Mitochondrial inefficiencies and anoxic
ATP hydrolysis capacities in diabetic rat heart. Am J Physiol Cell Physiol (2014) 307:
C499-507. doi: 1041152/ajpcell.00006.2014

60. Chen D, Li X, Zhang L, Zhu M, Gao L. A high-fat diet impairs mitochondrial
biogenesis, mitochondrial dynamics, and the respiratory chain complex in rat
myocardial tissues. J Cell Biochem (2018) 119:1602. doi: 10.1002/jcb.27068

61. Hesselink MK, Schrauwen-Hinderling V, Schrauwen P. Skeletal muscle
mitochondria as a target to prevent or treat type 2 diabetes mellitus. Nat Rev
Endocrinol (2016) 12:12. doi: 10.1038/nrendo.2016.104

62. Tran L, Langlais PR, Hoffman N, Roust L, Katsanos CS. Mitochondrial ATP
synthase beta-subunit production rate and ATP synthase specific activity are reduced in
skeletal muscle of humans with obesity. Exp Physiol (2019) 104:126-35. doi: 10.1113/
EP087278

frontiersin.org


https://doi.org/10.1159/000487188
https://doi.org/10.1530/joe-14-0638
https://doi.org/10.1155/2017/1202459
https://doi.org/10.1152/ajpcell.00205.2022
https://doi.org/10.1210/jc.2012-2912
https://doi.org/10.1038/aja.2010.173
https://doi.org/10.1186/s12902-018-0266-y
https://doi.org/10.1186/s12902-018-0266-y
https://doi.org/10.1007/s00592-018-1163-6
https://doi.org/10.1007/s00592-018-1163-6
https://doi.org/10.1016/j.mce.2018.02.013
https://doi.org/10.1016/j.celrep.2023.112529
https://doi.org/10.1016/j.celrep.2023.112529
https://doi.org/10.1016/j.mce.2011.08.007
https://doi.org/10.1016/j.ahj.2020.03.016
https://doi.org/10.7759/cureus.6500
https://doi.org/10.2337/dc18-2388
https://doi.org/10.2337/dc15-1518
https://doi.org/10.1038/ijo.2015.139
https://doi.org/10.1152/ajpendo.00124.2017
https://doi.org/10.1007/s12020-016-1019-1
https://doi.org/10.2337/db12-0135
https://doi.org/10.2337/db11-1136
https://doi.org/10.1016/j.cmet.2016.03.015
https://doi.org/10.1186/s12986-019-0406-z
https://doi.org/10.26402/jpp.2019.4.04
https://doi.org/10.1016/j.molmet.2020.01.001
https://doi.org/10.3389/fendo.2021.741764
https://doi.org/10.1016/j.lfs.2019.116940
https://doi.org/10.1016/j.lfs.2019.116940
https://doi.org/10.1016/j.brainres.2012.05.049
https://doi.org/10.1016/j.brainres.2012.05.049
https://doi.org/10.1210/en.2013-1198
https://doi.org/10.1002/oby.20719
https://doi.org/10.1172/jci.insight.98607
https://doi.org/10.1186/s40168-021-01046-5
https://doi.org/10.1111/ijpo.12685
https://doi.org/10.1210/clinem/dgab456
https://doi.org/10.1016/j.semcdb.2019.05.022
https://doi.org/10.1530/EC-14-0092
https://doi.org/10.3390/biology8020033
https://doi.org/10.1210/clinem/dgz267
https://doi.org/10.2147/DMSO.S209095
https://doi.org/10.3389/fphys.2019.00532
https://doi.org/10.3389/fphys.2019.00532
https://doi.org/10.1016/j.chest.2019.08.2182
https://doi.org/10.1016/j.ceb.2014.09.004
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.1146/annurev-nutr-071715-050656
https://doi.org/10.1152/ajpcell.00006.2014
https://doi.org/10.1002/jcb.27068
https://doi.org/10.1038/nrendo.2016.104
https://doi.org/10.1113/EP087278
https://doi.org/10.1113/EP087278
https://doi.org/10.3389/fendo.2023.1267170
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yin et al.

63. Rovira-Llopis S, Bafiuls C, De Marafion AM, Diaz-Morales N, Jover A, Garzon S,
et al. Low testosterone levels are related to oxidative stress, mitochondrial dysfunction
and altered subclinical atherosclerotic markers in type 2 diabetic male patients. Free
Radical Biol Med (2017) 108:155-62. doi: 10.1016/j.freeradbiomed.2017.03.029

64. Wai T, Langer T. Mitochondrial dynamics and metabolic regulation. Trends
Endocr Met (2016) 27:105-17. doi: 10.1016/j.tem.2015.12.001

65. Song JE, Alves TC, Stutz B, Sestan-Pesa M, Kilian N, Jin SH, et al. Mitochondrial
fission governed by Drp1 regulates exogenous fatty acid usage and storage in hela cells.
Metabolites (2021) 11:1-15. doi: 10.3390/metabo11050322

