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Introduction 
The classic view of hormone receptors comprises categories of 

(i) Membrane-bound proteins, such as G protein-coupled 
receptors (GPCRs), receptor guanylyl cyclases (GUCY2s) and 
receptor tyrosine kinases (RTKs), and

(ii) Intracellular, typically genomically acting receptors that 
exert their effects as transcription factors in the nucleus. In 
the latter category, the ligands are small, sufficiently lipophilic 
molecules able to cross the plasma membrane. Some of their 
receptors associate with their ligands in the cytoplasm, others 
directly in nucleus, but sometimes, variants of these receptors 
may be membrane-associated and transmit nongenomic 
actions, as found, e.g., in some steroid receptors. In recent years, 
evidence has accumulated that receptors for hormones and 
other endocrine factors also exist in mitochondria, as will be 
outlined in this article. Depending on the respective molecules, 
the knowledge on transfer of the receptors or receptor variants 
to the mitochondria as well as on the intramitochondrial 
signaling mechanisms is different. Nevertheless, the details 
already known to date are fundamentally expanding our 
understanding of mitochondrial regulation by hormones,  
and this emerging field provides exciting insights into the  

 
participation of mitochondria in the control of cellular 
functioning.

Steroid, Tyrosine hormone, and Vitamin D3 Receptors in 
Mitochondria

In addition to the well-understood genomic actions in the 
nucleus and several non genomic extra mitochondrial effects, 
the localization of steroid receptors in mitochondria has been 
repeatedly described. The presence of a glucocorticoid receptor 
(GR) in mitochondria had been demonstrated as early as in 1993 
[1]. In another pioneering study, which was, however, poorly 
considered for several years, a GR response element (GRE) was 
shown to be present in a D-loop of the mitochondrial chromosome 
[2]. Meanwhile, several investigations have demonstrated GR 
translocation to mitochondria [1-5], a process that depends on 
glucocorticoid availability [1-5] and on a mechanism reminiscent 
of the transfer into the nucleus, also involving heat shock proteins 
and an immunophilin [4]. 

Mitochondrial GR localization in conjunction with the existence 
of a GRE in the mitochondrial chromosome strongly indicates a 
regulation of mitochondrial gene transcription by glucocorticoids. 
In addition, the mitochondrial GR seems to be involved in apoptosis 
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Abstract

Hormone receptors that are classically located in either cytosol or nucleus or in the plasma membrane are also found in mitochondria. 
Notably, they belong to different categories, such as proteins mainly known as hormone-dependent transcription factors, receptor tyrosine 
kinases, multimeric ligand-gated ion channels, and G protein-coupled receptors. Some of them represent mitochondrial variants, whereas 
others seem to be almost or fully identical with the extra mitochondrial forms. In some cases, mitochondrial receptors are associated with the 
outer membrane, whereas others are integrated in the inner membrane and act by signaling towards the matrix. In functional terms, some 
steroid receptors display genomic actions at the mitochondrial chromosome, whereas membrane-bound receptors transmit metabolic effects 
in the matrix or at the electron transport chain and modulate mitochondrial structure and length or apoptosis. 
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induction in thymocytes, which may not be surprising with regard 
to the presence of the proapoptotic machinery in this organelle 
[5]. Mitochondrial localization has been multiply shown for the 
estrogen receptor-β (ERβ) [6,7], the ER variant anyway known for 
its nongenomic signaling. In addition to modulation of bioenergetics 
[6], effects on mitochondrial gene expression were assumed [7]. 
Moreover, translocation of the usually genomically acting ERα was 
reported [8]. A more specific and, to a certain degree unexpected, 
nongenomic action has been recently described for this other 
estrogen receptor. 

In breast cancer cells, ERα was shown to physically interact 
with the mitochondrial superoxide dismutase (MnSOD) [8]. As 
MnSOD is activated by the mitochondrially localized sirtuin SIRT3 
by deacetylation at K68, an interference with the acetylation status 
of K68 was studied. These experiments revealed a correlation of 
ERα/MnSOD association with acetylation of this regulatory lysine 
[8]. Another recent finding of high actuality concerns the role 
of long noncoding RNAs (lncRNAs) in mitochondrial ER actions 
[9], results that may find parallels in the regulation of other 
mitochondrial steroid receptors. The nuclear-encoded lncRNA SRA 
(steroid receptor RNA activator) is also found in mitochondria. A 
relationship to ERs exists insofar as estrogens induce the nuclear 
SRA repressor protein SHARP (SMRT/HDAC1-associated repressor 
protein).

