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Dihydromyricetin ameliorates social isolation-induced anxiety by 
modulating mitochondrial function, antioxidant enzymes, and BDNF 

Alzahra J. Al Omran a,1, Saki Watanabe a,1, Ethan C. Hong a, Samantha G. Skinner a, 
Mindy Zhang a, Jifeng Zhang a, Xuesi M. Shao b, Jing Liang a,* 

a Titus Family Department of Clinical Pharmacy, University of Southern California School of Pharmacy, Los Angeles, CA, 90033, USA 
b Neurobiology, David Geffen School of Medicine at UCLA, Los Angeles, CA, 90095, USA   
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A B S T R A C T   

Stress has been implicated in the etiology of neurological and psychological illnesses. Chronic social isolation (SI) 
is a psychological stressor that provokes neurobehavioral changes associated with psychiatric disorders, 
including anxiety disorders. Mitochondria dysfunction and oxidative stress are hallmarks of anxiety pathogen-
esis. Here we demonstrate the effects of SI-induced stress on mitochondrial function, antioxidative enzymes, 
autophagy, and brain derivative neurotrophic factor (BDNF). SI induced a reduction in electron transport chain 
subunits C–I, C-II, and C-VI and an increase in hydrogen peroxide. Treatment with dihydromyricetin (DHM), 
extracted from Ampelopsis grossedentata, counteracted these changes. A dramatic increase in several primary 
mitochondrial antioxidative enzymes such as superoxide dismutase 2 (SOD2), heme oxygenase-1 (HO-1), 
peroxiredoxin-3 (PRDX3), and glutathione peroxidase 4 (GPX4) was observed after SI and a repeated episode of 
SI. Both SI and repeated SI induced a reduction in sequestosome 1 (SQSTM1/p62). However, only repeated SI 
modulated autophagy primary protein beclin-1 (Bcl-1). In addition, SI and repeated SI modulated the BDNF-TrkB 
signaling pathway and the phosphorylation of the downstream extracellular signal-regulated MAP kinase1/2 (p- 
Erk p42 and p-Erk p44) cascade. DHM treatment ameliorated these changes. Collectively, we demonstrated that 
DHM treatment counteracted the effects of SI and repeated SI on antioxidative enzymes, autophagy, and the 
BDNF-TrkB signaling pathway. These findings highlight the molecular mechanisms that partially explain the 
anxiolytic effects of DHM.   

1. Introduction 

Anxiety disorders are the most prevalent mental illness in the U.S. 
Current estimates suggest that more than 40 million (18%) adults are 
suffering from anxiety disorders, which imposes a great economic 
burden on public health and accounts for more than $42 billion in costs 
for medical evaluation and treatment (Facts and Statistics, 2016). Anx-
iety disorders are often comorbid with depression, posttraumatic stress 
disorder (PSTD), substance use disorders, and subsequent cognitive 
impairment (Kessler et al., 2010; Becker et al., 2018). Various psycho-
logical stressors contribute to the pathophysiology of anxiety disorders, 
which include environmental, socioeconomic, and genetic factors 
(Nugent et al., 2011; Hettema et al., 2005). Furthermore, modern soci-
ety’s social and demographic changes have increased loneliness and 
social isolation (Klinenberg, 2016; Beutel et al., 2017). This 

phenomenon is further exacerbated by the coronavirus disease 2019 
(COVID-19) pandemic, which has led to global social isolation that 
negatively impacts the public’s mental and psychological wellbeing and 
creates heightened anxiety disorders (Twenge and Joiner, 2020; Loades 
et al., 2020). As a result of the pandemic, there was an estimated 26% 
elevation in anxiety disorders rate globally from 2020 to 2021 (Col-
laborators, 2021). Despite the high prevalence of anxiety, effective and 
safe therapies are still considered an unmet medical need. Unfortu-
nately, not all patients respond well to the currently available treat-
ments, and some have treatment resistance, leaving more than 40% of 
the patient population lacking effective medications (Roy-Byrne, 2015). 