66. Schneeberger M, Dietrich MO, Sebastian D, Imbernon M, Castano C, Garcia A,
et al. Mitofusin 2 in POMC neurons connects ER stress with leptin resistance and
energy imbalance. Cell (2013) 155:172-87. doi: 10.1016/j.cell.2013.09.003

67. Zhang ZY, Wakabayashi N, Wakabayashi J, Tamura Y, Song WJ, Sereda S, et al.
The dynamin-related GTPase Opal is required for glucose-stimulated ATP production
in pancreatic beta cells. Mol Biol Cell (2011) 22:2235-45. doi: 10.1091/mbc.E10-12-
0933

68. Sebastian D, Hernandez-Alvarez MI, Segales ], Sorianello E, Munoz JP, Sala D,
et al. Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic reticulum function with
insulin signaling and is essential for normal glucose homeostasis. P Natl Acad Sci USA
(2012) 109:5523-8. doi: 10.1073/pnas.1108220109

69. Pongkan W, Pintana H, Sivasinprasasn S, Jaiwongkam T, Chattipakorn SC,
Chattipakorn N. Testosterone deprivation accelerates cardiac dysfunction in obese
male rats. ] Endocrinol (2016) 229:209-20. doi: 10.1530/JOE-16-0002

70. Mohajeri M, Martin-Jiménez C, Barreto GE, Sahebkar A. Effects of estrogens and
androgens on mitochondria under normal and pathological conditions. Prog Neurobiol
(2019) 176:54-72. doi: 10.1016/j.pneurobio.2019.03.001

71. Bianchi VE, Locatelli V. Testosterone a key factor in gender related metabolic
syndrome. Obes Rev (2018) 19:557-75. doi: 10.1111/0br.12633

72. Jornayvaz FR, Shulman GI. Regulation of mitochondrial biogenesis. Essays
Biochem (2010) 47:69-84. doi: 10.1042/bse0470069

73. Herzig S, Shaw R]. AMPK: guardian of metabolism and mitochondrial
homeostasis. Nat Rev Mol Cell Biol (2018) 19:121-35. doi: 10.1038/nrm.2017.95

74. Calvo SE, Mootha VK. The mitochondrial proteome and human disease. Annu
Rev Genomics Hum Genet (2010) 11:25-44. doi: 10.1146/annurev-genom-082509-
141720

75. Dominy JE, Puigserver P. Mitochondrial biogenesis through activation of
nuclear signaling proteins. Cold Spring Harb Perspect Biol (2013) 5:341-50.
doi: 10.1101/cshperspect.a015008

76. Scarpulla RC. Metabolic control of mitochondrial biogenesis through the PGC-1
family regulatory network. Biochim Biophys Acta (2011) 1813:1269-78. doi: 10.1016/
j.bbamcr.2010.09.019

77. Ventura-Clapier R, Piquereau J, Veksler V, Garnier A. Estrogens, estrogen
receptors effects on cardiac and skeletal muscle mitochondria. Front Endocrinol
(2019) 10:557. doi: 10.3389/fendo.2019.00557

78. Peng K, Yang L, Wang J, Ye F, Dan G, Zhao Y, et al. The interaction of
mitochondrial biogenesis and fission/fusion mediated by PGC-10. Regulates rotenone-
induced dopaminergic neurotoxicity. Mol Neurobiol (2017) 54:3783-97. doi: 10.1007/
512035-016-9944-9

79. Taherzadeh-Fard E, Saft C, Akkad DA, Wieczorek S, Haghikia A, Chan A, et al.
PGC-1alpha downstream transcription factors NRF-1 and TFAM are genetic modifiers
of Huntington disease. Mol Neurodegeneration (2011) 6:32. doi: 10.1186/1750-1326-6-
32

80. Cameron RB, Beeson CC, Schnellmann RG. Development of therapeutics that
induce mitochondrial biogenesis for the treatment of acute and chronic degenerative
diseases. ] Medicinal Chem (2016) 59:10411-34. doi: 10.1021/acs.jmedchem.6b00669

81. Qi Y, MaR, Li XY, Lv SQ, Liu XY, Abulikemu A, et al. Disturbed mitochondrial
quality control involved in hepatocytotoxicity induced by silica nanoparticles.
Nanoscale (2020) 12:13034-45. doi: 10.1039/d0nr01893g

82. Li M. Testosterone deficiency caused by castration modulates mitochondrial
biogenesis through the AR/PGCla/TFAM pathway. Front Genet (2019) 10:505.
doi: 10.3389/fgene.2019.00505

83. Usui T, Kajita K, Kajita T, Mori I, Hanamoto T, Ikeda T, et al. Elevated
mitochondrial biogenesis in skeletal muscle is associated with testosterone-induced
body weight loss in male mice. FEBS Lett (2014) 588:1935-41. doi: 10.1016/
j.febslet.2014.03.051

