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Background
Mitochondria are traditionally considered the power 
station of the cell with a pivotal function in the synthe-
sis of adenosine triphosphate (ATP) [1]. However, that is 
only the tip of the iceberg: they respond to a wide vari-
ety of stress signals (oxidative stress, DNA damage, and 
pathogens, among others [2–4], control cell fate [5], and 
regulate cellular homeostasis [6, 7] and immunologi-
cal processes [8, 9]. Mitochondria adapt their structure, 
function, and location according to the metabolic state of 
the cell [10], which is critical in the central nervous sys-
tem (CNS) [11]. In fact, they modulate neurotransmitter 
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Abstract
Background  Mitochondria are very dynamic organelles that maintain cellular homeostasis, crucial in the central 
nervous system. Mitochondrial abnormalities have been described in neuropsychiatric diseases, namely major 
depression disorder (MDD) and schizophrenia. Since stress is the predominant non-genetic cause of MDD, and has a 
direct impact on mitochondrial networks, understanding how psychological stress affects mitochondrial health is vital 
to improve the current pharmacological therapies.

Methods  The effect of 21 days of unpredictable stress was evaluated in frontal cortex of Wistar male rats comparing 
protein and gene markers of mitophagy (PINK1, PARKIN, BNIP3, NIX, FUNDC1), mitochondrial biosynthesis (PGC1α, 
NRF1, TFAM) and dynamics (MFN1, MFN2, OPA1, DRP1), and mitochondrial presence within microglia with the 
MitoTracker Green FM™ probe.

Results  Chronic mild stress (CMS) caused the upregulation of mitochondrial mass, mitochondria depolarization, 
dysregulation in mitochondrial dynamics towards fusion, the increase of mitophagy markers and the induction 
of genes that activate mitochondrial biogenesis in frontal cortex. CMS also promoted microglia recruitment and 
mitochondrial number boosting within them.

Conclusions  There is a dysregulation of mitochondrial dynamics towards fusion, an upregulation of mitophagy 
markers, and the induction of genes associated with mitochondrial biogenesis in response to CMS in the frontal 
cortex of adult rats. This study highlights the impact of psychological stress on brain mitochondrial networks.
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and calcium (Ca2+) signaling [12], plus intercellular com-
munication at synapses [13].

Mitochondrial impairments lead to an excessive incre-
ment of reactive oxygen species (ROS), causing the 
liberation of mitochondrial DNA (mtDNA) and pro-
inflammatory factors [10]. Growing evidence links 
oxidative stress and neuroinflammation to neuropsychi-
atric diseases [14–16]. A meta-analysis study found that 
patients with major depressive disorder (MDD) had ele-
vated levels of cortisol, the stress hormone, in response to 
psychosocial stress in comparison to healthy controls [17, 
18]. Mitochondria possess glucocorticoid receptors (GR) 
and are sensitive to systemic cortisol levels [19], which 
in turn adapt oxidative phosphorylation gene expression 
and energy metabolism [20]. Additionally, patients with 
mitochondrial diseases or mutations in the mtDNA pres-
ent comorbidities of psychiatric symptoms [21–23].

When metabolic or environmental stresses reach a cer-
tain point, mitochondrial fusion and fission allow the cell 
to preserve healthy mitochondria: whereas fission medi-
ates the division of one mitochondrion into two, making 
it possible to eliminate damaged parts through apoptosis 
[24] or mitophagy [25], fusion promotes the merge of two 
mitochondria with the purpose of mitigating partially 
impaired mitochondria [24]. Membrane GTPases mito-
fusin 1 (MFN1) and mitofusin 2 (MFN2), together with 
optic atrophy protein 1 (OPA1) oversee the fusion pro-
cess. The GTPase dynamin-related protein 1 (DRP1) is 
recruited to induce mitochondrial fission [26]. A lower 
expression levels of MFN2 has been linked to the modu-
lation of anxiety and depression-like behaviors in Wistar 
rats [27].

When mitochondria malfunction to such an extent that 
need to be removed, they are cleared away via the ubiqui-
tin-dependent or independent mitophagy pathway [10]. 
The phosphatase and tensin homologue-induced putative 
kinase 1 (PINK1) and PARKIN orchestrate the ubiquitin-
dependent mitophagy pathway: in response to several 
stimuli, PINK1 is cleaved onto the outer mitochondrial 
membrane (OMM) [28], which consequently causes its 
autophosphorylation and PARKIN translocation to the 
OMM from the cytosol [29]. Then, PARKIN mediates the 
ubiquitination of several substrates on the defective mito-
chondria. This constitutes a signal to recruit mitophagy 
adaptors (i.e., the sequestosome SQSTM1/p62 or opti-
neurin) which will mediate the enclosure of mitochon-
dria within the mitophagosome and their transport to the 
lysosome [30]. FUN14 domain containing 1 (FUNDC1), 
BCL2 interacting protein 3 (BNIP3), and BCL2 interact-
ing protein 3 like (BNIP3L/NIX) are OMM mitophagy 
receptors that directly induce ubiquitin-independent 
mitophagy [29], which is activated in response to stress 
[31]. Both pathways interact, since BNIP3 and NIX also 
control PARKIN recruitment and translocation [32, 33].