Another inhibitory action on SRA is caused by the protein SLIRP 
(SRA stem-loop interacting RNA-binding protein), a player that 
is present in mitochondria and also modulates mitochondrially 
encoded RNAs (mtRNAs) and has effects on the electron transport 
chain (ETC) [9]. These findings indicate that mitochondrially 
located ERs may be stabilized by SRA, but seem to be inhibited by 
estrogen-dependent up regulation of SHARP in the nucleus and 
by actions of SLIRP in the mitochondria. These results and their 
interpretation strongly underline the importance of the nuclear-
mitochondrial interplay as well as the previously unexpected 
complexity of the coordinated relationship between nuclear and 
mitochondrial genomes.

A mitochondrial progesterone receptor (PR) has been 
demonstrated and discussed in terms of nongenomic effects [10-
13]. These actions concern respiratory activity, such as increased 
mitochondrial membrane potential and oxygen consumption 
[10-12], a role that would be in line with metabolism-enhancing 
properties of property of progesterone, as known from the 
postovulatory increase in temperature. The mitochondrial PR 
variant has been shown to be truncated, in which N-terminal 
domains as well as the DNA-binding domain are absent [10]. 
Therefore, this PR variant can only act nongenomically. Genomic 
effects in mitochondria via PR would only be possible, if additional 
variants can be detected. Two variants of the receptor for another 
intracellularly acting hormone, triiodothyronine (T3), were 
discovered in mitochondria [14-16]. Both are truncated forms 
of the receptor TRα1 of different lengths, p43 and p28. The p43 
protein was shown to stimulate mitochondrial gene expression and 
to influence cell differentiation and apoptosis [16], whereas the 
role of p28 remains to be identified. The vitamin D3 receptor (VDR) 

was also detected in mitochondria [17-21]. VDR translocation 
was reported to take place via the permeability transition pore 
[18]. VDR signaling seems to mainly result in the suppression of 
respiratory activity [19-21]. Additional effects on lipid metabolism 
have been discussed.

EGFR, a Receptor Tyrosine Kinase, in Mitochondria
EGFR (epidermal growth factor receptor) is an example for a 

receptor tyrosine kinase that has been shown to be translocated 
to mitochondria [22]. This finding differs from the previously 
discussed cases insofar as the ligand is not a low-molecular weight 
molecule such as steroids, T3 and the vitamin D3 hormone, but 
represents a peptide of 53 amino acids. However, as proteins like 
the receptors are translocated, there should be no fundamental 
problem to also translocate the ligand. Mitochondrial EGFR has 
been studied in detail in non-small-cell lung cancer cells. It was 
shown to be internalized by endocytosis and, thereafter, attached 
to mitochondria [22]. The translocation was stimulated by EGF. 

EGFR signaling caused several effects concerning the ETC, in 
particular, increased ATP formation, but also induced changes 
in mitochondrial structure and distribution, with consequences 
to enhanced cell motility. By interfering with the mitochondrial 
fusion factor Mfn1, it shifted the fusion/fission balance towards 
fission [22]. Notably, the inhibition of mitochondrial fusion leads to 
facilitated redistribution of the smaller mitochondria within cells, 
which would be impossible with the longer organelles that can, 
in the extreme, fuse to large networks. An important advantage of 
redistribution is avoidance of peripheral mitochondrial depletion. 

Mitochondrial Localization of Tetrameric and 
Pentameric Membrane-bound Receptors

Translocation of membrane-bound receptors composed of 
several subunits, frequently heteromers, to mitochondria appears, 
at first glance, to be rather unlikely. Nevertheless, this has been 
shown or concluded to be possible. With regard to an endocytosis 
mechanism that initiates translocation, this is, however, not at all 
implausible. A report concerning a mitochondrial NMDA receptor, 
which represents a tetrameric ionotropic glutamate receptor, 
indicated several actions concerning enhanced production of 
reactive oxygen species, however, along with reduced cytochrome 
c release [23], effects that would require in-depth analysis and 
confirmation.