84. Pronsato L, Milanesi L, Vasconsuelo A. Testosterone induces up-regulation of
mitochondrial gene expression in murine C2C12 skeletal muscle cells accompanied by
an increase of nuclear respiratory factor-1 and its downstream effectors. Mol Cell
Endocrinol (2020) 500:110631. doi: 10.1016/j.mce.2019.110631

85. Ghaibour K, Schuh M, Souali-Crespo S, Chambon C, Charlot A, Rizk J, et al.
Androgen receptor coordinates muscle metabolic and contractile functions. J Cachexia
Sarcopeni (2023) 14:1707-20. doi: 10.1002/jcsm.13251

86. Kwak SH, Park KS. Role of mitochondrial DNA variation in the pathogenesis of
diabetes mellitus. Front Biosci (Landmark edition) (2016) 21:1151-67. doi: 10.2741/4447

87. Theilen NT, Kunkel GH, Tyagi SC. The role of exercise and TFAM in preventing
skeletal muscle atrophy. J Cell Physiol (2017) 232:2348-58. doi: 10.1002/jcp.25737

Frontiers in Endocrinology

10.3389/fendo.2023.1267170

88. Eskiocak U, Ramesh V, Gill JG, Zhao Z, Yuan SW, Wang M, et al. Synergistic
effects of ion transporter and MAP kinase pathway inhibitors in melanoma. Nat
Commun (2016) 7:12336. doi: 10.1038/ncomms12336

89. Sheng B, Wang X, Su B, Lee HG, Casadesus G, Perry G, et al. Impaired
mitochondrial biogenesis contributes to mitochondrial dysfunction in Alzheimer’s
disease. ] Neurochem (2012) 120:419-29. doi: 10.1111/j.1471-4159.2011.07581.x

90. Bajpai P, Koc E, Sonpavde G, Singh R, Singh KK. Mitochondrial localization,
import, and mitochondrial function of the androgen receptor. J Biol Chem (2019)
294:6621-34. doi: 10.1074/jbc.RA118.006727

91. Huang GM, Wang YP, Sun C, Zhang XT, Zhang H. Advances in mitochondrial
ultrastructure and its regulatory mechanism. Prog Biochem Biophys (2019) 46:1141-9.
doi: 10.16476/j.pibb.2019.0142 (In Chinese).

92. Ikeda Y, Aihara K, Akaike M, Sato T, Ishikawa K, Ise T, et al. Androgen receptor
counteracts Doxorubicin-induced cardiotoxicity in male mice. Mol Endocrinol (2010)
24:1338-48. doi: 10.1210/me.2009-0402

93. Maseroli E, Comeglio P, Corno C, Cellai I, Filippi S, Mello T, et al. Testosterone
treatment is associated with reduced adipose tissue dysfunction and nonalcoholic fatty
liver disease in obese hypogonadal men. J Endocrinol Invest (2020) 44:819-842.
doi: 10.1007/s40618-020-01381-8

94. Vasquez-Trincado C, Garcia-Carvajal I, Pennanen C, Parra V, Hill JA,
Rothermel BA, et al. Mitochondrial dynamics, mitophagy and cardiovascular disease.
J Physiol (2016) 594:509-25. doi: 10.1113/JP271301

95. Han S, Nandy P, Austria Q, Siedlak SL, Torres S, Fujioka H, et al. Mfn2 ablation
in the adult mouse hippocampus and cortex causes neuronal death. Cells (2020) 9:1-18.
doi: 10.3390/cells9010116

96. QinY, Li A, Liu B, Jiang W, Gao M, Tian X, et al. Mitochondrial fusion mediated
by fusion promotion and fission inhibition directs adult mouse heart function toward a
different direction. FASEB J (2020) 34:663-75. doi: 10.1096/fj.201901671R

97. Xiong W, Ma Z, An D, Liu Z, Cai W, Bai Y, et al. Mitofusin 2 participates in
mitophagy and mitochondrial fusion against angiotensin II-induced cardiomyocyte
injury. Front Physiol (2019) 10:411. doi: 10.3389/fphys.2019.00411

98. Hall AR, Burke N, Dongworth RK, Hausenloy DJ. Mitochondrial fusion and
fission proteins: novel therapeutic targets for combating cardiovascular disease. Br ]
Pharmacol (2014) 171:1890-906. doi: 10.1111/bph.12516

99. Brandt T, Mourier A, Tain LS, Partridge L, Larsson NG, Kuhlbrandt W. Changes
of mitochondrial ultrastructure and function during ageing in mice and Drosophila.
eLife (2017) 6:1-19. doi: 10.7554/eLife.24662

100. Tsai PI, Lin CH, Hsieh CH, Papakyrikos AM, Kim M]J, Napolioni V, et al.
PINKI1 phosphorylates MIC60/mitofilin to control structural plasticity of
mitochondrial crista junctions. Mol Cell (2018) 69:744-756 e746. doi: 10.1016/
j.molcel.2018.01.026