Studies have highlighted the role of mitochondrial dys-
function in the pathophysiology of MDD [31, 34, 35] and 
antidepressant actions [36]. Some have demonstrated the 
activation of mitophagy for the alleviation of depressive-
like symptoms produced by models of depression-like 
behavior in rodents [37, 38]. To better understand how 
chronic stress can influence mitochondrial status in the 
CNS, we carried out an environmental model of depres-
sion-like behavior in rats, and evaluated mitophagy, 
mitochondrial dynamics, and biogenesis markers in the 
frontal cortex (FC), since it is one of the most vulnerable 
brain regions affected by MDD [39]. Besides, as microg-
lia are key in the stress response, microglia were isolated, 
and their mitochondria quantified after CMS exposure. 
We aimed to explore whether stress modulates these 
processes and how they could be modulated to improve 
therapeutic strategies for stress-related diseases.

Methods
Experimental design
Male Wistar Hannover rats (HsdRccHan: Wist, ENVIGO, 
Spain) weighing 200–225  g were individually caged and 
kept under temperature and humidity standard condi-
tions, with a 12  h light/dark cycle (8:00  h-20:00  h) and 
food and water ad libitum for 14 days prior to the stress. 
Procedures followed the Animal Welfare Committee of 
the Complutense University and Madrid Regional Gov-
ernment guidelines (PROEX098/19) according to Euro-
pean legislation (2010/63/EU). Studies are reported in 
compliance with the ARRIVE guidelines and all efforts 
were focused on minimizing the suffering and reducing 
the number of animals employed.

Rats were randomly divided into two experimental 
groups: control (CT) and chronic mild stress (CMS), 
whose sample size varies according to the specific deter-
mination and is specified in next sections.

CMS protocol
The CMS protocol is a modification from the one 
described by Willner [40]. Our group has previously 
demonstrated how this protocol induces a depressive-
like behavior evaluated by several behavioral tests (i.e., 
sucrose, forced-swim, splash, and elevated plus maze 
tests) [41]. For 21 days, seven-week-old rats were exposed 
to two alternating stressors every 12  h. These included 
soiled bedding, food/water deprivation, cage tilting, 
paired housing, stroboscopic and/or intermittent illumi-
nation. Sample collection was conducted two days after 
protocol finalization.

Sample collection
Samples were collected between 13:00  h-15:00  h to 
mitigate circadian rhythms influence through terminal 
anesthesia with sodium pentobarbital (320  mg/kg i.p., 
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Vetoquinol®, Spain) or cervical dislocation. The latter 
was only used for the flow cytometry approach, to avoid 
potential biochemical interference. Brains were extracted 
from skulls and the FC was isolated. For immunoblot-
ting and mRNA analyses, tissue was directly frozen at 
-80  °C; for immunostaining, brains were perfused and 
fixed with 4% paraformaldehyde; for enzymatic assays 
and flow cytometry, brain tissue was placed in cooled 
PBS 1 × (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
and 1.8 mM KH2PO4 in 1 L of dH2O, pH = 7.4) with phos-
phatase and protease inhibitors (Roche, 4906837001 and 
11697498001), or DMEM/F-12 GlutaMAX media (Fisher 
Scientific, 31331028) with antibiotics (Life Technolo-
gies, 15070063) respectively (see Supplementary data for 
details).

Determination of malondialdehyde (MDA), 8-hydroxy-2-
deoxyguanosine (8-OHdG), and catalase
Total homogenates from FC samples were deproteinized 
with trichloroacetic acid and hydrochloric acid (HCl), 
and then mixed with 2% thiobarbituric acid (TBA) in 
0.5 N of NaOH. Homogenates were incubated in a water 
bath for 15  min at 90ºC. Afterwards, they were cen-
trifuged at 12,000 x g for 15  min at 4ºC. Supernatants 
were collected, and their MDA levels were measured at 
532  nm using the Synergy microplate reader (BioTek, 
USA). Internal controls were added to ensure MDA 
measurements.

Oxidative stress damage to nucleotides was evaluated 
by quantifying the 8-OHdG levels using a DNA Dam-
age kit (Arbor Assays, K059-H1). Functional activity of 
catalase was examined with the Catalase Colorimetric 

Activity kit (Arbor Assays, K033-H1) (see Supplementary 
data for details).

Tissue homogenization and Western blot (WB)
Cytosolic fractions were isolated without nuclear con-
tamination [42]. Mitochondrial fractions were obtained 
by using a kit for mitochondrial isolation (Sigma-Aldrich, 
MITOISO1).