The inhibitory neurotransmitter ɣ-aminobutyric acid (GABA) has 
long been recognized as the primary modulator in anxiety disorders 
(Nuss, 2015). An increasing number of studies have implied the asso-
ciation of neuroinflammation, mitochondrial dysfunction, and oxidative 
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stress pathways in the pathogenesis of anxiety (Zlatković et al., 2014a, 
2014b; Shao et al., 2015). Previous work from our group showed dys-
regulation in the hypothalamic-pituitary-adrenal (HPA) axis, manifest-
ing as an increase in serum corticosteroid levels in the social isolation 
(SI)-induced anxiety mouse model, which is considered an indicator of 
stress (Al Omran et al., 2022). Furthermore, SI mice showed signs of 
neuroinflammation through activation of the NF-kB signaling pathway 
that triggered microglia morphological changes (Al Omran et al., 2022). 
Additionally, we demonstrated that SI induces an alteration in mito-
chondrial energy metabolism represented by a reduction in ATP level 
(Silva et al., 2020). Neuroinflammation negatively impacts mitochon-
drial viability and contributes to neuronal excitotoxicity, oxidative 
stress damage, energy depletion, neurogenesis impairment, and even-
tually neuronal death (Li et al., 2017; Banagozar Mohammadi et al., 
2019). Therefore, distressed mitochondria also provoke further neuro-
inflammation, creating a constant pathological cycle between neuro-
inflammation, mitochondrial impairment, oxidative stress, and 
neurotoxicity. In the present study, we further investigated the effect of 
psychological stress on mitochondrial function, the antioxidative de-
fense system, autophagy, and the brain-derived neurotrophic factor 
(BDNF) pathway utilizing a SI mouse model. Moreover, we investigated 
the impact of repeated SI stress on mitochondrial function, oxidative 
stress, autophagy, and the BDNF pathway. These observations were 
examined in the prefrontal cortex (PFC) due to its essential role in 
regulating fear and anxiety emotions by integrating inputs from the 
amygdala and the hippocampus (Burgos-Robles et al., 2009). 

Previously, we have shown that dihydromyricetin (DHM) [(2R,3R)- 
3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-2,3-dihydrochromen-4- 
one], a primary plant bioactive flavonoid extracted from Ampelopsis 
grossedentata, is a positive modulator of the GABAA receptor (GABAAR) 
(Silva et al., 2020; Liang et al., 2014). It antagonizes the detrimental 
effects of acute and chronic ethanol consumption on GABAARs in animal 
models (Liang et al., 2014; Shen et al., 2012). Furthermore, we previ-
ously demonstrated that DHM exerts anxiolytic effects in SI mouse 
model by improving GABAergic neurotransmission and GABAAR func-
tion (Silva et al., 2020). Therefore, DHM’s effect on GABA provides one 
possible mechanism for its ability to improve anxiety-like behaviors in SI 
mice. Notably, GABAergic transmission impairment is a primary factor 
in neurotoxicity that provokes a chain of events, including mitochon-
drial dysfunction, changes in antioxidant enzyme activity, oxidative 
stress, and neuroplasticity dysfunction. This triggers several cellular 
pathways leading to behavioral deficits (Chanana and Kumar, 2016; Zhu 
et al., 2019). Therefore, studying the effects of DHM on mitochondria, 
antioxidative enzyme activity, and BDNF is essential in elucidating the 
mechanism of DHM’s anxiolytic action. This study will help gain insight 
into the cellular and molecular aspects of anxiety disorders, which is a 
crucial step in developing novel and effective therapeutics. In addition, 
this study will expand our understanding of DHM’s anxiolytic mecha-
nisms and set the stage for DHM to be a therapy for anxiety disorders. 

2. Methods 

2.1. Animals and treatment 

2.1.1. Experimental design 
Eight-week-old male C57BL/6 mice (Charles River Laboratories) 

were housed in the vivarium under controlled temperature, humidity, 
and 12 h light/dark cycles with free access to food and water. All animal 
experiments were performed according to the protocols approved by the 
University of Southern California (USC) Institutional Animal Care and 
Use Committee. Mice were randomly assigned to either a group-housed 
group (2–4 mice/cage) or an isolated group. SI mice were singly housed 
in opaque-walled cages with reduced bedding, no environmental en-
hancers (toys/objects), and minimal human handling with the exception 
of weekly cage changes. The treatment groups were organized as 
described below: 

A. Social isolation (SI) for 4 weeks phase: Animals were either 
grouped or singly housed for 2 weeks, followed by 2 weeks of treatment 
(Fig. 1A).  

1. Group-housed, 2–4 mice/cage, and administered vehicle (sucrose) 
(G + V), n = 11  

2. Group-housed, 2–4 mice/cage, and administered DHM 2 mg/kg (G 
+ D), n = 11  

3. Social-isolated, single-housed, and administered vehicle (sucrose) 
(SI + V), n = 14  

4. Social-isolated, single-housed, and administered DHM 2 mg/kg (SI 
+ D), n = 14 

After the 4-week-SI phase, four mice from each group were randomly 
selected to test the effect of anxiety withdrawal, followed by a second 
isolation period. Mice designated for the isolation group were group- 
housed for 4 weeks, followed by another 4 weeks of isolation. The 
group-housed mice were grouped in the same cage for the rest of the 
experiment period as shown in (Fig. 1B). 

