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Targeting PDK2 rescues stress-induced impaired brain
energy metabolism
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Depression is a mental illness frequently accompanied by disordered energy metabolism. A dysregulated hypothalamus pituitary
adrenal axis response with aberrant glucocorticoids (GCs) release is often observed in patients with depression. However, the
associated etiology between GCs and brain energy metabolism remains poorly understood. Here, using metabolomic analysis, we
showed that the tricarboxylic acid (TCA) cycle was inhibited in chronic social defeat stress (CSDS)-exposed mice and patients with
first-episode depression. Decreased mitochondrial oxidative phosphorylation was concomitant with the impairment of the TCA
cycle. In parallel, the activity of pyruvate dehydrogenase (PDH), the gatekeeper of mitochondrial TCA flux, was suppressed, which is
associated with the CSDS-induced neuronal pyruvate dehydrogenase kinase 2 (PDK2) expression and consequently enhanced PDH
phosphorylation. Considering the well-acknowledged role of GCs in energy metabolism, we further demonstrated that
glucocorticoid receptors (GR) stimulated PDK2 expression by directly binding to its promoter region. Meanwhile, silencing PDK2
abrogated glucocorticoid-induced PDH inhibition, restored the neuronal oxidative phosphorylation, and improved the flux of
isotope-labeled carbon (U-13C] glucose) into the TCA cycle. Additionally, in vivo, pharmacological inhibition and neuron-specific
silencing of GR or PDK2 restored CSDS-induced PDH phosphorylation and exerted antidepressant activities against chronic stress
exposure. Taken together, our findings reveal a novel mechanism of depression manifestation, whereby elevated GCs levels
regulate PDK2 transcription via GR, thereby impairing brain energy metabolism and contributing to the onset of this condition.
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INTRODUCTION
Major depressive disorder (MDD) is one of the most common and
debilitating mental illnesses and a serious health challenge for
society [1]. Individuals can develop depression after going through
stressful or traumatic events. The clinical symptoms of MDD include
anhedonia, fatigue, poor memory, and lack of motivation, effects
that have been linked to reduced brain activity [2, 3]. The brain
is among the most metabolically active organs in the human
body and is dependent on a continuous supply of energy to
maintain normal function [4, 5]. Brain energy metabolism disorder
has been widely implicated in psychiatric diseases, including
depression [6–8].
The human brain only makes up 2% of the body mass but

utilizes 25% of the total glucose consumption in the body [9].
Normally, glucose is the primary energy source for the brain and is
metabolized into adenosine triphosphate (ATP) via glycolysis, the
tricarboxylic acid (TCA) cycle and the electron transport chain [10].
Glycolysis is a metabolic process in the cytosol that breaks down
glucose into pyruvate in the cytosol. Pyruvate enters the
mitochondria and converted to acetyl coenzyme A (acetyl-CoA)
by the pyruvate dehydrogenase (PDH), which is phosphorylated
and inactivated by pyruvate dehydrogenase kinases (PDK) [11].
Subsequently, acetyl-CoA enters the TCA cycle, producing NADH

and FADH2, which are then transported to the electron transport
chain and generate a transmembrane proton gradient across the
inner mitochondrial membrane, generating ATP and providing
energy for cells [12]. Impaired brain glucose metabolism leads to
decreased NADPH levels and impaired redox balance and ATP
production in mitochondria [13, 14].
Glucocorticoids (GCs), steroid hormones, function as crucial

regulators of energy metabolism and immune responses, and
impaired glucocorticoid signaling is thought to be a leading cause
of depression [15–18]. Long-term stress induces hypothalamic
pituitary adrenal (HPA) axis dysregulation, which leads to the release
of GCs from the adrenal cortex [19]. GCs can cross the blood-brain
barrier and diffuse into the brain, where they bind to glucocorticoid
receptors (GR) [20], which triggers their translocation into the
nucleus and their binding to glucocorticoid response elements
(GREs) in the promoters of target genes [21]. GCs mediate glucose
homeostasis in the liver and decrease glucose utilization in muscles
by binding to the GR [22, 23]. Several studies have shown that
excessive high glucocorticoid concentrations can suppress brain
glucose utilization [24]. PDH, a rate-limiting enzyme for glucose
metabolism, is a key link between glycolysis and the TCA cycle [25].
PDH activity is tightly regulated by PDK. Among the four known
PDK isoforms, PDK2 is the most widely distributed [26, 27]. The
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expression and kinetic activity of PDK is regulated by nuclear
hormone receptors such as GR, peroxisome proliferator-activated
receptors, and estrogen-related receptors [28].
Although the mechanisms of underlying depression pathogen-

esis remain poorly understood, increasing evidence suggests that
brain energy metabolism dysfunction is linked with the pathogen-
esis of this condition. Here, we show that stress decreases the
levels of TCA cycle intermediates, implying that the TCA cycle is
impaired. Importantly, we found that the GCs bind to the GR,
which binds to the GREs in the PDK2 promoter and induce its
transcription, thereby suppressing PDH enzymatic activity and
leading to metabolite flux dysfunction. We also found that
PDK2 silencing improves chronic social defeat stress (CSDS)-
induced depression-like behavior in mice.

