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It has become increasingly clear that glucocorticoid (GC)
signaling not only comprises classic nuclear receptor binding—
that is, glucocorticoid receptors (GRs) to their response element
in the nucleus—but also involves rapid, non-genomic efforts to
regulate signaling cascades and other cell functions in the cyto-
plasm as well as other cell organelles. In a recent study, we found
that GRs form a complex with B-cell lymphoma 2 (Bcl-2), trans-
locate to mitochondria in response to corticosterone (CORT),
and modulate mitochondrial calcium and oxidation in an
inverted U-shaped manner. It is also well established that steroid
and thyroid hormone receptors regulate mitochondrial function
to protect cells against various challenges and modulate synaptic
plasticity. Here, we explore how such work reveals a fundamental
mechanism whereby GCs regulate mitochondrial functions, and
provides a mechanistic basis for therapeutic methods to rescue
mitochondrial dysfunction during chronic stress or related
psychiatric and neurodegenerative disorders.

Glucocorticoids (GCs) act through their nuclear receptors in the
brain to influence behavior and physiology.!"? In addition to their
well-known genomic effects on gene transcription, GCs also exert
rapid, non-genomic effects on neurons in the brain.3 Accumulating
data have also shown that certain receptors traditionally considered
to be nuclear receptors, particularly glucocorticoid receptors
(GRs) translocate into mitochondria and modulate mitochondrial
gene expression.4’6 However, the molecular mechanism of this
regulation remains unclear. Recently, we found that in rat brain
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cells treated with corticosterone (CORT), GRs latched onto
B-cell lymphoma 2 (Bcl-2), a protein that affects cytochrome C
and calcium release from mitochondria. This GR/Bcl-2 complex
moves into mitochondria and regulates mitochondrial functions
in an inverted “U”-shaped manner (Fig. 1). Specifically, short-term
exposure to CORT enhanced mitochondrial functions, while high
doses or long-term treatment with CORT decreased levels of GRs
and Bcl-2 in mitochondria (Fig. 1). Similar results occur in rats
exposed to chronic CORT.”

Such work suggests that, under physiological conditions, GCs
enhance mitochondrial functions to provide cells with more energy
for coping with and adapting to acute challenges. However, chronic
stress may lead to chronically elevated levels of GCs, which in turn
may reduce cell functioning via the interaction between GRs/Bcl-2
and mitochondria (Fig. 1). The decrease in proper cell function
may contribute to the pathophysiology of several stress-related
mental disorders, including major depressive disorder (MDD), and
post-traumatic stress disorder (PTSD).

How Does the GR Protein Complex Translocate
to the Mitochondria?

Previous studies have shown that GRs form protein complexes
with heat shock protein 70/90 (HSP70/90) and Bcl-2-associated
athanogene (Bag-1) in response to GC treatment.819 It is also well
established that the proteins targeting mitochondria associate with
chaperones that help in their mitochondrial translocation. One of
the major chaperones in this category is HSP70.!12 Based on the
signal information in the precursor protein, it could be targeted
to any of the four locations: the mitochondrial outer membrane,
the mitochondrial inner membrane, the intermembrane space,
or the mitochondrial matrix.'> Furthermore, Bcl-2 is one of
the tail-anchored molecules localized at the outer membrane of
mitochondria.'® In contrast, GRs travel to the matrix of the mito-
chondria and modulate mitochondria-coded protein expression.!
It is possible that the GR/Bcl-2 complex shares the machinery
for mitochondrial protein translocation by binding to HSP70/90
chaperone proteins, in much the same manner that estrogen recep-
tors (ERs) can.1©
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+Enhanced mitochondrial calcium and function
+Potentiation of neuroprotection
+Adaptation to acute challenge

*Reduced mitochondnal calcsum and function
*Potentiation of neurenal apoplosis
«Pathophysiology during chronic siress

Figure 1. Biphasic effect of Glucocorticoids (GCs) in regulating mito-
chondrial function. GCs are secreted by adrenal glands in a circadian
and stress-related fashion. GCs readily penetrate the cell membrane and
inferact with cytoplasmic glucocorticoid receptors (GRs). GRs travel to the
nucleus to regulate gene expression by binding to glucocorticoid response
element (GRE). Here, GRs formed a complex with the anti-apoptotic pro-
tein Bell-lymphoma 2 (Bcl-2) in response to corticosterone (CORT) treat-
ment, and translocated with Bcl-2 into mitochondria after acute treatment
with low or high doses of CORT in primary cortical neurons; they also
upregulated mitochondrial calcium levels, membrane potential and oxida-
tion. However, after longterm (three days) treatment, high, but not low,
CORT decreased GR and Bcl-2 levels in mitochondria. In addition, three
independent measures of mitochondrial function—mitochondrial calcium
holding capacity, mitochondrial oxidation and membrane potential—were
also regulated by longterm CORT treatment in an inverted “U”-shape.
Bcl-2 was able to inhibit the formation of Bax-containing pores on the
mitochondrial outer membrane and reduced the release of calcium and
cytochrome C from the mitochondria. This regulation of mitochondrial func-
tion by CORT correlated with neuroprotection; that is, treatment with low
doses of CORT demonstrated a neuroprotective effect, whereas treatment
with high doses of CORT enhanced kainic acid (KA)-induced toxicity of

cortical neurons.