The Bradford assay was conducted, and once pro-
tein levels were quantified, they were loaded into SDS-
polyacrylamide gels to perform electrophoresis (100 V). 
Antibodies (Table 1) were revealed with ECL® kit (Fisher 
Scientific, 12994780) using the Odyssey® Fc System (Li-
COR Biosciences). The loading housekeeping control was 
β-ACTIN (Sigma-Aldrich, A5441). They were quantified 
by densitometry employing the NIH ImageJ® software. 
The number of animals used was CT (n = 7) and CMS 
(n = 14) (see Supplementary data for details).

RNA extraction and RT-qPCR analyses
Total RNA was extracted from FC with TRIzol® reagent 
(Invitrogen, 15596018) and homogenized using the Tis-
sueLyser LT (Quiagen, Netherlands). Aliquots of each 
sample were processed to cDNA using random hexamer 
primers (Invitrogen, 48190011). Quantitative changes in 
mRNA levels were detected by real-time (RT) quantita-
tive polymerase chain reaction (qPCR) in the presence of 
SYBR Green (Biotools, 10606 − 4153) fixing the following 
conditions in a Corbett Rotor-Gene (Corbett Research, 
Australia): 35–40 cycles of denaturation at 95  °C (10s), 
annealing at 63  °C (15s), and extension at 72  °C (20s). 
Tubulin-α gene expression was employed as housekeep-
ing gene to normalize the results. To ensure the stress 
protocol did not influence Tubulin-α and Gapdh gene 
expression, BestKeeper software was used. Melt curves 
were all evaluated to specifically recognize single gene 
transcripts. Gene expression was assessed by a Com-
parative Quantification method [43]. Triplicate mea-
surements of each aliquot were loaded, together with a 
negative internal control in each run. Primers are listed 
in Table 2. The same number of animals as in the previ-
ous section was employed.

Immunofluorescence (IF)
Brain slices were incubated with glycine 100 mM (Appli-
Chem, A1067) in potassium phosphate buffer (KPBS) 
and then blocked in 10% BSA and 0.3% Triton X-100 
(Sigma-Aldrich, T8787). Then, primary antibodies were 
incubated 48-72 h in agitation at 4°C (Table 3). After sec-
ondary antibody incubation, 4’,6-diamidino-2-phenylin-
dole dihydrochloride (DAPI; Sigma-Aldrich, MBD0015) 
was added for 4 min. Slices were laid on slides with Fluo-
roshield® (Sigma-Aldrich, F6182) and cover slipped. Con-
focal images were obtained employing a Confocal Leica 

Table 1  Antibodies and dilutions for Western blot 
determinations. Abcam (ab), Cell Signaling technology (CS), Santa 
Cruz technologies (sc), and Sigma-Aldrich (SA)
Protein
(molecular weight)

Primary antibody
(dilution)

PARKIN (55 kDa) ab77924 (1:1000)
PINK1 (66 kDa) ab23707 (1:1000)
BNIP3 (22–28 kDa) CS, 3769 (1:1000)
NIX (38 kDa) CS, 12396 (1:1000)
FUNDC1 (17 kDa) SA, ABC506 (1:1000)
AMBRA1 (135 kDa) CS, 24907 (1:500)
UBIQUITIN CS, 3936 (1:1000)
NRF1 (30 kDa) sc-28379 (1:750)
MTFA (25 kDa) sc-166965 (1:750)
PGC1α (92–105 kDa) ab54481 (1:1000)
MITOFUSIN 1 (MFN1) (84 kDa) ab126575 (1:750)
MITOFUSIN 2 (MFN2) (80 kDa) CS, 9482 (1:1000)
OPA1 (80–100 kDa) CS, 80471 (1:1000)
phospho-DRP1 (78 kDa) CS, 6319 (1:750)
DRP1 (78 kDa) CS, 5391 (1:1000)
TOMM20 (16 kDa) CS, 42406 (1:1000)
β-ACTIN (42 kDa) SA, A5441 (1:10000)
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SP8 Microscope, in the CAI-UCM Centro de Citometría 
y Microscopía de Fluorescencia (see Supplementary data 
for details).

Immunoprecipitation (IP)
The Pierce® Co-Immunoprecipitation kit (ThermoFisher, 
26149) was employed. Once the eluted PARKIN-enriched 
samples were obtained, 20  µl were loaded and revealed 
against anti-UBIQUITIN antibody (Cell Signaling, 3936, 
1:1000). The loading control was β-ACTIN. The IP exper-
iments were repeated three times with different animals, 
each round with CT (n = 3) and CMS (n = 3) (see Supple-
mentary data for details).