MATERIALS AND METHODS
In this study, 41 first-episode MDD patients and 49 sex-matched healthy
controls were selected and included (Supplementary Table 1). Subject
inclusion/exclusion criteria, animals, primary cortical neurons and astro-
cytes culture, chronic social defeat stress, behavioral test, metabolite
extraction and analysis, GC–MS analysis, Multivariate Analysis of metabolic
data, biochemical analysis, PDH activity analysis, gene silencing and
overexpression experiments, oxygen consumption rate, measurement of
mitochondrial membrane potential, chromatin immunoprecipitation assay,
adeno-associated viral vector preparation and injection, western blot
analysis, histopathology and immunofluorescence, Nissl staining, qRT-PCR
analysis and statistical analysis are described in detail in the Supplemen-
tary Information.

RESULTS
Energy metabolism is disturbed in CSDS mice
It’s widely accepted the social stress is the leading cause of
depressive disorder in human [29]. Social avoidance, anhedonia and
despair are the core symptoms of depression [30]. CSDS model is
widely used to induce social avoidance and anhedonia, and
considered as be the most representative animal model of
depression [31]. Following the 10-day CSDS exposure, a series of
tests assessing depression-like behavior was conducted (Fig. 1a).
Typically, mice without CSDS spend an increased amount of time in
the interaction zone when a target mouse is present. However,
defeatedmice tend to stay in the corners to avoid the aggressor and
spend less time in social interaction with target mice [32]. Social
interaction (SI) ratio was calculated based on the duration of
interaction zone time with or without a target mouse present and
12 susceptible mice (SI < 1) randomly selected as CSDS group and
an equal number of mice not subjected to CSDS were selected as
the control (CTRL) group. (Fig. 1b). Compared with control mice,
susceptible mice displayed a significant increase in immobility time
in the forced swim test (FST) after exposure to stress (Fig. 1c), which
was accompanied by a reduction in the preference for sucrose in
the sucrose preference test (SPT) (Fig. 1d). In the elevated plus maze
(EPM) test, mice in the CSDS group spent significantly less time in
the open arms and had significantly fewer entries in the open arms
(Fig. 1e). The cortex plays a pivotal role in mediating stress-induced
behavioral disorders, including MDD [33]. We identified potential
differentially expressed metabolites in the frontal cortex and serum
of mice and in the serum of first-episode MDD patients via
metabolomics profiling. Orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) showed the separation between both CTRL
and CSDS mice and Control and MDD subjects (Fig. 1f–h).
Additionally, a 200 times random permutation test was conducted,
and the R2 and Q2 values confirmed the appropriateness of
subsequent optimization analyses (Fig. 1i–k). In permutation test,
the R2 and Q2 scores indicate the model’s goodness of fit and
predictive ability. Based on two criteria (VIP > 1 and P-value < 0.05),
differentially abundant metabolites were identified in the cortex
(Supplementary Fig. 1) and serum (Supplementary Fig. 2) of mice as

well as in the serum of depressed patients (Supplementary Fig. 3),
while some of the TCA cycle-associated metabolites showed
decreased levels. Pathway analysis also indicated a significant
enrichment of metabolites in the TCA cycle pathway both in the
CSDS model mice and in patients (Fig. 1l–n), implying a significant
impairment of the TCA cycle.
To characterize the changes in brain metabolism occurring in

CSDS mice, we further detected the content of several substrates
relevant to glucose oxidation in different brain regions. Levels
of acetyl-CoA, citric acid, and ATP were lower in the cortex of
CSDS mice than in the cortex of CTRL mice (Fig. 2a, b). In the
hippocampus, citric acid and ATP contents were significantly
lower in the CSDS group than in the CTRL group; however, acetyl-
CoA content showed no significant difference between the two
groups (Supplementary Fig. 4a, b). The hypothalamus showed no
difference in acetyl-CoA, citric acid, and ATP levels between the
two groups (Supplementary Fig. 4c, d).