B. Social isolation withdrawal period followed by repeated so-
cial isolation phase:  

1. Group-housed, 2–4 mice/cage and administered vehicle (sucrose) (G 
+ V), n = 4  

2. Group-housed, 2–4 mice/cage and administered DHM 2 mg/kg (G +
D), n = 4  

3. Isolated, single-housed, and administered vehicle (sucrose) (R–SI +
V), n = 4  

4. Isolated, single-housed, and administered DHM 2 mg/kg (R–SI + D), 
n = 4 

This model has been used in our previous studies and consistently 
exhibits anxious behaviors. A detailed protocol of the model can be 
found on Watanabe et al., 2022 (DOI:10.3791/64567). Anxiety behav-
iors based on open field test and elevated plus maze of these mice can be 
found on Al Omran et al., 2022. The same mice cohort/samples were 
used in this study. 

2.1.2. Drug preparations 
DHM (HPLC purified ≥98%, Master Herbs Inc., Pomona, CA) was 

given orally as an agar cube once per day (2 mg/kg) for 2 weeks (Silva 
et al., 2020). DHM and vehicle agar cubes were prepared using 3% agar 
with water and then heated to ~90 ◦C to dissolve the agar. Subse-
quently, DHM + 5% sucrose (for DHM group) or 5% sucrose only (for 
vehicle group) was added and mixed until cooled and solidified. Then, 
the agar was cut into cubes of 0.5 × 0.5 × 0.5 cm each. 

2.1.3. Drug administration 
During the dark cycle, the mice were given DHM or vehicle by 

placing the agar cube in a 50 × 50 × 8 mm weighing dish and placing it 
in the cage after removing all food. To give the treatment for group- 
housed, mice were separated, fed DHM or vehicle, and then returned 
to the group housing cage. All animals were observed to ensure complete 
consumption of agar, which took 30–90 min. 

2.1.4. Hydrogen peroxide assay 
Mice were dissected after 4 weeks of social isolation and 12 weeks of 

repeated social isolation. The amount of H2O2 in the prefrontal cortex 
(PFC) tissue was measured using a hydrogen peroxide assay kit 
(ab102500, Abcam, Cambridge, MA, USA) according to the manufac-
turer’s instructions. The PFC tissues were collected and lysed in ice-cold 
assay buffer provided by the kit. The supernatants were collected, 
deproteinized, and incubated in a working solution containing OxiRed 
probe and horseradish peroxidase (HRP). The intensity of the color 
developed was measured at 570 nm using a Synergy H1 Hybrid Multi- 
Mode Reader (BioTek). 
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2.2. Mitochondria complex assays 

The colorimetric complex enzyme activity assay kits (ab109721, 
ab109908, and ab109911, Abcam, Cambridge, MA, USA) were used to 
detect the activity of complexes I, II, and IV in isolated mitochondria 
from the PFC. Mitochondria were isolated according to the manufac-
turer’s guidelines (ab110168, Abcam) and 25 μg of mitochondria were 
loaded per well. After sample preparation and plate incubation, based 
on the manufacturer’s guidelines, samples were read at 450 nm in 1-min 
intervals for 30 min for complex I, 600 nm in 20-s intervals for 60 min 
for complex II, and 550 nm in 1-min intervals for 2 h for complex IV. All 
readings were performed between 25 and 30 ◦C using Synergy H1 
Hybrid Multi-Mode Reader (BioTek). The linear rate of increase in 
absorbance at OD 450 nm, 600 nm, or 550 nm were calculated over time 
and plotted on a bar graph using the equation provided on the 
guidelines:  

Rate mOD/min = (Absorbance1 – Absorbance2)/(Time1 – Time2)                 