Flow cytometry
Freshly collected FC of rat brains were pooled (the FC 
from two animals of the same group made one pool) in 
DMEM/F-12 GlutaMAX (Fisher Scientific, 31331028) 
supplemented with antibiotics (Life Technologies, 
15070063). Microglial isolation was performed by 
enzymatic digestion in PBS supplemented with 2% fetal 
bovine serum (FBS) (Gibco, 10438026) and 0.02% glu-
cose (Sigma-Aldrich, G8644), during 30  min at 37ºC. 
After stopping the enzymatic digestion with 10% FBS 
in DMEM/F-12, mechanical digestion was applied by 
gently pipetting cellular suspension, which was then 
filtered with 40  μm cell strainers (Falcon™, 352350). 
Afterwards, samples were centrifuged at 600 x g for 
10  min at 4ºC. Supernatants were removed and 37% 
Percoll™ (Cytiva, 17089101) in PBS was cautiously 
added. A density gradient was formed after 20  min 
centrifugation at 350g and 4ºC. The intermediate, 
white phase was removed, and more PBS was added to 
wash the cells. After another centrifugation, samples 
were incubated with MitoTracker Green FM™ (Invit-
rogen, M4675) for 20  min at 37ºC in the dark. After-
wards, they were incubated with FcγII (BD Bioscience, 
550270) for 10 min at 4ºC in the dark. CD45 (BD Bio-
sciences, 559135) and CD11b (BD Biosciences, 562105) 
antibodies (1:50 dilution) were subsequently added and 
incubated for 10–15  min at 4ºC in the dark. Hoechst 
(Invitrogen, H3569) (1:1000 dilution) was added after 
antibodies removal. All samples were measured by BD 
FACSAria III™ flow cytometer in the previously men-
tioned CAI-UCM. See Supplementary data for more 
information.

Table 2  Sequences of primers to target genes of interest
Gene Forward primer (5’-3’) Reverse primer 

(3’-5’)
Parkin (NM_020093) CTGGCAGTCATTCTG-

GACAC
CTCTCCACT-
CATCCGGTTTG

Pink1 (NM_001106694) CATGGCTTTGGATG-
GAGAGT

TGGGAGTTT-
GCTCTTCAAGG

Bnip3 (NM_053420) GATTGGATATGGGATTGG CAGATGAGA-
CAGTAACAG

Nix (NM_080888) TGGAGCCAT-
GAAGAAAGGGG

CAGAAGGTGT-
GCTCAGTCGT

Fundc1 (NM_001025027) TATTTGGCCACAGTTC-
CGGA

AGAAAACCAC-
CACCTACTGCA

Nrf1 (NM_001100708) TGCTTCAGAACTGC-
CAACCA

GGTCATTTCAC-
CGCCCTGTA

Mtfa (NM_031326) ACACCCAGATG-
CAAAAGTTTCA

TGTACACCTTC-
CACTCAGCT

Pgc1α (NM_031347.1) CAGTCCTTCCTCCAT-
GCCTG

CTGTGGGTGTG-
GTTTGCATG

Mfn2 (NM_130894.4) TGCCTGGATGCTGAT-
GTGTT

TCCATGTACT-
CAGGCTCCGA

Mfn1 (NM_138976.1) TGGCATCCCTCACGTC-
TAGA

GCTCTCTCTTTC-
GCACGAGT

Opa1 (NM_133585.3) AAGGAGGCTGT-
GAAGGAGGA

TGCGTCCCACT-
GTTGCTTAT

Drp1 (NM_053655.3) TCTCAAGGTTTTCTC-
GCCCA

GTGCCTCTGAC-
GTTGCCATA

Ambra1(NM_001134341.3) GAGCAGGATCCAGAGA-
GCAC

TCTGTTG-
GTAGCGCATG-
GAG

Rnr1 (NC_001665.2) TGAAGCG-
GAAAGAAATGGGC

AATTTGAG-
GAGGGTGAC-
GGG

Nd1 (NC_001665.2) GCAGGACCATTC-
GCCCTATT

GGGGTAGGAT-
GCTCGGATTC

Nd5 (NC_001665.2) ATTCCGCAGTCTGGGT-
TAGC

TGGAGAGAG-
GAGGAAAGGGG

Tubulin-α (NM_022298) CCCTCGCCATGGTA-
AATACAT

ACTGGATGG-
TACGCTTGGTCT

Gapdh (NM_017008.4) ATGGTGAAGGTCGGT-
GTGAA

TGACTGTGCC-
GTTGAACTTG

Table 3  Primary and secondary antibodies with respective 
dilutions for Immunofluorescence approaches
Protein Primary antibody

(dilution)
Secondary antibody
(dilution)

PARKIN ab77924 (1:100) Alexa Fluor 555, A31570 (1:850)
NeuN ab177487 (1:800) /

ab104224 (1:800)
Alexa Fluor 488, A21206 (1:850) /
Alexa Fluor 555, A31570 (1:850)

TOMM20 ab186735 (1:100) Conjugated Alexa Fluor 555
IBA1 ab5076 (1:850) Alexa Fluor 555, A21432 (1:850)
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Statistical analyses
Data are expressed as mean ± SEM in both text and fig-
ures. Outliers were identified using the ROUT method. 
To examine Gaussian distribution, the Shapiro Wilk nor-
mality test was applied. When the sample distribution 
was normal, a two-tailed unpaired Student’s t-test was 
applied, comparing CT vs. CMS. If the sample distribu-
tion was not normal, a two-tailed non-parametric Stu-
dent’s t-test was employed using the Mann-Whitney test. 
A p value < 0.05 was considered statistically significant.