Chronic stress enhances PDK2 expression and PDH
phosphorylation
Given that PDH is a key regulator of the rate of entry of pyruvate
into the TCA cycle for subsequent oxidation (Fig. 2c), we examined
PDH activity and analyzed the correlation between PDH activity and
SI ratio in the frontal cortex, hippocampus and hypothalamus. PDH
enzymatic activity was significantly reduced in the cortex of CSDS
mice, which was positively correlated with SI ratio (Fig. 2d, e).
Additionally, in the hippocampus, PDH activity was significantly
reduced in the CSDS mouse, but no correlation was detected
between PDH activity and SI ratio (Supplementary Fig. 4e, f). In the
hypothalamus, exposure to CSDS did not affect PDH activity and no
correlation was found between PDH activity and SI ratio (Supple-
mentary Fig. 4g, h). Next, we examined the levels of PDK isoforms at
the mRNA level in the frontal cortex, hippocampus, and hypotha-
lamus of CTRL and CSDS mice after exposure to stress. The results
showed that mRNA levels of PDK2, but not PDK1, PDK3, and PDK4,
were significantly higher in these three brain regions of CSDS mice
than in the CTRL counterparts, and a significant negative correlation
between PDK2 mRNA level and SI ratio was detected only in the
cortex (Supplementary Fig. 4i–n). In addition, we further investi-
gated the PDKmRNA levels and PDH activity in thalamus, amygdala,
and ventral tegmental area (VTA). Among these sites, only the
amygdala displayed a significant upregulation of PDK2 expression,
whereas no significant differences in PDH activity were detected
between CTRL and CSDS mice (Supplementary Fig. 5a–f). Consider-
ing that both PDK2 expression and PDH activity were significantly
increased in the cortex, western blotting was then performed to
verify the levels of PDK2 and phosphorylated PDH. The protein level
of PDK2 was also significantly higher in the frontal cortex of CSDS
mice (Fig. 2f), which led to a significant increase in PDH
phosphorylation levels (p-PDH-S300 and p-PDH-S293) (Fig. 2f,
Supplementary Fig. 5g, h). Immunofluorescence staining results
further showed that PDK2 was mainly expressed in the neurons and
astrocytes with negligible expression in microglia (Fig. 2g–i). Our in
vitro findings also demonstrated that PDK2 was highly expressed
both in the neurons and astrocytes (Supplementary Fig. 6a–d).
However, CSDS exposure more pronouncedly induced neuronal
PDK2 expression, and slightly but significantly induced PDK2 in
astrocytes (Fig. 2g–i). We also compared the mRNA levels of PDK2 in
the peripheral blood mononuclear cells of first-episode MDD
patients and healthy controls. The PDK2 mRNA levels were higher
in depressed patients than in healthy controls, and were
significantly and positively associated with the Hamilton depression
rating scale score (Fig. 2j, k).

GR regulates PDK2 expression by binding to its promoter
region
GCs are important regulators of energy metabolism and stress
response [34]. Serum cortisol and corticosterone (CORT) contents
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Fig. 1 CSDS induced depression-like behaviors in mice, and metabolic profile of CSDS mice and first-episode MDD patients.
a Experimental timeline of the CSDS and behaviour tests. The mice were subjected to 10-day consecutive social defeat by CD-1 aggressor,
followed by SI, FST, SPT, and EPM test. b (Left) Heatmap of the trajectory of mice and (Right) statistical graph of SI ratio for CTRL and
susceptible mice after CSDS exposure. n= 12; unpaired Student’s t-test. c, d CSDS increased the immobility time in the FST and decreased
sucrose consumption in SPT. n= 12; unpaired Student’s t-test. e (Left) Heatmap of the trajectory of mice and (Right) CSDS decreased time
spent in the open arms and number of entries into the open arms of the EPM test. n= 12; unpaired Student’s t-test. f–h OPLS–DA score plots
of metabolic profiling in the mouse cortex, mouse serum, and serum from MDD patients. The 200 times permutation testing of OPLS–DA
models in the mouse cortex (i), mouse serum (j), and serum from MDD patients (k). l–nMetaboAnalyst 5.0 summary of the pathway analysis of
the mouse cortex, mouse serum, and serum from MDD patients. **P < 0.01; All data represent mean ± SEM.
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were significantly increased in MDD patients and CSDS mice,
respectively (Supplementary Fig. 7a, b). We further assessed the
effect of CORT on neuron apoptosis and GR transport. The results
showed that CORT treatment significantly increased the expres-
sion of cleaved caspase-3 (Fig. 3a). CORT-treated neurons induced
an increase in the expression of GR and led to GR translocation to
the nucleus (Fig. 3b), while mifepristone (RU486) pre-treatment
prevented CORT from inducing GR expression and GR transloca-
tion to the nucleus (Supplementary Fig. 8a, b). We then examined

the effect of CORT exposure on PDK expression and PDH activity
in neurons at different time points in vitro. The qRT-PCR results
showed that PDK2 expression was significantly increased after
12 h of CORT exposure, and peaked at 24 h (Fig. 3c). No
differences in PDK1, PDK3, or PDK4 expression were detected at
any time point (Supplementary Fig. 8c–e). Consistent with the
results of qRT-PCR, immunofluorescent staining showed that the
level of PDK2 increased at 12 and 24 h (Fig. 3d). PDH activity was
inhibited by the high level of PDK2 mRNA (Fig. 3e). Similarly, the