2.2.1. Western blot analysis 
Equal protein concentrations of PFC homogenates were separated on 

10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
then transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, 
CA). Membranes were blocked in 5% skim milk in 1X Tris-buffered sa-
line with Tween 20 (TBST) for 1 h at room temperature. Membranes 
were then incubated overnight (4 ◦C) with either mouse anti-mouse 
OxPhos antibody cocktail (Thermo Fisher 45–8099, 1:200), mouse 
anti-mouse β-actin (Cell Signaling 4970, 1:1000), rabbit anti-mouse 
(mAb) SOD-2 (Cell Signaling 13141, 1:1000), rabbit mAb HO-1 (Cell 
Signaling 86806, 1:1000), rabbit mAb PRDX-3 (Abcam ab73349, 
1:1000), rabbit mAb GPX-4 (Cell Signaling 52455, 1:1000), Bcl-1 rabbit 
mAb Cell Signaling 42406, 1:1000), p62 rabbit mAb Cell Signaling 
23214, 1:1000), BDNF (Cell Signaling 47808, 1:1000), p-TrkB (Abcam 
ab229908, 1:1000), p44/42 MAPK (Erk1/2) (Cell Signaling L34F12, 
1:1000), Phospho-p44/42 MAPK (Erk1/2) (Cell Signaling D13.14.4E, 
1:1000). After washing three times with 1X TBST, the membranes were 
incubated in a secondary antibody goat anti-rabbit IgG or goat anti- 

mouse (Bio-Rad 1706515 and 1706516) in 1X TBST for 1 h. Blots 
were subsequently developed with an enhanced chemiluminescence 
(ECL) system (Bio-Rad 1705061) and visualized using a Chemi-Doc (Bio- 
Rad) imaging device. 

2.2.2. SOD activity 
The colorimetric superoxide dismutase activity assay kit (ab65354, 

Abcam, Cambridge, MA, USA) was used to detect the activity of SOD in 
PFC homogenates. According to the manufacturer’s instructions, each 
sample requires three blanks to calculate the inhibition rate in a 96 well 
plate. Blank-1 contained dH2O + enzyme working solution, blank-2 with 
sample alone, and blank-3 with dH2O alone in addition to the fourth 
well of the sample + enzyme working solution. The intensity of the 
developed color was measured at λ = 450 nm using Synergy H1 Hybrid 
Multi-Mode Reader (BioTek). The OD values were used to calculate the 
SOD activity expressed as the inhibition rate following the equation 
listed in the instruction.  

SOD Activity (inhibition rate %) = [(blank1− blank3)− (sample− blank2) ×
100]/ (blank1− blank                                                                         3)  

2.3. ELISA analysis 

PFC tissue lysates were homogenized in RIPA lysis buffer (89900, 
Thermo Scientific, Milford, MA). The homogenates were then used to 
quantify BDNF protein concentration using an ELISA kit and following 
the manufacturer’s protocol (DBNT00, R&D Systems, Minneapolis, MN, 
USA). The intensity of the color developed was measured using a Syn-
ergy H1 Hybrid Multi-Mode Reader (BioTek). 

2.4. Statistical analysis 

All assays were performed at least three times. The data were pre-
sented as the mean ± standard error of the mean using GraphPad Prism 
9 (GraphPad Software, Inc., La Jolla, CA). We performed two-way 
analysis of variance (ANOVA, two factors: housing and treatment with 
interaction term) and report the F value of the interaction and its p 

Fig. 1. Study design and timeline of the experiments. (A) Mice were single housed for 2 weeks followed by 2 weeks of DHM 2 mg/kg treatment. (B) Mice were single 
housed for 2 weeks followed by 2 weeks of DHM 2 mg/kg treatment. The same group of mice was group-housed (SI-withdrawal) for 4 weeks, then another 2 weeks 
repeated SI, then 2 weeks of DHM 2 mg/kg treatment. The group-housed mice (G + V and G + D) remained group-housed for the entire length of the study. 
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value. We then perform Holm-Sidak multiple comparison test (Sigma-
Stat, version 3.5), and the significance level was set at p ≤ 0.05. 

3. Results 

3.1. The effect of social isolation, repeated social isolation, and DHM 
treatment on reactive oxygen species (ROS) formation and mitochondrial 
complex I, II, and IV protein expression 

To assess the levels of reactive oxygen species (ROS) production after 
SI, hydrogen peroxide (H2O2) activity was measured. H2O2 is a common 
reactive oxygen metabolic byproduct and a potent inducer of oxidative 
stress (Hou et al., 2015). The level of H2O2 was substantially higher 
(interaction term F = 4.272, p = 0.026) in SI + V (0.134 ± 0.0137 
nmol/mg) and repeated SI R–SI + V (0.143 ± 0.015) vs G + V (0.0402 
± 0.0125 nmol/mg). The detected level of H2O2 was significantly lower 
in SI + D (0.0803 ± 0.0177) and R–SI + D (0.083 ± 0.0177) following 
DHM 2 mg/kg treatment (Fig. 2A). Additionally, this observation was 
consistent even after a period of SI stress discontinuation followed by 
repeated SI. 