101. Patten DA, Wong J, Khacho M, Soubannier V, Mailloux RJ, Pilon-Larose K,
et al. OPAl-dependent cristae modulation is essential for cellular adaptation to
metabolic demand. EMBO ] (2014) 33:2676-91. doi: 10.15252/embj.201488349

102. Van Bergen NJ, Crowston JG, Kearns LS, Staffieri SE, Hewitt AW, Cohn AC,
et al. TA Trounce. Mitochondrial oxidative phosphorylation compensation may
preserve vision in patients with OPAl-linked autosomal dominant optic atrophy.
PloS One (2011) 6:€21347. doi: 10.1371/journal.pone.0021347

103. Kulkarni SS, Joffraud M, Boutant M, Ratajczak J, Gao AW, Maclachlan C, et al.
Minl deficiency in the liver protects against diet-induced insulin resistance and
enhances the hypoglycemic effect of metformin. Diabetes (2016) 65:3552-60.
doi: 10.2337/db15-1725

104. Fealy CE, Mulya A, Lai N, Kirwan JP. Exercise training decreases activation of
the mitochondrial fission protein dynamin-related protein-1 in insulin-resistant
human skeletal muscle. J Appl Physiol (2014) 117:239-45. doi: 10.1152/
japplphysiol.01064.2013

105. Hennings TG, Chopra DG, DeLeon ER, VanDeusen HR, Sesaki H, Merrins MJ,
et al. In vivo deletion of B-cell drpl impairs insulin secretion without affecting islet
oxygen consumption. Endocrinology (2018) 159:3245-56. doi: 10.1210/en.2018-00445

106. Moore TM, Zhou Z, Cohn W, Norheim F, Lin AJ, Kalajian N, et al. The impact
of exercise on mitochondrial dynamics and the role of Drpl in exercise performance
and training adaptations in skeletal muscle. Mol Metab (2019) 21:51-67. doi: 10.1016/
j.molmet.2018.11.012

107. Hioki T, Suzuki S, Morimoto M, Masaki T, Tozawa R, Morita S, et al. Brain
testosterone deficiency leads to down-regulation of mitochondrial gene expression in
rat hippocampus accompanied by a decline in peroxisome proliferator-activated
receptor-y coactivator lo. expression. ] Mol Neurosci: MN (2014) 52:531-7.
doi: 10.1007/s12031-013-0108-3

108. Weaver D, Eisner V, Liu X, Varnai P, Hunyady L, Gross A, et al. Distribution
and apoptotic function of outer membrane proteins depend on mitochondrial fusion.
Mol Cell (2014) 54:870-8. doi: 10.1016/j.molcel.2014.03.048

109. Ivankovic D, Chau KY, Schapira AH, Gegg ME. Mitochondrial and lysosomal
biogenesis are activated following PINK1/parkin-mediated mitophagy. ] Neurochem
(2016) 136:388-402. doi: 10.1111/jnc.13412

110. Nguyen TN, Padman BS, Lazarou M. Deciphering the molecular signals of
PINK1/parkin mitophagy. Trends Cell Biol (2016) 26:733-44. doi: 10.1016/
j-tcb.2016.05.008

frontiersin.org


https://doi.org/10.1016/j.freeradbiomed.2017.03.029
https://doi.org/10.1016/j.tem.2015.12.001
https://doi.org/10.3390/metabo11050322
https://doi.org/10.1016/j.cell.2013.09.003
https://doi.org/10.1091/mbc.E10-12-0933
https://doi.org/10.1091/mbc.E10-12-0933
https://doi.org/10.1073/pnas.1108220109
https://doi.org/10.1530/JOE-16-0002
https://doi.org/10.1016/j.pneurobio.2019.03.001
https://doi.org/10.1111/obr.12633
https://doi.org/10.1042/bse0470069
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1146/annurev-genom-082509-141720
https://doi.org/10.1146/annurev-genom-082509-141720
https://doi.org/10.1101/cshperspect.a015008
https://doi.org/10.1016/j.bbamcr.2010.09.019
https://doi.org/10.1016/j.bbamcr.2010.09.019
https://doi.org/10.3389/fendo.2019.00557
https://doi.org/10.1007/s12035-016-9944-9
https://doi.org/10.1007/s12035-016-9944-9
https://doi.org/10.1186/1750-1326-6-32
https://doi.org/10.1186/1750-1326-6-32
https://doi.org/10.1021/acs.jmedchem.6b00669
https://doi.org/10.1039/d0nr01893g
https://doi.org/10.3389/fgene.2019.00505
https://doi.org/10.1016/j.febslet.2014.03.051
https://doi.org/10.1016/j.febslet.2014.03.051
https://doi.org/10.1016/j.mce.2019.110631
https://doi.org/10.1002/jcsm.13251
https://doi.org/10.2741/4447
https://doi.org/10.1002/jcp.25737
https://doi.org/10.1038/ncomms12336
https://doi.org/10.1111/j.1471-4159.2011.07581.x
https://doi.org/10.1074/jbc.RA118.006727
https://doi.org/10.16476/j.pibb.2019.0142
https://doi.org/10.1210/me.2009-0402
https://doi.org/10.1007/s40618-020-01381-8
https://doi.org/10.1113/JP271301
https://doi.org/10.3390/cells9010116
https://doi.org/10.1096/fj.201901671R
https://doi.org/10.3389/fphys.2019.00411
https://doi.org/10.1111/bph.12516
https://doi.org/10.7554/eLife.24662
https://doi.org/10.1016/j.molcel.2018.01.026
https://doi.org/10.1016/j.molcel.2018.01.026
https://doi.org/10.15252/embj.201488349
https://doi.org/10.1371/journal.pone.0021347
https://doi.org/10.2337/db15-1725
https://doi.org/10.1152/japplphysiol.01064.2013
https://doi.org/10.1152/japplphysiol.01064.2013
https://doi.org/10.1210/en.2018-00445
https://doi.org/10.1016/j.molmet.2018.11.012
https://doi.org/10.1016/j.molmet.2018.11.012
https://doi.org/10.1007/s12031-013-0108-3
https://doi.org/10.1016/j.molcel.2014.03.048
https://doi.org/10.1111/jnc.13412
https://doi.org/10.1016/j.tcb.2016.05.008
https://doi.org/10.1016/j.tcb.2016.05.008
https://doi.org/10.3389/fendo.2023.1267170
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yin et al.