Fig. 2 Expression of PDK and phosphorylated PDH in the mouse cortex following CSDS exposure. a CSDS decreased aetyl-CoA and citric
acid content in cortex compared with CTRL mice. n= 6; unpaired Student’s t-test. b CSDS decreased ATP level in cortex compared with CTRL
mice. n= 6; unpaired Student’s t-test. c A schematic illustrating the mechanism of the PDK-PDH axis regulating glycolysis and the TCA cycle.
d CSDS decreased PDH activity in cortex. n= 6; unpaired Student’s t-test. e Correlation between PDH activity and SI ratio. Pearson’s correlation
coefficient. f The effect of CSDS on PDK2, phosphorylated PDH, and unphosphorylated PDH proteins levels in the cortex. n= 6; unpaired
Student’s t-test. g–i Immunofluorescence co-staining of PDK2 with βIII-tubulin, GFAP, and Iba-1 in the cortex after CSDS. n= 6; unpaired
Student’s t-test. j Relative PDK2 expression level in the peripheral blood of MDD patients. n= 41 first-episode MDD patients and 49 healthy
individuals; unpaired Student’s t-test. k Correlation between HAM-D scores and PDK2 expression in the peripheral blood of MDD patients.
Pearson’s correlation coefficient. ns=not significant, *P < 0.05, **P < 0.01; All data represent mean ± SEM.
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protein level of PDK2 and the p-PDH/PDH ratio were both
increased in primary cortical neurons after CORT exposure (Fig. 3f).
Collectively, these data indicated that CORT exposure led to an
increase in PDK2 expression and the suppression of PDH activity.

GCs regulate gene transcription by activating the GR, which then
binds to GREs in the promoter regions of target genes [35]. To
determine if the GR mediates CORT-dependent induction of PDK2
expression, we cloned three PDK2 promoter fragments of different
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lengths into luciferase reporter plasmids, and then transfected the
constructs into neurons that were then treated or not treated with
50 μM CORT for 24 h. The results showed that pGL3-P1 (−2000 to
0 bp) and pGL3-P3 (−1000 to 0 bp) exhibited high levels of
luciferase expression, whereas pGL3-P2 (−2000 to −1000 bp) did
not affect luciferase activity (Fig. 3g). This indicated that the PDK2
promoter region between −1000 and 0 bp is critical for its
expression in the CORT treatment. GR-binding sites in the PDK2
promoter region (from −997 to −983 bp and from −816 to
−802 bp), which were predicted using the JASPAR database, were
mutated (Fig. 3h) and cloned into the luciferase reporter plasmids,
which were then were transfected into neurons. Luciferase activity
was determined for pGL3-P3, pGL31-mut1 (−997 to −983 bp),
pGL3-mut2 (−816 to −802 bp), and pGL3-Basic (negative control
[NC]) in cells treated or not treated with 50 μM CORT. As shown in
Fig. 3i, the luciferase activity of pGL3-P3 was 2- and 5-fold higher
than that of pGL3-mut2 and pGL31-mut1, respectively, indicating
that the promoter activity of PDK2 was more significantly inhibited
by mutation in the−997 to−983 bp region than by mutation in the
−816 to −802 bp region.
To verify the role of GR in the regulation of PDK2 promoter

activity, we constructed a GR expression plasmid (pCDNA3.1-GR).
Neurons expressing pCDNA3.1-GR showed significantly higher
luciferase activity than those not expressing pCDNA3.1-GR (Fig. 3j),
an effect that was dependent on GR concentration (Supplementary
Fig. 8f). GR overexpression enhanced the PDK2 mRNA level
(Supplementary Fig. 8g). Monitoring PDK2 promoter activity using
GR-targeting siRNA and evaluating the efficiency of RNA inter-
ference (RNAi) by western blot analysis (Supplementary Fig. 8h, i)
revealed a marked reduction in PDK2 promoter activity and PDK2
expression in si-GR-treated cells (Supplementary Fig. 8j, k). To
further determine whether GR interacts with the PDK2 promoter,
neurons were transfected with si-GR, treated or not treated with
CORT, and then subjected to the ChIP assay. A DNA fragment of the
predicted size was obtained using anti-GR antibody but not anti-IgG
antibody (control). Moreover, the ChIP signal was strengthened in
the CORT treatment, and weakened by GR silencing (Fig. 3k). Taken
together, these findings suggest that GR binds to the PDK2
promoter and regulates PDK2 expression in neurons.