ROS are produced in the mitochondria at various locations on the 
electron transport chain (ETC), complex proteins necessary for mito-
chondrial respiration (Indo et al., 2007). Because stress is known to play 
a role in ROS production, protein levels were analyzed in the five 
mitochondrial complexes that comprise the ETC (Zlatković and Fili-
pović, 2013). Significant reductions in the expression (interaction term 
F = 2.273, p = 0.03) of C–I (0.574 ± 0.035), C-II (0.440 ± 0.098), and 
C-IV (0.503 ± 0.129) were identified in SI + V compared to the control 
G + V C–I (1.116 ± 0.115), C-II (0.851 ± 0.116), and C-IV (1.052 ±
0.152). DHM treatment restored the protein expressions of C–I (0.983 ±
0.139), C-II (0.780 ± 0.098), and C-IV (1.036 ± 0.120) in SI + D group 
relative to the SI + V (Fig. 2C, D, F). SI did not influence the protein 
expressions of C-III and C–V (Fig. 2E, G). 

To examine the functional impact of the reduction of these protein 

levels, we performed a colorimetric complex activity assay on complexes 
I, II, and IV. Activities were significantly reduced in all three complexes 
of SI + V, C–I (F = 2.273, p = 0.03) (5.152 ± 1.010), C-II (F = 6.151, p =
0.021) (1.416 ± 0.1435), and C-IV (F = 3.679, p = 0.03) (2.203 ±
0.6186), compared to the controls G + V, C–I (15.62 ± 0.9292), C-II 
(4.002 ± 0.5492), and C-IV (8.832 ± 1.780) (Fig. 3). DHM restored the 
function of C–I (13.79 ± 3.576) and C-IV (7.246 ± 1.427), but not quite 
in C-II (2.850 ± 0.3758) (Fig. 3B). 

3.2. Social isolation and repeated social isolation enhance the activities of 
mitochondrial antioxidative enzymes, while DHM normalizes them 

The activity and protein levels of the mitochondrial antioxidant en-
zymes superoxide dismutase 2 (SOD2), heme oxygenase-1 (HO-1), 
peroxiredoxin-3 (PRDX3), and glutathione peroxidase 4 (GPX4) were 
measured to determine the effects of SI and DHM on the mitochondria’s 
antioxidant defense system. Superoxide anions (O2

− ) are a byproduct of 
phosphorylation that can damage the ETC and other components of the 
mitochondria. All four proteins are involved in the protection from or 
response to oxidative stress. SOD2 converts superoxide radicals into less 
reactive H2O2 molecules, preventing further damage (Storz et al., 2005). 
HO-1 is an enzyme that has been implicated in the regulation of stress 
and the cell’s adaptive response to oxidative injury (Chen et al., 2000). 
PRDX3 prevents ROS from harming the mitochondria by efficiently 
removing H2O2 from the mitochondrial matrix (Chen et al., 2008). GPX4 
is a part of the glutathione redox cycle, which is an important line of 
defense against H2O2 and lipid hydroperoxides (Imai and Nakagawa, 
2003; Ran et al., 2006). Colorimetric analyses and Western blot were 
used to determine the activity and protein ratios, respectively. The ac-
tivity of total SOD enzyme in SI + V (F = 5.384, p = 0.011) (106.9 ±
5.93, p = 0.002) was substantially higher than G + V (83.88 ± 5.76). 
DHM treatment (SI + D) reduced the level of total SOD to 75.90 ± 7.66 
(Fig. 4C). Additionally, the protein expression of antioxidant enzymes 
SOD2 (F = 5.384, p = 0.01) (1.787 ± 0.188), HO-1 (F = 3.727, p = 0.03) 