Bag-1, which binds to Bcl-2, is also a GR chaperone protein.
Bag-1 attenuates nuclear translocation of GR, activates the
extracellular receptor kinase (ERK) pathway, and potentiates the
anti-apoptotic function of Bcl-2.1%17 In addition, Bag-1 trans-
genic mice showed less anxious-like behavior on the elevated
plus maze test and more resilience in recovering from learned
helplessness behavior and amphetamine-induced manic-like
behaviors.!® Because Bag-1 binds to both Bcl-2 and GRy, its role
in GR/Bcl-2 complex translocation to mitochondria becomes a
key issue.

Why Are Bcl-2 Family Genes a Key Modulator
for Mitochondrial Function and Neuroprotection
in Response to GCs?

Bcl-2 family proteins play a key role in apoptosis because of
their ability to regulate the integrity of the mitochondrial outer
membrane. Proteins such as Bcl-2 and Bcl-x; prevent the release
of apoptogenic proteins from mitochondria and therefore protect
against outer membrane permeabilization. Pro-apoptotic Bcl-2
family members—such as Bax and Bak—induce outer membrane
permeabilization and cause the release of pro-apoptotic factors
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from mitochondria.!®? The Bcl-2 proteins act either alone or
together with other proteins like Bax to regulate the permeability
of the outer membrane.?! Our recent findings indicate that GRs
form a complex with Bcl-2 in response to CORT treatment and,
furthermore, translocate with Bcl-2 into mitochondria. This may
be a critical step in blocking pore formation in the mitochondrial
outer membrane. Therefore, calcium and cytochrome C release
from the mitochondria would be attenuated (Fig. 1).

Additional findings have shown that Bcl-2 overexpression leads
to enhanced mitochondrial calcium levels.?> Notably, increased
calcium levels operate mitochondrial metabolic checkpoints.
Specifically, the aspartate/glutamate metabolite carriers are acti-
vated by calcium; in turn, recombinant expression of wild-type
aspartate/glutamate metabolite carriers enhances adenosine triphos-
phate (ATP) production in response to cell stimulation.?

Is the Hormone Receptor Protein Complex a Common
Mechanism for Regulating Mitochondrial Function?

GRs, ERs, androgen receptors (ARs), progesterone receptors
(PRs) and thyroid hormones (TRs) have been detected in the
mitochondria of various cell types by western blotting, immu-
nofluorescence labeling, confocal microscopy and immunogold
electron microscopy.? Steroid and thyroid hormones regulate
energy production. Thus, both steroid and thyroid receptors
modulate the expression of nuclear-encoded genes and mitochon-
drial-encoded genes involved in oxidative phosphorylation.!324
Recent studies also indicate that, via genomic and non-genomic
mechanisms, these hormone receptors play a role in neuroprotec-
tion and apoptosis.!>>4 In this context, our recent finding that
the GR/Bcl-2 complex translocates into mitochondria to regulate
mitochondrial function provides a novel mechanism for under-
standing GR-mediated neuroprotection.

Conclusion and Future Directions

The regulation of neuronal mitochondrial function by steroids
is directly linked to neuroprotection and synaptic plasticity.1>>-27
Furthermore, the central role that mitochondria play in neuro-
degeneration and psychiatric disorders has become apparent
over the last decade as the molecular mechanisms that influence
both neuronal death and neuroplasticity have been increasingly
elucidated.?® Accumulating evidence regarding mitochondrial
translocation and the function of traditional “nuclear receptors”
has revealed interesting and novel mechanisms in mitochondria
that are regulated by steroids—particularly GCs—but also estra-
diol.>1¢ However, the study of steroid hormone receptor regulation
of mitochondrial function is still in its infancy. Future research will
be needed to address several unanswered questions. For instance,
what is the protective molecule that enhances GR/Bcl-2 traf-
ficking to mitochondria in response to GCs? Is translocation of
Bcl-2 family genes to mitochondria necessary for the modulation
of mitochondrial functions by GCs? Do other traditional nuclear
receptors form protein complexes with the Bcl-2 family of genes?
The new knowledge gained from such studies will be instrumental
in understanding the protection or dysfunction that steroid
hormone receptors may exert via the regulation of mitochondrial
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function, and their role in the etiopathophysiology of stress-related
psychiatric diseases such as MDD or PTSD.
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