Results
CMS induced lipid peroxidation and unbalanced the 
antioxidant defense, and promoted mitochondrial 
depolarization
To assess the oxidative profile after CMS exposure, lipid 
peroxidation was first evaluated via MDA concentration, 
which is a key biomarker of damage caused by oxida-
tive/nitrosative stress. MDA levels were higher in CMS 
when compared to CT (Fig.  1A). To further elucidate if 
CMS generated an aberrant oxidation of nucleic acids, 
8-OHdG levels (a biomarker of DNA damage caused by 
reactive oxygen species) were measured, although no 
differences were observed (Fig.  1B). Regarding the anti-
oxidant defense, the enzyme catalase was found reduced 
in the CMS group (Fig. 1C). To evaluate if CMS affected 
mitochondrial genes, the transcription of the mitochon-
drial genes Rnr1, Nd1, and Nd5 was compared to the 
genomic gene Gapdh, but no changes were observed 
between the two groups (Fig.  1D). At the protein level, 
the translocase of the outer mitochondrial membrane 
complex subunit 20 (TOMM20) was evaluated to study 
the impact of CMS on mitochondria quantity, which 
showed a considerable increase, evaluated both by WB 
and IF (Fig. 1E and G). TOMM20 was present in a higher 
concentration in neuronal somas (Fig.  1G). Lastly, JC-1 
was assayed to evaluate mitochondrial function and 
transmembrane membrane potential (ΔψM), which dis-
played a clear decrease of the dye concentration after 
CMS exposure (Fig. 1F).

Mitochondrial dynamics was altered by CMS
Mitochondrial dynamics, fusion, and fission processes 
were examined through its main proteins in both cyto-
solic (gray) and mitochondrial (red) fractions (Fig.  2). 
MFN1 and MFN2 protein levels were downregulated 
in the CMS when compared to the CT group in the 
cytosolic fraction. DRP1 protein presence decreased 
after CMS exposure (Fig.  2A). Fusion proteins MFN2 
and optic atrophy-1 (OPA1) were upregulated in the 

mitochondrial-enriched fraction, as well as the phos-
phorylation of DRP1 (Fig.  2B). The same markers were 
studied by RT-qPCR (Supplemental Fig. S1C), but only 
Mfn1 showed modifications at the transcriptional level, 
whose gene expression was enhanced after the CMS 
(Fig. 2C).

CMS boosted mitophagy proteins in the mitochondrial 
fraction
To analyze mitochondrial turnover, both PINK1-PAR-
KIN-dependent and receptor-mediated mitophagy were 
evaluated. PARKIN displayed an upregulation in the 
cytosolic fraction of the CMS group. Regarding recep-
tor-mediated mitophagy, BNIP3 was upregulated when 
compared to the CT group, whereas FUNDC1 protein 
levels decreased (Fig. 3A). In the mitochondrial fraction, 
PINK1 protein was found highly augmented. Receptor-
mediated mitophagy was promoted after CMS, since 
BNIP3, BNIP3L/NIX, and FUNDC1 protein concentra-
tions were increased (Fig. 3B). No changes were observed 
in AMBRA1 protein levels. Immunofluorescence studies 
revealed that CMS-mediated alterations of PARKIN were 
mainly taking place in neurons (Fig.  3C). Additionally, 
PARKIN was immunoprecipitated and incubated with 
an anti-UBIQUITIN antibody to assess its polyubiquiti-
nation: CMS-exposed rats exhibited a more intensified 
polyubiquitination profile than controls. Moreover, CMS 
showed higher concentrations of PARKIN in the eluted 
fraction after the immunoprecipitation (Fig. 3D).

CMS promoted the transcription of mitochondrial 
biogenesis genes
Mitochondria biogenesis was studied through its main 
orchestrators at the mRNA and protein levels. In nuclear 
fractions, nuclear respiratory factor 1 (NRF1), mitochon-
drial transcription factor A (MTFA), and peroxisome 
proliferator-activated receptor γ coactivator α (PGC1α) 
showed a subtle tendency towards a lower protein pres-
ence after CMS. PGC1α protein concentration increased 
in the cytosolic fraction compared to the nuclear one 
after CMS exposure (Fig. 4A). At the mRNA level, Nrf1 
and Pgc1α transcription was promoted by the CMS, and 
Mtfa exhibited a similar tendency pattern (Fig. 4B).