Fig. 2. SI mice exhibit an increase in H2O2 Levels and a decrease in mitochondrial complexes I, II, and IV, while DHM normalizes them. (A) The levels of H2O2 nmol/ 
mg of PFC tissue after 4 weeks of SI (SI + V), repeated SI (R–SI + V), and after DHM treatment (SI + D, R–SI + D). (B) Representative Western blots of OxPhos 
proteins expression in ETC C–V (50 kDa), C-III (48 kDa), C-IV (35 kDa), C-II (25 kDa), C–I (17 kDa), and β-actin (42 kDa). (C, D, E, F, and G) Quantitative analysis 
ratio of C–I, C-II, C-III, C-IV, and C–V. Values were normalized by the corresponding β-actin. Data are presented as mean ± SEM values (n = 4–6 for A, n = 7 for C, D, 
E, F, and G). Two-way ANOVA followed by multiple comparisons, Holm-Sidak’s method *p < 0.05 vs. G + V, #p < 0.05 vs. SI + V or R–SI + V. 
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(1.584 ± 0.154), and GPX4 (F = 5.911, p = 0.006) (1.754 ± 0.184) were 
significantly higher in SI + V compared to the control (G + V). DHM 
treatment after SI (SI + D) showed protein expression levels similar to 
the control: SOD2 (1.218 ± 0.163), HO-1(1.282 ± 0.154), PRDX3 (1.28 
± 0.354), and GPX4 (1.185 ± 0.184) (not statistically different from G 
+ V group). The G + D group showed a significant increase compared to 
G + V for SOD2 (1.398 ± 0.115), HO-1 (1.316 ± 0.109), and GPX4 
(1.409 ± 0.130), except PRDX3 (1.56 ± 0.26) did not show the differ-
ence (Fig. 4D, E, F, and G). Furthermore, the level of PRDX3 (2.047 ±
0.364) and GPX4 (1.675 ± 0.184) in R–SI + V was upregulated after 
repeated SI compared to the control. Meanwhile, the levels of HO-1 
(1.088 ± 0.169), PRDX3 (1.672 ± 0.364), and GPX4 (1.292 ± 0.184) 
in R–SI + D group showed similar protein expression to the control G +
V group (Fig. 4E, F, G). SOD2 expression level did not change among all 
treatment groups after repeated SI (Fig. 4D). 

3.3. Social isolation and repeated social isolation affect Bcl-1 and p62 
protein expression, while DHM normalizes them 

Beclin-1 (Bcl-1) and sequestosome 1 (SQSTM1/p62) are involved in 
the autophagy mitochondrial-dependent apoptosis pathway that is 
activated in response to ROS and oxidative insults (Shefa et al., 2019). 
Therefore, we assessed the protein expression of Bcl-1 and p62 after SI 
and repeated SI. The level of Bcl-1 (1.072 ± 0.121) after SI did not show 
a reduction, yet p62 (F = 1.727, p = 0.004) (0.704 ± 0.083) demon-
strates a reduction compared to G + V (0.978 ± 0.083). Furthermore, 
the protein expressions of Bcl-1 (F = 6.970, p = 0.004) (0.493 ± 0.135) 
and p62 (F = 6.126, p = 0.006) (0.65 ± 0.083) in R–SI + V were 
decreased compared to the group-housed (G + V). Administration of 
DHM after repeated SI (R–SI + D) restored the level of p62 (0.955 ±
0.083) (Fig. 5D). 

3.4. Social isolation and repeated social isolation modulate BDNF-TrkB 
signaling pathway, while DHM improves them 

BDNF plays a crucial role in neuroprotection via activation of 
tropomyosin-related kinase B (TrkB) receptor (Ji et al., 2016). Once 
BDNF binds to its receptor, TrkB, several transcriptional cascades are 
activated, including the extracellular signal-regulated MAP kinase 
(Erk1/2) pathway (Mao et al., 2015). BDNF has also been shown to 
increase neuronal mitochondrial respiration through complex I 
enhancement, via the MAP kinase pathway (Mattson, 2007). To explore 
the effect of SI on neuronal mediators, the protein levels of BDNF, TrkB, 
and Erk1/2 in PFC homogenates were measured using ELISA and 
Western blot. The results revealed that SI and repeated SI induced a 
significant reduction in the BDNF levels in SI + V (F = 5.457, p = 0.048) 

(4.844 ± 0.112 pg/mg) relative to G + V (5.711 ± 0.105 pg/mg). DHM 
treatment reversed this effect in SI + D (5.743 ± 0.119 pg/mg). The 
BDNF normalized to β-actin in R–SI + V was 0.657 ± 0.114 vs. the 
control G + V (set as 1) (Fig. 6C and D). DHM treatment reversed this 
effect in R–SI + D (1.058 ± 0.242). Additionally, the normalized phos-
phorylated TrkB (p-TrkB) protein expression reduced after repeated SI 
(F = 1.614, p = 0.001) (0.607 ± 0.146). DHM treatment restored the 
level of p-TrkB in SI + D (1.128 ± 0.158) and in R–SI + D (1.028 ±
0.127) (Fig. 6E). SI induced a reduction in normalized phosphorylated 
Erk p42 (p-Erk p42) (F = 1.078, p = 0.03) (0.663 ± 0.109) and phos-
phorylated Erk p44 (p-Erk p44) (F = 3.164, p = 0.05) (0.452 ± 0.146) in 
SI + V, while DHM treatment (SI + D) improved p-Erk p42 (1.133 ±
0.102) and p-Erk p44 (1.310 ± 0.146) protein expression (Fig. 6G and I). 
The protein expression of p-Erk p42 (0.831 ± 0.116) and p-Erk p44 
(0.761 ± 0.164) after repeated SI (R–SI + V) were slightly decreased 
(Fig. 6G and I). 