Silencing PDK2 attenuates CORT-induced disturbance of the
TCA cycle carbon flux
Mitochondrial membrane potential is the driving force for ATP
synthesis, and is a crucial parameter for assessing mitochondrial
function and metabolism [36]. To characterize the effect of PDK2
on mitochondrial function, the interference efficiency of siRNAs
was validated at protein levels (Supplementary Fig. 9a). We next
analyzed the ΔΨm by flow cytometry. Treatment with CORT led to
a significant reduction in high ΔΨm in neurons at 24 h relative to
that in neurons treated with NC siRNA (si-NC); however, this effect
was significantly attenuated when PDK2 was silenced (Supple-
mentary Fig. 9b). To assess mitochondrial function in response to
PDK2 knockdown, the OCR (which reflects the cellular respiration
capacity) of neurons was measured. We observed that CORT
treatment led to a significant reduction in mitochondrial
respiratory capacity (basal OCR, maximal OCR, and ATP-coupled

OCR) compared with the control; however, these effects were
attenuated by PDK2 depletion (Fig. 4a–d). We traced carbon flux
into the TCA cycle intermediates after PDK2 silencing. The
13C-labeled glucose can be metabolized into M+1 and M+3
pyruvate via glycolysis. Both M+1 and M+3 pyruvate enters the
mitochondria, are converted into M+1 and M+2 acetyl-CoA by
PDH, and then enter the TCA cycle (Fig. 4e and Supplementary
Fig. 9c). The mass isotopologue distribution of citrate (from M+1
to M+6), α-ketoglutarate (from M+1 to M+5), fumarate (from
M+1 to M+4), and malate (from M+1 to M+4) decreased in the
presence of CORT, while PDK2 silencing markedly alleviated this
decrease (Fig. 4f–i). Total 13C enrichment was significantly
decreased after the CORT treatment; however, the opposite was
observed with PDK2 knockdown (Supplementary Fig. 9d–g). These
results suggest that exposure to CORT inhibits carbon flux from
the glycolysis pathway into the TCA cycle, leading to an
insufficient supply of energy necessary for neuronal function.
Conversely, PDK2 depletion exerts a significant promotive effect
on glucose flux into the TCA cycle.

PDK2 inhibition attenuates CSDS-induced depressive
behaviors
Dichloroacetate (DCA), a PDK inhibitor, suppresses PDH phosphor-
ylation and promotes pyruvate conversion to acetyl-CoA [37]. To
assess whether the GR-PDK2-PDH axis affects the behavior of CSDS
mice, the mice were treated with RU486 (20mg/kg/day) or DCA
(100mg/kg/day) intraperitoneally once daily for 10 consecutive
days in the CSDS treatment (Fig. 5a). We found that the daily
injection of RU486 or DCA not only significantly ameliorated the SI
ratio but also increased the number of stress-resilient mice (Fig. 5b).
RU486 or DCA also rescued the CSDS-induced depression-like
behaviors in SPT, FST and EPM (Fig. 5c–e). Additionally, CSDS
increased PDK2 and p-PDH levels, and treatment with RU486 or
DCA markedly reversed these effects (Fig. 5f). We also found that
DCA or RU486 increased PDH activity, citric acid content, ATP level,
and NADH/NAD+ ratio (Fig. 5g–j). To further confirm the
neuroprotective effect of DCA, potential morphological alterations
occurring in cortical neurons were observed. Hematoxylin-eosin
(HE) and Nissl staining results showed that morphological
abnormalities were ameliorated in RU486- or DCA-treated neurons.
As shown in Supplementary Fig. 10a–c, HE staining showed normal
cell morphology in the control group, but abnormal cell morphol-
ogy with nucleus pyknosis and disorderly arranged in the CSDS
group. Nissl staining also revealed reduced Nissl bodies and
accompanied with swelling, disorganized cells as well as membrane
loss in the CSDS group. After treatment with RU486 or DCA, cell
morphology was restored and the number of Nissl bodies was
significantly increased. The number of neuronal apoptotic cells in
the cortex was markedly higher in the CSDS group than in the CTRL
group; however, this effect was reversed with RU486 or DCA
treatment (Supplementary Fig. 10d, e).

Neuronal-targeted PDK2 knockdown increases PDH activity
and enhances the resilience to stress
To investigate the role of GR or PDK2 on PDH activity, selected
GR or PDK2 shRNA sequences were embedded into an miR30