Microgliosis: mitochondrial mass was higher within 
microglia after CMS
Given the role of microglia in the fight against oxidative 
stress, mitochondrial status in freshly isolated popula-
tions of microglia were examined. Immunofluorescence 
analysis showed an increase of the microglia marker IBA1 



Page 6 of 14Ulecia-Morón et al. Journal of Translational Medicine          (2025) 23:580 

Fig. 1  Evaluation of CMS-derived oxidative stress and mitochondrial status in frontal cortex. Cortical levels of lipidic peroxidation in CT and CMS groups 
were measured and compared via the analysis of malondialdehyde concentration (A). Nucleotide damage caused by ROS was examined (B), as well as 
the antioxidant enzyme catalase (C). Transcriptional levels of mitochondrial genes Rnr1, Nd1, and Nd5 were studied and compared to Gapdh (D). Mito-
chondrial mass was assessed through the analysis of TOMM20 protein expression in mitochondria-enriched fractions (E). JC-1 assay was also performed 
to evaluate alterations in the mitochondrial transmembrane potential (F). TOMM20 immunostaining confirmed its increment in the CMS group, which 
was accumulated mainly in neuronal somas. Scale bars represent 50 μm (G). Two-tailed Student t-test was used for statistical analyses. Data is expressed 
as mean ± SEM of 6–14 CT and CMS rats. (**p < 0.01, ***p < 0.001, ****p < 0.0001)
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in the CMS group (Fig. 5A). Furthermore, microglia were 
purified from FC, and their mitochondria specifically 
stained and examined by flow cytometry (Fig.  5B-D). 
CD45medium and CD11bhigh double stain allowed the iso-
lation of the microglial population, which was indeed 
increased in the CMS group (Fig. 5E). Among this popu-
lation, MitoTracker Green FM™ displayed a higher pres-
ence in CMS-upregulated microglia (red), compared to 
control microglia (blue) (Fig. 5F). Gating strategy is sum-
marized in Supplemental Fig. S2.

Discussion
In this work, many aspects of mitochondrial homeosta-
sis have been assessed in the FC of rats subjected to a 
model of depressive-like behavior. Three-week exposure 
to a well-known preclinical protocol of depressive-like 
behavior caused an increase of the mitochondrial mass, 
the alteration of mitochondrial transmembrane potential 
(ΔψM), and mitochondrial dynamics, in addition to the 
increase of mitophagy proteins and mitogenesis-related 
gene-transcripts in this brain region. Moreover, CMS led 
to microglial accumulation and the boost of their mito-
chondrial mass.

Regarding oxidative stress, CMS caused lipid peroxida-
tion in cellular membranes [42, 44], lower levels of the 
enzyme catalase, and no oxidative nucleic acid damage, 
although the chronicity of the stress might eventually 
contribute to oxidative DNA damage [45].

The stress response needs energy to ensure that all the 
adaptive/coping mechanisms fighting against the stressor 
will succeed [46], so that the increment of mitochondrial 
mass, measured by the concentration of the translocase 
TOMM20, would give the cell the response for this extra 
energy demand. However, the JC-1 dye, whose intensity 
ratio is solely dependent on mitochondrial membrane 
potential, exhibited a CMS-derived alteration of ΔψM, 
being the reduction of its concentration inside mitochon-
dria a direct indicator of depolarization and poor cellular 
health [47]. The increase of TOMM20 might be a com-
pensatory mechanism for a reduced mitochondrial ΔψM, 
so additional translocases, as well as their activity, should 
be explored in the future to fathom this result.

Despite depolarized mitochondria being unable to 
fuse one another [48], fusion proteins MFN2 and OPA1 
increased in mitochondrial extracts, while the inhibi-
tory phosphorylation of DRP1 was induced by CMS. 
This indicates that CMS promoted the fusion process, 
possibly as a cellular attempt to reduce damaged compo-
nents of depolarized mitochondria by merging them with 
healthier ones, or as a strategic survival option, by mix-
ing mitochondrial components and hence restore mito-
chondrial integrity [49]. The lower cytosolic presence of 
mitofusins, either because of an increased mitochondrial 
translocation or a higher proteasome degradation [50, 
51], would support this notion.

Fig. 2  Mitochondrial dynamics characterization in cytosolic and mitochondrial subcellular fractions from frontal cortex of rats. Protein changes in cyto-
solic extracts are shown in (A), whereas alterations in mitochondrial-purified fractions are displayed in (B). Although all these markers were also studied 
by RT-qPCR, only Mfn1 showed CMS-related modifications (C). Two-tailed Student t-test was used for statistical analyses. Data is expressed as mean ± SEM 
of 6–14 CT and CMS rats. (***p < 0.001)
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In case of a fission impairment and the upregula-
tion of fusion proteins, depolarized mitochondria could 
be forced into fusion events [52]: OPA1 upregulation 
might be the cellular response to reinstate inner mem-
brane integrity, even in depolarized mitochondria [53]. 
Mfn1 transcriptional upregulation may be indicative 
of a specific cellular response to promote outer mem-
brane fusion. While MFN1 has higher GTPase activity 
and might be preferentially induced when rapid fusion is 
required [54], MFN2 is more involved in mitochondria-
ER networks and signaling [55, 56].