4. Discussion 

Social isolation is considered a common psychological stressor, 
inducing pathological changes in the neuroendocrine system, immune 
system, neurotrophic factors, and mitochondrial functions (Mumtaz 
et al., 2018; Murínová et al., 2017; Chan et al., 2017; Calcia et al., 2016; 
Möller et al., 2013). In the present study, we demonstrated that 
short-term SI disrupted mitochondrial activity through reduction and 
impairment in C–I, C-II, and C-IV in the ETC. Additionally, SI increased 
ROS and several mitochondrial antioxidative enzymes, including SOD2, 
HO-1, PRDX-3, and GPX4. Moreover, disbalance in the autophagy pro-
cesses and the BDNF-TrkB pathway were attributed to SI. We also found 
that repeated SI induced equivalent effects on ROS production, anti-
oxidative enzymes, autophagy, and the BDNF-TrkB pathway. 

ROS is the downstream product of mitochondrial energy production 
and plays an essential role in cellular homeostasis under normal physi-
ological conditions (Schieber and Chandel, 2014; Diebold and Chandel, 
2016). Under stressful conditions, however, ETC subunits undergo 
disruption resulting in ROS accumulation that leads to oxidative stress 
damage (Andreazza et al., 2010; Xing et al., 2013). ROS accumulation 
contributes to the prolonged activation of microglia and astrocytes, 
causing persistent neuroinflammation, further ROS production, and 
additional oxidative damage (Wang et al., 2004, 2018). This statement is 
consistent with our previous findings, where short-term SI induced 
overactivated microglia and reduced astrocyte plasticity (Al Omran 
et al., 2022; Watanabe et al., 2022). Eventually, this series of events 
drive alterations to synaptic plasticity and neurotransmission activities, 
particularly the GABAergic system, which eventually result in multiple 
behavioral deficits and anxiety disorders. Reflective of this pathway, our 

Fig. 3. SI mice exhibit a decreased function in mitochondrial complexes I, II, and IV, while DHM normalizes complex I and IV function. Function of C–I (A), C-II (B), 
and C-IV (C) in ETC reported as the change in mOD/min based on a colorimetric assay. Data are presented as mean ± SEM values (n = 6). Two-way ANOVA followed 
by multiple comparisons, Holm-Sidak method. *p ≤ 0.05, vs G + V, #p ≤ 0.05 vs SI + V. 
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previous study found impaired GABAergic transmission in SI mice (Silva 
et al., 2020). Considering this causative relation between neuro-
inflammation and mitochondrial viability, we assessed the level of ROS 
production after SI and repeated SI. Our results indicated a significant 
increase in H2O2 levels in SI and repeated SI (Fig. 3A). Several studies 
strongly suggested that the level of ROS production is an indicator of 
mitochondrial impairment in the SI anxiety model (Shao et al., 2015; 
Todorović et al., 2016). Combined with our previous findings, 
SI-induced anxiety is a cycle of ROS accumulation, ETC disruption, 
persistent neuroinflammation, and GABAergic impairment. 

Mitochondria play a predominant role in ATP production, intercel-
lular calcium signaling, and ROS production and elimination balance. 
These functions are essential in sustaining and executing the complex 
functions of neurotransmission and synaptic plasticity (Obashi and 
Okabe, 2013; Billups and Forsythe, 2002; Chang et al., 2006). Mito-
chondrial protein complexes that constitute the ETC are vital to mito-
chondrial energy production through oxidative phosphorylation 

(OXPHOS). The viability of the complexes in the ETC is a major indicator 
of mitochondrial functionality (Indo et al., 2007). We evaluated the 
protein expression of mitochondria complexes after SI and found a 
reduction in C–I, C-II, and C-IV protein expression (Fig. 2C, D, F) and 
function (Fig. 3). This finding is consistent with other studies that 
showed different anxiety animal models exhibit an impairment in C–I, 
C-II, and C-IV functions (Hollis et al., 2015; Perić et al., 2018; Gebara 
et al., 2021). ETC subunit disruptions contribute to the pathology of 
neuropsychiatric and neurodegenerative disorders such as anxiety, 
depression, PTSD, and dementia (Rammal et al., 2008; Sarandol et al., 
2007; Tezcan et al., 2003). DHM was able to restore C–I, C-II, and C-IV 
expression and C–I and C-IV function (Fig. 2C, D, F and Fig. 3A, C). 
Restoration of C-II expression but not function warrants further inves-
tigation. Though speculative, two weeks of DHM may not have been 
enough time for C-II function to recover. Overall, these results suggest 
that DHM has pharmacotherapeutic effects on C–I and C-IV, which 
subsequently improves ROS levels in the PFC. 