Fig. 3 GR regulates PDK2 gene expression by binding to its promoter. a, b Effect of CORT on the expression of cleaved caspase-3 and GR as
detected by immunofluorescence. c, d Expression analysis of PDK2 at the indicated time points after CORT treatment by qRT-PCR and
immunofluorescence. n= 3; two-way ANOVA. e The effect of CORT on PDH activity was analyzed at the indicated time points. n= 3; two-way
ANOVA. f The effect of CORT on PDK2, phosphorylated PDH, and unphosphorylated PDH proteins levels in primary cortical neurons cells.
n= 3; unpaired Student’s t-test. g Luciferase activity in different segments of the PDK2 promoter with or without CORT treatment. n= 3;
unpaired Student’s t-test. h Schematic diagram of potential GR binding sites in the PDK2 promoter, and schematic of site-directed
mutagenesis of the PDK2 promoter. i Luciferase activity of site-directed mutagenesis in primary cortical neurons with or without CORT
treatment. n= 3; unpaired Student’s t-test. j Dose-dependent effect of GR overexpression on luciferase activity. n= 3; two-way ANOVA. k ChIP-
PCR assay showing the binding of GR to the PDK2 promoter after PDK2 gene silencing; IgG was used as a negative control. ns=not significant,
*P < 0.05, **P < 0.01; All data represent mean ± SEM.
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Fig. 4 Silencing PDK2 regulates oxygen consumption rate and ameliorates CORT-induced disturbance of TCA cycle carbon flux.
a Measurement of OCR in PDK2-silenced primary cortical neurons cells using a Seahorse analyzer. b–d Graphical representations of the basic
OCR, maximal OCR, and ATP-linked OCR after CORT treatment and si-PDK2 treatment. n= 3; One-way ANOVA. e Schematic presentation
13C-labeled from [U-13C6] glucose carbon atoms of first, second, third, and fourth turn in TCA cycling, respectively. The 13C-labeled glucose
can be metabolized into M+3 pyruvate via glycolysis. M+3 pyruvate enters the mitochondria and are converted into M+2 acetyl-CoA by PDH,
which then enters the TCA cycle. Black and red circles illustrate unlabeled and 13C-labeled carbon atoms, respectively. Comparisons of mass
isotopologue distributions of citrate (f), α-ketoglutarate (g) fumarate (h) malate (i) in the TCA cycle. n= 3; One-way ANOVA. *P < 0.05, **P < 0.01;
#P < 0.05, ##P < 0.01; All data represent mean±SEM.
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backbone. AAV-sh-NC, AAV-sh-GR, or AAV-sh-PDK2 were injected
into the frontal cortex, and after three weeks, mice underwent
10 days of CSDS (Fig. 6a). First, we verified the efficiency of GR or
PDK2 knockdown by AAV-mediated shRNA. Immunofluorescence

staining results showed the co-localization of EGFP and β III-
tubulin positive cells (Supplementary Fig. 11a, b). As expected, GR
or PDK2 expression was greatly reduced in cortex injected with
the virus compared with the scramble shRNA group (Fig. 6b, c;
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Supplementary Fig. 11c–e), indicating successful knockdown of GR
or PDK2 genes. Previous literatures suggested that inhibition of GR
activity may lead to early depressive-like episodes [38], whereas
some studies have also demonstrated that inhibition of GR alone
does not impact behavior of mice [18, 39, 40]. To test whether GR
inhibition alone would cause depressive-like behavior, we
assessed the possible behavioral changes in control mice
(Supplementary Fig. 12a). We observed that mice injected with
AAV-sh-GR showed no significant difference in the EPM (Supple-
mentary Fig. 12b–d), SPT (Supplementary Fig. 12e) and FST
(Supplementary Fig. 12 f) compared to mice injected with AAV-sh-
NC. In accordance, deletion of PDK2 also did not cause any
behavioral changes (Supplementary Fig. 12b–f). We next exam-
ined whether GR-specific knockdown and PDK2-specific knock-
down would increase resilience to stress. The results showed that
CSDS mice with GR or PDK2 knockdown showed higher SI than
the scramble shRNA (AAV9-hSyn-sh-NC) group, suggesting that GR
or PDK2 prevents the induction of stress susceptibility (Fig. 6d).
Mice injected with AAV9-hSyn-sh-GR and AAV9-hSyn-sh-PDK2
particles showed increased time spent on open arms and open
arm entries in the elevated plus maze, increased sucrose
preference in the SPT, and reduced immobility time in the FST
(Supplementary Fig. 13a–d). In additon, GC–MS analysis revealed
that the suppression of GR or PDK2 expression markedly
decreased the level of lactate, while increasing the contents of
citrate, α-ketoglutarate, fumarate, and malate (Supplementary
Fig. 13e). We next investigated the effect of GR or PDK2
knockdown on PDH activity and phosphorylation. As illustrated
in Fig. 6e–g, GR knockdown significantly reduced the level of
PDK2 mRNA and protein. Additionally, GR or PDK2 knockdown
markedly decreased PDH phosphorylation at both Ser293 and
Ser300 residues. Notably, GR or PDK2 suppression had no effect
on PDH expression but increased PDH activity. Our results showed
that ATP content and NADH/NAD+ ratio were significantly higher
in AAV9-hSyn-sh-GR- and AAV9-hSyn-sh-PDK2-injected mice than
in the AAV9-hSyn-sh-NC-injected mice (Fig. 6h, i).