In liver and brain, several nicotinic acetylcholine receptors 
were reported to be mitochondrially localized [24-26]. In these 
tissues, the heteropentameric subtypes α7β2, α4β2 and, to a minor 
extent, α3β2 were detected, whereas in the lung, the α3β4 receptor 
subtype prevailed [24]. The nicotinic receptors were reported to 
be associated with the outer mitochondrial membrane and to be 
involved in the regulation of apoptosis, partially in a protective 
way. The 5-HT3 receptor represents another pentameric, ionotropic 
receptor type that was found in cardiac mitochondria [27]. 
However, the receptor was not analyzed with regard to the various 
5-HT3 subtypes, which differ in their composition of subunits. The 
receptor was reported to increase the respiration control ratio and 
to inhibit the opening of the permeability transition pore.
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GPCRs in Mitochondria
Similar to other membrane-bound receptors, GPCRs have to 

be integrated into membranes. In the case of GPCRs, insertion of 
seven transmembrane domains is required. Nevertheless, even 
these larger integral membrane proteins can be translocated to 
mitochondria. One example concerns the serotonin receptor 5-HT4 
[27], which differs from the afore-mentioned ionotropic 5-HT3. In 
functional terms, the mitochondrial 5-HT4 receptor was reported to 
decrease the respiration control ratio, contrary to 5-HT3, whereas 
the opening of the permeability transition pore was, again, found 
to be inhibited [27]. Particular insights were obtained by studies on 
the type-1 cannabinoid receptor CB1, which is also translocated to 
mitochondria [28-31]. 

Apart from its neurobiological relevance, the particular 
significance of one of these studies [31] concerns the signaling 
mechanism of the mitochondrially located CB1. It was shown to 
modulate the activity of the soluble adenylyl cyclase (sAC) in the 
matrix via the α-subunit of a Gi protein. This allows conclusions 
on the orientation of the receptor. It has to be located in the 
inner membrane, with the C-terminus that has to interact with Gi 
towards the matrix side and the ligand binding pocket towards 
the intermembrane space. The functional consequences of this 
signaling mechanism are reduction of cAMP levels in the matrix 
and lower protein kinase A (PKA) activity. Insofar this antagonizes 
the activation of sAC by bicarbonate, which serves to adapt the 
respiratory electron flux to the activity of the citric acid cycle. 

Enhanced matrix PKA activity leads to phosphorylation of ETC 
subunits, especially in Complex 1, and presumably, also in other 
sites. The up regulation of phosphorylation of Complex 1 subunits 
as initiated by bicarbonate enhances electron feeding to the ETC, 
whereas the down regulation via CB1 decreases the entrance of 
electrons into the ETC. These findings on the effects mitochondrial 
CB1 were also important for interpreting the mitochondrial action 
of the melatonin receptor MT1. This receptor subtype was shown 
to be located in mitochondria, contrary to MT2 [32]. Under basal, 
non compromised conditions, melatonin regulates respiration 
and Complex 1 activity in a similar way as cannabinoids via CB1.
Therefore, it was concluded that MT1 has to be correspondingly 
oriented in the inner mitochondrial membrane and acts via Gi, sAC 
inhibition, decrease of cAMP concentration and PKA activity [33].

Conclusion
The localization of hormone receptors in mitochondria 

considerably expands our insights into the actions of their ligands. 
It is a remarkable fact that entirely different types of receptors, 
which are, from a conventional point of view, either present in 
the cytosol and/or nucleus or in the plasma membrane, can be 
found in mitochondria. Moreover, the membrane-bound receptors 
belong to different categories, such as RTKs, multimeric ligand-
gated ion channels or GPCRs. This multiplicity sheds light on the 
complexity of cellular processes which connect nuclear, cytosolic 
and mitochondrial functions in a concerted way. This emerging 

field will certainly gain increasing future importance and unravel 
numerous poorly understood connections in cell biology and 
biomedicine as well.
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