111. Zhang T, Xue L, Li L, Tang C, Wan Z, Wang R, et al. BNIP3 protein suppresses
PINK1 kinase proteolytic cleavage to promote mitophagy. J Biol Chem (2016)
291:21616-29. doi: 10.1074/jbc.M116.733410

112. Rossetti ML, Steiner JL, Gordon BS. Increased mitochondrial turnover in the
skeletal muscle of fasted, castrated mice is related to the magnitude of autophagy
activation and muscle atrophy. Mol Cell Endocrinol (2018) 473:178-85. doi: 10.1016/
j.mce.2018.01.017

113. Rossetti ML, Gordon BS. The role of androgens in the regulation of muscle
oxidative capacity following aerobic exercise training. Appl Physiol Nutr Metab (2017)
42:1001-7. doi: 10.1139/apnm-2017-0230

114. Martinez-Reyes I, Chandel NS. Mitochondrial TCA cycle metabolites control
physiology and disease. Nat Commun (2020) 11:102. doi: 10.1038/s41467-019-13668-3

115. De Felice FG, Ferreira ST. Inflammation, defective insulin signaling, and
mitochondrial dysfunction as common molecular denominators connecting type 2
diabetes to Alzheimer disease. Diabetes (2014) 63:2262-72. doi: 10.2337/db13-1954

116. Wang W, Wang X, Fujioka H, Hoppel C, Whone AL, Caldwell MA, et al.
Parkinson’s disease-associated mutant VPS35 causes mitochondrial dysfunction by
recycling DLP1 complexes. Nat Med (2016) 22:54-63. doi: 10.1038/nm.3983

117. Rossetti ML, Esser KA, Lee C, Tomko RJ, Erashkin AM, Gordon BS.
Disruptions to the limb muscle core molecular clock coincide with changes in
mitochondrial quality control following androgen depletion. Am ] Physiol Endoc M
(2019) 317:E631-45. doi: 10.1152/ajpendo.00177.2019

118. Masand R, Paulo E, Wu D, Wang Y, Swaney DL, Jimenez-Morales D, et al.
Proteome imbalance of mitochondrial electron transport chain in brown adipocytes
leads to metabolic benefits. Cell Metab (2018) 27:616-629.e614. doi: 10.1016/
j.cmet.2018.01.018

119. Al Maruf A, O’Brien P. Flutamide-induced cytotoxicity and oxidative stress in
an in vitro rat hepatocyte system. Oxid Med Cell Longev (2014) 2014:398285.
doi: 10.1155/2014/398285

120. Zhang L, Guo J, Zhang Q, Zhou W, Li J, Yin J, et al. Flutamide induces hepatic
cell death and mitochondrial dysfunction via inhibition of Nrf2-mediated heme
oxygenase-1. Oxid Med Cell Longev (2018) 2018:8017073. doi: 10.1155/2018/8017073

121. Morciano G, Bonora M, Campo G, Aquila G, Rizzo P, Giorgi C, et al.
Mechanistic role of mPTP in ischemia-reperfusion injury. Adv Exp Med Biol (2017)
982:169-89. doi: 10.1007/978-3-319-55330-6_9

122. Zhang T, Wang Y, Kang Y, Wang L, Zhao H, Ji X, et al. Testosterone enhances
mitochondrial complex V function in the substantia nigra of aged male rats. Aging
(2020) 12:10398-414. doi: 10.18632/aging.103265