DISCUSSION
In the present study, we demonstrated that PDK2 plays a vital role
in regulating brain energy metabolism and the pathogenesis of
depression in the cortex. We showed that depression leads to an
abnormal TCA cycle in both CSDS mice and MDD patients. PDK2
and p-PDH expression were upregulated in the frontal cortex of
CSDS mice. We further found that, in neurons, the glucocorticoid-
GR complex translocated into the nucleus and regulates PDK2
expression by directly binding to GREs in the PDK2 promoter
region, leading to PDH phosphorylation and consequently
reduced PDH enzymatic activity and decreased glucose flux into
the TCA cycle (Fig. 6j). Inhibition of the GR or PDK2 significantly
and effectively attenuated CSDS-induced social deficits and
depression-like behavior.
Normal functioning of the brain requires a continuous supply of

energy, and brain activation produces dynamic changes in energy
requirements [41]. Glucose is the major energy source in the
adult brain, and provides energy via glycolysis and the TCA cycle
[42]. Accumulating evidence demonstrates that TCA cycle function
is perturbed in many neurodegenerative disorders, including

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and
amyotrophic lateral sclerosis [43]. Some metabolomics studies
revealed that TCA cycle intermediates were down-regulated,
indicating energy metabolism dysfunction may correlate with the
occurrence of depression [44, 45]. One recent study also found a
significant reduction in glycolysis in the hippocampus of rats with
depression-like behavior, whereas the TCA cycle was impaired only
in the frontal cortex [46]. Consistent with this, our study demon-
strated that depression drives TCA cycle dysfunction as evidenced
by the decrease in the contents of TCA cycle intermediates not only
in the cortex of CSDS mice but also in the serum of both CSDS mice
and MDD patients. Our results are consistent with those from studies
reported by Wang et al. showing the decrease in serum levels of
citric acid and α-ketoglutarate in the animal model of depression
[47]. Meanwhile, metabolomics analysis showed that the serum level
of citric acid in patients with depression has also been decreased
[48]. Our findings are also consistent with the previous study
demonstrating that the levels of TCA cycle intermediates, such as
malate and α-ketoglutarate, are negatively correlated with Hamilton
Depression Rating Scale scores [49]. These results strongly lend
weight to the theory that depression is associated with the
dysfunctional TCA cycle and energy metabolism in the brain.
The PDH complex plays a central role in regulating metabolic flux

by linking glycolysis and the TCA cycle under physiological
conditions [25, 50]. PDKs and PDP exert opposing modulatory
effects on PDH activity. Specifically, phosphorylation inhibits, while
dephosphorylation upregulates PDH activity [28, 51]. Given that
PDKs are widely expressed in the brain [52], the present study
examined PDK expression and PDH enzymatic activity in different
brain regions. We found increased PDK2 expression and decreased
PDH activity in the cortex and hippocampus. However, there was no
correlation between PDH activity and SI ratios in hippocampus. We
also found that while the PDK2 expression was significantly
increased in hypothalamus and amygdala, there was no detectable
difference in PDH activity. Although the most striking impact of
CSDS on PDK2-PDH axis was observed in the cortex and it has been
reported that PDK2 is mostly abundant in the cortical region [53],
the effect of altered PDK2 in other brain regions should be noted. A
recent study demonstrated that inhibition of hippocampal PDK2
reduced oxidative stress after pilocarpine-induced seizures [54].
Additionally, another study found that PDK2 plays crucial role in
hypothalamic inflammation and consequent impairment of feeding
behavior in streptozotocin-induced diabetic mice [55]. These
findings suggest that PDK2 may have distinct roles in different
brain regions. Therefore, the functions of PDK2 in other brain
regions should be further investigated.
PDK2 is a nuclear gene encoding a mitochondrial protein

responsible for regulating phosphorylation of PDH. In line with
our results, Rahman et al. found that PDK2 is negligibly expressed in
microglia, but is expressed in neurons and astrocytes, and plays a
role in regulating neuroinflammation in astrocytes [55]. Our data
from primary cell culture also confirmed the in vivo findings
and showed that PDK2 was expressed in both neurons and
astrocytes, which is consistent with previous research showing the
highly expressed PDK2 in both cell types [56]. Under CSDS, PDK2
expression was markedly induced in neurons, slightly but
significantly upregulated in astrocytes, and still hardly detectable
in microglia. In general, the energy requirements of astrocytes are

Fig. 5 PDK inhibition attenuates CSDS-induced depressive behaviors. a Experimental design of the CSDS procedure and intraperitoneal
(i.p.) RU486 or DCA administration. b (Left) Heatmap of the trajectory of mice and (Right) SI ratio and statistics of the number of susceptible
mice. n= 12; One-way ANOVA. RU486 and DCA treatment reduced immobility time in the FST (c) and increased sucrose preference in the SPT
(d). n= 12; One-way ANOVA. e (Left) Heatmap of the trajectory of mice and (Right) RU486 and DCA treatment increased the time spent in the
open arms and number of open arm entries of the EPM test. n= 12; One-way ANOVA. f The effect of RU486 and DCA treatment on PDK2,
phosphorylated PDH, and unphosphorylated PDH proteins levels in the cortex. n= 6; One-way ANOVA. Effect of RU486 or DCA treatment on
PDH activity (g), citric acid content (h), ATP level (i), and NADH/NAD+ ratio (j). n= 6; One-way ANOVA. *P < 0.05, **P < 0.01; #P < 0.05, ##P < 0.01;
All data represent mean ± SEM.
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predominantly dependent on glycolysis, whereas neurons exhibit
higher unphosphorylated PDH levels, faster TCA cycle activity, and
greater dependence on oxidative phosphorylation than astrocytes
[57, 58]. Therefore, astrocytes possess a greater metabolic plasticity