To ensure the preservation of healthy mitochondria, 
asymmetric fission gives rise to two new mitochondria, 
one depolarized and another completely polarized. Then, 
mitophagy clears out depolarized mitochondria to pre-
serve cellular homeostasis [57]. CMS boosted receptor- 
and PINK1-PARKIN-mediated mitophagy proteins in 
the mitochondrial fraction, which points to the induc-
tion of the pathway, both dependent and independent 
of ubiquitin. Higher cytosolic PARKIN concentrations 
could be a counterresponse to an enhanced mitochon-
drial dysfunction, since PARKIN has many roles beyond 

Fig. 3  Study of mitophagy markers in cytosolic and mitochondrial subcellular fractions and PARKIN-mediated polyubiquitination after CMS exposure. 
PINK1-PARKIN dependent and receptor-mediated mitophagy were explored in cytosolic extracts (A) and in mitochondrial-enriched fractions of rat frontal 
cortexes (B). PARKIN immunostaining was carried out with the neuronal marker NeuN. Scale bars represent 50 μm (C). PARKIN was immunoprecipitated 
and then incubated and revealed against an anti-UBIQUITIN antibody. Each lane represents one animal (n = 3 per group) (D). Two-tailed Student t-test was 
used for statistical analyses. Data is expressed as mean ± SEM of 6–14 CT and CMS rats. (**p < 0.01, ***p < 0.001)
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mitophagy, especially under stress conditions [58]. On 
top of that, PARKIN protein elevations in both compart-
ments might highlight the inefficient disposal of damaged 
mitochondria, reflecting an obstruction in the autophagy 
machinery.

Polyubiquitinated mitochondria are a target for 
mitophagy receptors, and PARKIN mediates the ubiqui-
tination of many of the outer mitochondrial membrane 
proteins [59]. The immunoprecipitation of PARKIN 
and subsequent incubation with an anti-UBIQUITIN 
antibody revealed that CMS contributed to a higher 
polyubiquitination profile. This points to CMS-derived 
damaged mitochondria and PINK1-PARKIN activation, 
suggesting that the ubiquitin-proteasome pathway and 
mitophagy are actively engaged in response to mitochon-
drial stress or dysfunction after CMS exposure.

BNIP3, NIX, and FUNDC1 protein concentrations 
were enhanced in mitochondrial extracts after CMS 
exposure. Their increment implies that mitochondria are 
being targeted for degradation more frequently. BNIP3 
and FUNDC1 are recruited under low oxygen, nutrient 
deprivation, or excessive ROS conditions [60–62], which 
may indicate that chronic stress reduces oxygen supply 
or disrupts mitochondrial function in the brain. Consid-
ering that ATP production is impeded in dysfunctional 
mitochondria, CMS could have altered ATP biosynthe-
sis [63, 64], and thus, the induction of BNIP3/NIX and 
FUNDC1-mediated mitophagy would help remove them.

Future experiments should tackle the apparent contra-
dictory results of CMS-derived simultaneous increased 

fusion and mitophagy. This phenomenon might be a 
coordinated quality control mechanism, in which fusion 
promotes content exchange and repair while mitophagy 
favors mitochondrial damaged components removal. 
Furthermore, an experimental design based on the use 
of prolonged periods of stress would allow to explore the 
modulation of the pathway and help determine whether 
adaptive phenomena occur.

A deficient mitophagy process might not be the only 
reason for impaired mitochondrial accumulation: a 
higher rate of mitochondrial biogenesis could have over-
compensated for the dysfunctional mitochondria. This 
hypothesis does not exclude what is aforementioned: 
mitophagy and mitogenesis keep intracellular balance, so 
the overproduction of new mitochondria could have also 
stimulated mitophagy initiators [64]. PGC1α is the main 
orchestrator in the synthesis of mitochondria de novo 
through the induction of NRF1 and TFAM, which favors 
mtDNA replication and transcription [65]. Nuclear pro-
tein presence of these three markers was unaltered, in the 
case of PGC1α owing to a lower translocation ratio to the 
nucleus. Hence, elevated cytosolic PGC1α concentration 
could imply a hindrance in the transcriptional activation 
of downstream genes.

CMS caused the induction of Pgc1α and Nrf1, whose 
translation would eventually result in higher levels of 
their proteins to finally contribute to mitochondrial bio-
synthesis [64]. Overall, CMS-mediated protein reduc-
tion of PGC1α in the nuclei extracts might have slowed 
down the activation of downstream Nrf1 and Mtfa, being 

Fig. 4  Analysis of CMS-derived alterations in mitochondrial biogenesis markers in frontal cortex of rats. Nuclear fractions were used to study protein pres-
ence of NRF1, MTFA, and PGC1α. Cytosolic protein concentrations of PGC1α were higher than in the nuclear fraction (A). Nrf1 and Pgc1α gene inductions 
were observed, the same tendency in Mtfa (B). Two-tailed Student t-test was used for statistical analyses. Data is expressed as mean ± SEM of 6–14 CT and 
CMS rats. (**p < 0.01, ***p < 0.001)
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Fig. 5 (See legend on next page.)
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the reason these potential protein changes are not yet 
observed at the nuclear level. The unaltered levels of 
Rnr1, Nd1, and Nd5 would support this notion. What is 
more, the increase in Pgc1α and Nrf1 mRNA may reflect 
a compensatory response to the lower functional activity 
of PGC1α protein in the nucleus. Moreover, the upregu-
lation of PGC1α prompts the generation of antioxidant 
enzymes to mitigate ROS concentrations and oxida-
tive damage [66, 67]. Hence, PGC1α modulation could 
have aided both control ROS and assist mitochondrial 
biogenesis.