123. Pronsato L, Boland R, Milanesi L. Non-classical localization of androgen
receptor in the C2C12 skeletal muscle cell line. Arch Biochem Biophys (2013)
530:13-22. doi: 10.1016/j.abb.2012.12.011

124. Smuder AJ, Sollanek KJ, Nelson WB, Min K, Talbert EE, Kavazis AN, et al.
Crosstalk between autophagy and oxidative stress regulates proteolysis in the
diaphragm during mechanical ventilation. Free Radical Biol Med (2018) 115:179-90.
doi: 10.1016/j.freeradbiomed.2017.11.025

125. Tam NNC, Gao Y, Leung YK, Ho SM. Androgenic regulation of oxidative stress
in the rat prostate - Involvement of NAD(P)H oxidases and antioxidant defense
machinery during prostatic involution and regrowth. Am J Pathol (2003) 163:2513-22.
doi: 10.1016/S0002-9440(10)63606-1

126. Pintana H, Pongkan W, Pratchayasakul W, Chattipakorn N, Chattipakorn SC.
Testosterone replacement attenuates cognitive decline in testosterone-deprived lean
rats, but not in obese rats, by mitigating brain oxidative stress. Age (Dordrecht
Netherlands) (2015) 37:84. doi: 10.1007/s11357-015-9827-4

127. Zhang E, Mohammed Al-Amily I, Mohammed S, Luan C, Asplund O, Ahmed
M, et al. Preserving insulin secretion in diabetes by inhibiting VDACI overexpression
and surface translocation in  Cells. Cell Metab (2019) 29:64-77.e66. doi: 10.1016/
j.cmet.2018.09.008

128. Tan H, Pan H, Yu Y, Long Y, Zhang X. Effects of glucoxicity and
lipotoxicity on ketone production and the skeletal muscle ultrastructure in
high-fat-fed obese rats. West China Med ] (2017) 32(12):1841-5. doi: 10.7507/
1002-0179.201611042. (In Chinese).

129. Yin L, Wang X. Research advance in the effects of androgen and its receptor on
the development of obesity, obesity-related diseases and disorders of glucose and lipid
metabolism. Acta Physiol Sin (2018) 70(03):319-28. doi: 10.13294/j.aps.2018.0018. (In
Chinese).

130. Yiew NKH, Finck BN. The mitochondrial pyruvate carrier at the crossroads of
intermediary metabolism. Am ] Physiol Endoc M (2022) 323:E33-52. doi: 10.1152/
ajpendo.00074.2022

131. Bader DA, Hartig SM, Putluri V, Foley C, Hamilton MP, Smith EA, et al.
Mitochondrial pyruvate import is a metabolic vulnerability in androgen receptor-
driven prostate cancer. Nat Metab (2019) 1:70-85. doi: 10.1038/s42255-018-0002-y

132. Song LY, Yu J, Zhang DY, Li X, Chen L, Cai ZL, et al. Androgen excess
induced mitochondrial abnormality in ovarian granulosa cells in a rat model of
polycystic ovary syndrome. Front Endocrinol (2022) 13:789008. doi: 10.3389/
fendo.2022.789008

133. Salehi R, Mazier HL, Nivet AL, Reunov AA, Lima P, Wang Q, et al. Ovarian
mitochondrial dynamics and cell fate regulation in an androgen-induced rat

Frontiers in Endocrinology

13

10.3389/fendo.2023.1267170

model of polycystic ovarian syndrome. Sci Rep Uk (2020) 10:1021. doi: 10.1038/
541598-020-57672-w

134. Chappell NR, Zhou B, Hosseinzadeh P, Schutt A, Gibbons WE, Blesson CS.
Hyperandrogenemia alters mitochondrial structure and function in the oocytes of
obese mouse with polycystic ovary syndrome. F S Sci (2021) 2:101-12. doi: 10.1016/
j.xf$s.2020.12.001

135. Cui P, Shi JM, Ma T, Rao L, Tong XY, Hu W, et al. Long-term androgen-
induced nonalcoholic fatty liver disease in a polycystic ovary syndrome mouse model is
related to mitochondrial dysfunction. Reprod Dev Med (2021) 5:71-+. doi: 10.4103/
2096-2924.320884

136. Horwath O, Moberg M, Hirschberg AL, Ekblom B, Apro W. Molecular
regulators of muscle mass and mitochondrial remodeling are not influenced by
testosterone administration in young women. Front Endocrinol (Lausanne) (2022)
13:874748. doi: 10.3389/fendo.2022.874748

137. Yi SL, Zheng B, Zhu Y, Cai YN, Sun HX, Zhou JJ. Melatonin ameliorates
excessive PINK1/Parkin-mediated mitophagy by enhancing SIRT1 expression in
granulosa cells of PCOS. Am ] Physiol Endoc M (2020) 319:E91-E101. doi: 10.1152/
ajpendo.00006.2020