compared to neurons, i.e., they can better adapt their energy
metabolism in response to mitochondrial stress [59], and CSCS-
induced alterations in PDK2 expression may render neurons
teetering on the brink of energy failure more susceptible to
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fluctuations in energy supply due to the high energy demands. This
finding further strengthened the importance of the PDK2-PDH axis
in the regulation of energy homeostasis in the neuron to face
sustained stress [60].
In response to stress, the adrenal gland generally secretes large

amounts of GCs, which can impair cognitive function by directly
acting on different brain regions [19, 61]. Our results are consistent
with those of previous studies, which showed that chronic stress
leads to elevated levels of CORT (in rodents) and cortisol (in
patients with depression) [21, 62, 63]. Functionally relevant GR
gene polymorphisms have been linked to increased susceptibility
to depression [64]. In addition, we found that CORT induced the
nuclear translocation of GR in neurons and elicited an increase in
PDK2 content. Consistent with the results of our in vitro analysis,
using GR-specific antagonist or knockdown of GR inhibited PDK2
expression and blocked PDH phosphorylation, and thereby
increased PDH activity. Once inside the cells, GCs bind to the GR
and then translocate into the nucleus from the cytoplasm, where
they bind to GREs and regulate the expression of target genes
[65, 66]. Our data also suggested that high PDK2 expression was
likely due to the specific binding of the GR to GREs in the
promoter region of PDK2 in neurons. To test this possibility, we
performed transcription factor binding site prediction using the
JASPAR database, constructed luciferase reporter plasmids con-
taining either wild-type or mutated PDK2 promoter sequences,
and performed GR overexpression analysis. We found that
mutating either of the two predicted GR-binding sites resulted
in the partial reduction of luciferase activity, indicating that both
sites are important for GR binding. The effect of GR overexpression
and knockdown on luciferase activity was examined in neurons.
As expected, luciferase activity gradually increased in a GR
concentration-dependent manner, whereas GR knockdown
resulted in decreased luciferase activity. In addition, ChIP-PCR
assay results confirmed that the GR binds to the PDK2 promoter.
Previously, studies have focused only on GR binding sites in the
PDK4 promoter region. GREs were identified between −824 and
−809 bp of the PDK4 promoter as well as more than 6000 bp
upstream of the transcriptional start site of the same gene [67, 68].
Neuroimaging studies have also indicated that impaired cerebral

energymetabolism is a common feature in patients with depression
[69]. Neurons have extremely high energy demand that mainly
relies on ATP production in mitochondria [70]. Here, we demon-
strated that ATP content was decreased in the cortex and
hippocampus of CSDS mice. Stable isotope labeling showed that
exposure to CORT blocked carbon flux into the TCA cycle, while
PDK2 silencing elicited the opposite effect. Additionally, CORT
administration was found to impair mitochondrial respiration and
diminish ATP production in neurons, with marked changes in basic
OCR, ATP-linked OCR, and maximal OCR; however, silencing PDK2
using siRNA ameliorated this effect. Many previous studies have
reported that RU486 or DCA can easily penetrate the blood-brain
barrier, and play an important protective role in the brain [71–74].
Here, we found that the administration of DCA particularly reduced
PDK2 expression and PDH phosphorylation, enhanced PDH activity,
and further conferred neuroprotection. Likewise, the GR antagonist,

RU486, also restored the CSDS-induced disturbance of PDK2.
Nevertheless, considering the non-specific effects of DCA on PDK
activity, we constructed AAV vectors to knockout PDK2 or GR in the
cortex, which are under control hSyn neuron-specific promoter. We
also found that the neuron-specific knockdown of GR or PDK2
increased PDH activity, improved TCA cycle dysfunction, increased
ATP level, and alleviated CSDS-induced depression-like behavior.
These results were consistent with the effects of pharmacological
inhibitors, suggesting GR signaling interacts with the PDK-PDH axis
to promote the stress-induced neurological dysfunction.
In summary, our data confirmed that GR activate the transcrip-

tion of PDK2 by directly binding to its promoter region and by
regulating neuronal TCA flux and ATP production, which may play
an important role in maintaining brain energy homeostasis.
Additionally, our study showed that the inhibition of PDK2
expression improved CSDS-induced behavioral deficits and brain
injury. Our study identified a novel mechanism underlying the
pathogenesis of depression, and provides a potential therapeutic
target for the treatment of this condition.
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