Chronic inflammation drives microglia activation and 
recruitment under psychological stress, which is asso-
ciated with changes in their morphology [68], and pro-
inflammatory cytokines secretion [69]. Indeed, CMS 
triggered the increment of microglia levels in the FC, 
measured both by IBA1 and CD45-CD11b markers. 
Microglial activation has shown to be responsible for the 
CMS-induced anxiety- and depressive-like behavior [70], 
and thus, the role of microglial mitochondria was com-
pelling to dive into.

CMS not only facilitates microglial recruitment but 
also promotes an increase in mitochondrial numbers 
within these cells, supporting the potential for targeted 
modulation of microglial mitochondria to control neu-
roinflammation. For instance, it has been reported that 
microglial PGC1α ameliorates neuroinflammation by 
inhibiting the hyperactivation of the NLRP3 inflamma-
some in vitro [71]. The elevated mRNA levels of PGC1α 
might be consequence of its role in neuroinflammation 
as well. Stress increases energy demand and, accordingly, 
the need of more mitochondria to respond and adapt to 
the stressful situation also escalates [46]. The prospect of 
chronic stress distinctly modulating mitochondria from 
each cell type in the CNS might suggest that glial and 
neuronal mitochondria could play a specific role in the 
stress response.

Prospective approaches should dig into the state of 
microglial mitophagy markers. In fact, it was observed 
that, depending on the inflammatory status, mitoph-
agy-related effectors in periphery mononuclear blood 
cells (PBMC) from patients with MDD were altered and 
associated with the severity of the depressive symp-
tomatology [72]. One study found that NIX-mediated 
mitophagy was impaired by inflammation signaling [73], 

so mitophagy and neuroinflammation could be acting as 
mutual nemesis under stress conditions.

This work has some limitations: this study was only 
performed in male rats; electron microscopy experi-
ments are needed to investigate the rise of CMS-derived 
mitochondrial mass considering size, morphology, and 
number; and certainly, the pharmacological intervention 
would allow the determination of the mitophagy flux, 
accompanied by some intracellular tracker to evaluate 
mitophagosome formation and fusion with lysosomes. 
Further characterization of microglial mitochondria is 
also paramount to understanding how mitochondrial 
dynamics and mitophagy work within this population 
and its interplay with the stress response. This study has 
strengths as well. It considered mitochondrial makers 
both in cytosolic and in mitochondrial-enriched frac-
tions in the same samples of rat FC, allowing to compare 
soluble and mitochondrial protein presence, which is 
impossible to discern in total homogenates. Furthermore, 
the isolation and quantification of microglia popula-
tions in adult rat brain is exceedingly difficult to achieve, 
especially when it comes to obtaining elevated levels of 
healthy microglia. The determination of their mitochon-
drial mass is another milestone, which will be important 
to comprehend the role of mitochondria in the stress-
derived neuroinflammation.

Conclusions
CMS exposure resulted in the increment of mitochon-
drial mass, oxidative damage, the subsequent mitochon-
drial depolarization, and the alteration of mitochondrial 
dynamics in FC. Stress also induced PINK1, PARKIN, 
BNIP3, NIX, and FUNDC1 mitophagy proteins while 
accumulating mitochondria suggests that mitophagy is 
impaired at certain level. The CMS-generated neuroin-
flammatory environment derived in the enhancement of 
microglial recruitment and the elevation of their mito-
chondrial mass. The compilation of this data is shown 
in Fig.  6. Together, these data highlight the relevance 
of mitochondria in the CNS response to stress and the 
potential modulation of their status to control oxidative 
stress and neuroinflammation, two chief aspects in the 
pathophysiology of MDD. Therefore, our study reinforces 
the idea that comprehending the role of mitochondria in 
depression is crucial, illuminating potential avenues for 

(See figure on previous page.)
Fig. 5  CMS increased microglial population and their mitochondria in frontal cortex of rats. Microglia were assessed by IBA1 immunostaining in both 
groups. Scale bars represent 50 μm. (A). Microglia were then freshly isolated and incubated with CD45 and CD11b antibodies (x and y axis in the first 
column, respectively; CT group in purple and CMS group in red), and MitoTracker Green FM™ (x axis in the second and third columns) and analyzed by 
flow cytometry (B-D). Overlapped CT and CMS microglial populations are displayed in (D). CMS promoted microglial recruitment to the frontal cortex (E) 
and enhanced mitochondrial mass within them (F). Two-tailed Student t-test was used for statistical analyses. Data is expressed as mean ± SEM of 12–14 
CT and CMS rats for immunofluorescence analysis, and 6 CT and CMS pools (containing frontal cortexes of two rats per pool). Each plot had a starting cell 
number of 300,000 cells and life cells were never lower than 92%. (**p < 0.01)
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therapeutic interventions and underscoring the intricate 
link between cellular processes and neuropsychiatric 
diseases.
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