138. Zhao HC, Zhao Y, Li TJ, Li M, Li JS, Li R, et al. Metabolism alteration in
follicular niche: The nexus among intermediary metabolism, mitochondrial function,
and classic polycystic ovary syndrome. Free Radical Bio Med (2015) 86:295-307.
doi: 10.1016/j.freeradbiomed.2015.05.013

139. Wang HD, Wang XP, Zhu YX, Chen F, Sun YJ, Han X. Increased androgen
levels in rats impair glucose-stimulated insulin secretion through disruption of
pancreatic beta cell mitochondrial function. J Steroid Biochem (2015) 154:254-66.
doi: 10.1016/j.jsbmb.2015.09.003

140. Yin LJ, Luo M, Wang R, Ye JP, Wang XH. Mitochondria in sex hormone-
induced disorder of energy metabolism in males and females. Front Endocrinol (2021)
12:749451. doi: 10.3389/fendo.2021.749451

141. Zhao XY, He QY, Zeng YM, Cheng L. Effectiveness of combined exercise in
people with type 2 diabetes and concurrent overweight/obesity: a systematic review and
meta-analysis. BMJ Open (2021) 11:€046252. doi: 10.1136/bmjopen-2020-046252

142. Lin XJ, Yang YA, Qu J, Wang XH. Aerobic exercise decreases chemerin/
CMKLRI in the serum and peripheral metabolic organs of obesity and diabetes rats by
increasing PPAR. Nutr Metab (2019) 16:1-13. doi: 10.1186/5s12986-019-0344-9

143. Cadegiani FA, Kater CE. Basal hormones and biochemical markers as
predictors of overtraining syndrome in male athletes: the EROS-BASAL study. J Athl
Training (2019) 54:906-14. doi: 10.4085/1062-6050-148-18

144. da Rocha AL, Teixeira GR, Pinto AP, de Morais GP, Oliveira LD, de Vicente
LG, et al. Excessive training induces molecular signs of pathologic cardiac hypertrophy.
J Cell Physiol (2018) 233:8850-61. doi: 10.1002/jcp.26799

145. D’Andrea S, Spaggiari G, Barbonetti A, Santi D. Endogenous transient doping:
physical exercise acutely increases testosterone levels-results from a meta-analysis. ]
Endocrinol Invest (2020) 43:1349-71. doi: 10.1007/s40618-020-01251-3

146. Sgro P, Romanelli F, Felici F, Sansone M, Bianchini S, Buzzachera CF, et al
Testosterone responses to standardized short-term sub-maximal and maximal endurance
exercises: issues on the dynamic adaptive role of the hypothalamic-pituitary-testicular axis. J
Endocrinol Invest (2014) 37:13-24. doi: 10.1007/s40618-013-0006-0

147. Yin LJ, Lu L, Lin XJ, Wang XH. Crucial role of androgen receptor in resistance and
endurance trainings-induced muscle hypertrophy through IGF-1/IGF-1R-PI3K/Akt- mTOR
pathway. Nutr Metab (2020) 17:1-10. doi: 10.1186/s12986-020-00446-y

148. Grandys M, Majerczak J, Zapart-Bukowska ], Duda K, Kulpa JK, Zoladz JA.
Lowered serum testosterone concentration is associated with enhanced inflammation and
worsened lipid profile in men. Front Endocrinol (2021) 12:735638. doi: 10.3389/
fendo.2021.735638

149. Fontana K, Campos GER, Staron RS, da Cruz-Hofling MA. Effects of anabolic
steroids and high-intensity aerobic exercise on skeletal muscle of transgenic mice. PloS
One (2013) 8:80909. doi: 10.1371/journal.pone.0080909

150. Barsky ST, Monks DA. Myocytic androgen receptor overexpression does not
affect sex differences in adaptation to chronic endurance exercise. Biol Sex Differ (2022)
13:1-21. doi: 10.1186/s13293-022-00471-x

151. Yin LJ, Yang YN, Lin X]J, Wang XH. Roles of androgen and androgen receptor in
aerobic exercise improving blood glucose and lipid, obesity and related symptoms of rats.
Chin J Sports Med (2020) 39:552-61. doi: 10.16038/j.1000-6710.2020.07.009. (In Chinese).

152. Gurley JM, Griesel BA, Olson AL. Increased skeletal muscle GLUT4 expression
in obese mice after voluntary wheel running exercise is posttranscriptional. Diabetes
(2016) 65:2911-9. doi: 10.2337/db16-0305

153. Shakoor H, Kizhakkayil J, Khalid M, Mahgoub A, Platat C, Fernandez ML, et al.
Effect of moderate-intense training and detraining on glucose metabolism, lipid profile,
and liver enzymes in male wistar rats: A preclinical randomized study. Nutrients (2023)
15:1-22. doi: 10.3390/nul5173820

154. Drake JC, Wilson RJ, Yan Z. Molecular mechanisms for mitochondrial
adaptation to exercise training in skeletal muscle. FASEB ] (2016) 30:13-22.
doi: 10.1096/1j.15-276337

155. Hadjispyrou S, Giannopoulos A, Philippou A, Theos A. Mitochondrial
dysfunction and sarcopenic obesity: the role of exercise. J Clin Med (2023) 12:1-16.
doi: 10.3390/jcm12175628

frontiersin.org


https://doi.org/10.1074/jbc.M116.733410
https://doi.org/10.1016/j.mce.2018.01.017
https://doi.org/10.1016/j.mce.2018.01.017
https://doi.org/10.1139/apnm-2017-0230
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.2337/db13-1954
https://doi.org/10.1038/nm.3983
https://doi.org/10.1152/ajpendo.00177.2019
https://doi.org/10.1016/j.cmet.2018.01.018
https://doi.org/10.1016/j.cmet.2018.01.018
https://doi.org/10.1155/2014/398285
https://doi.org/10.1155/2018/8017073
https://doi.org/10.1007/978-3-319-55330-6_9
https://doi.org/10.18632/aging.103265
https://doi.org/10.1016/j.abb.2012.12.011
https://doi.org/10.1016/j.freeradbiomed.2017.11.025
https://doi.org/10.1016/S0002-9440(10)63606-1
https://doi.org/10.1007/s11357-015-9827-4
https://doi.org/10.1016/j.cmet.2018.09.008
https://doi.org/10.1016/j.cmet.2018.09.008
https://doi.org/10.7507/1002-0179.201611042
https://doi.org/10.7507/1002-0179.201611042
https://doi.org/10.13294/j.aps.2018.0018
https://doi.org/10.1152/ajpendo.00074.2022
https://doi.org/10.1152/ajpendo.00074.2022
https://doi.org/10.1038/s42255-018-0002-y
https://doi.org/10.3389/fendo.2022.789008
https://doi.org/10.3389/fendo.2022.789008
https://doi.org/10.1038/s41598-020-57672-w
https://doi.org/10.1038/s41598-020-57672-w
https://doi.org/10.1016/j.xfss.2020.12.001
https://doi.org/10.1016/j.xfss.2020.12.001
https://doi.org/10.4103/2096-2924.320884
https://doi.org/10.4103/2096-2924.320884
https://doi.org/10.3389/fendo.2022.874748
https://doi.org/10.1152/ajpendo.00006.2020
https://doi.org/10.1152/ajpendo.00006.2020
https://doi.org/10.1016/j.freeradbiomed.2015.05.013
https://doi.org/10.1016/j.jsbmb.2015.09.003
https://doi.org/10.3389/fendo.2021.749451
https://doi.org/10.1136/bmjopen-2020-046252
https://doi.org/10.1186/s12986-019-0344-9
https://doi.org/10.4085/1062-6050-148-18
https://doi.org/10.1002/jcp.26799
https://doi.org/10.1007/s40618-020-01251-3
https://doi.org/10.1007/s40618-013-0006-0
https://doi.org/10.1186/s12986-020-00446-y
https://doi.org/10.3389/fendo.2021.735638
https://doi.org/10.3389/fendo.2021.735638
https://doi.org/10.1371/journal.pone.0080909
https://doi.org/10.1186/s13293-022-00471-x
https://doi.org/10.16038/j.1000-6710.2020.07.009
https://doi.org/10.2337/db16-0305
https://doi.org/10.3390/nu15173820
https://doi.org/10.1096/fj.15-276337
https://doi.org/10.3390/jcm12175628
https://doi.org/10.3389/fendo.2023.1267170
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Advances in mitochondria-centered mechanism behind the roles of androgens and androgen receptor in the regulation of glucose and lipid metabolism
	1 Introduction
	2 The sex-dimorphic regulatory impact of androgens and AR on glucose and lipid metabolism
	2.1 Inhibited androgens/AR negatively affects glucose and lipid metabolism in males
	2.2 Excessive androgens and overactivation of AR hinder glucose and lipid metabolism in females

	3 Mitochondrial dysfunction is strongly associated with impaired glucose and lipid metabolism in obesity and diabetes
	4 The mechanisms behind the regulatory role of androgens/AR in mitochondrial density, quality control, and function in males
	4.1 Androgens/AR regulate mitochondrial biogenesis
	4.2 Androgens/AR regulate the mitochondrial quality control system
	4.2.1 Androgens and AR affect the mitochondrial morphology
	4.2.2 Androgens/AR affect the mitochondrial dynamics
	4.2.3 Effect of androgens/AR on mitophagy

	4.3 Androgens and AR affect the production of mitochondrial ATP

	5 Excessive androgens/AR impairs mitochondrial quality control and function in females
	6 Changes in androgens/AR and mitochondria may partly explain the effects of exercise on glucose and lipid metabolism
	7 Conclusions
	Author contributions
	Funding
	Acknowledgments
	References