Fig. 4. Modulation of mitochondrial antioxidant enzymes activity and protein levels induced by SI, repeated SI, and DHM treatment. (A, B) Representative Western 
blot of proteins expression of SOD2, HO-1, PRDX-3, GPX4, and β -actin. (C) Total SOD activity is represented as percent inhibition of H2O2. (D, E, F, and G) SOD2, 
HO-1, PRDX-3, and GPX4 antioxidant capacity were detected by measuring the protein expression of each antioxidant enzyme using western blot, and the values 
were normalized by the corresponding β-actin. Data in D-G are normalized to G + V and presented as the mean ± SEM. Two-way ANOVA followed by multiple 
comparisons, Holm-Sidak’s method *p < 0.05 vs. G + V, #p < 0.05 vs. SI + V or R–SI + V. 
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Mitochondria also produce several antioxidative enzymes to elimi-
nate the harmful ROS, such as SOD2, HO-1, PRDX-3, and GPX4 (Hollis 
et al., 2015; Filipović et al., 2017). The levels of antioxidative enzymes 
are a distinct indicator of mitochondrial viability. Our results indicated 
increases in total SOD activity and SOD2 protein expression following SI 
(Fig. 4C and D). This increase was normalized by DHM treatment to a 
level relevant to the control. The SOD2 activity and protein expression in 
SI was closer to DHM treated group-housed, which potentially suggests a 
stress compensation mechanism. Our present data are consistent with 
several studies of SI-induced anxiety that showed an increase in SOD 
activity after SI (Krolow et al., 2012). SI and repeated SI also enhanced 
the expression of HO-1, PRDX-3, and GPX4, while DHM treatment 
reversed these effects (Fig. 4E, F, G). Combined, our results indicate that 
SI correlates with an increase in antioxidant activity protein expression 
as a compensatory mechanism, while DHM has a pharmacologic effect 
on normalizing these levels by reducing overall oxidative stress. 

Autophagy is a vital process of selective degradation of cellular 
components. In the central nervous system (CNS), autophagy sustains 
neuronal integrity and maintains neuroplasticity via regulating the 
clustering of synaptic vesicles and facilitating synaptic pruning (Niko-
letopoulou et al., 2017). Therefore, autophagy dysregulation has been 
proposed to be associated with various neuropsychological disorders 
(Pierone et al., 2020). At the cellular level, proper mitophagy, a process 
essential for mitochondria quality control in the CNS, is essential to 
prevent ROS accumulation by eliminating the cytosolic mitochondrial 
DNA (Nakahira et al., 2011). Downregulation of autophagy-related 
proteins such as Bcl-1 and SQSTM1/p62 has been associated with 
impairment of autophagy/mitophagy and, ultimately, development of 
behavioral deficits (Geng et al., 2019). In the current study, social 
isolation for four weeks did not show a significant difference in Bcl-1, 
but a reduction in p62 was observed. However, repeated SI induced 
downregulation of both Bcl-1 and p62 (Fig. 5). DHM treatment allevi-
ated the reduction of Bcl-1 and p62 protein expression and restored 
autophagy. This finding is consistent with multiple studies that showed a 
reduction in Bcl-1 and p62 in stress-related models (Geng et al., 2019; 
Zheng et al., 2017; Yang et al., 2017; Wang et al., 2019; Einat et al., 
2005). Collectively, these results indicated that autophagy functionality 
decreased progressively after multiple SI episodes. This reduction 

contributes to insufficient mitophagy, resulting in increased oxidative 
stress. Two weeks of DHM treatment counteracted these changes. 

Several preclinical and clinical studies have demonstrated a causal 
relationship between BNDF dysfunction and anxiety, depression, and 
cognitive behaviors (Suliman et al., 2013; Ieraci et al., 2016). Impor-
tantly, BDNF responds to increased energy demands by enhancing 
mitochondrial respiratory coupling at complex I (Mattson et al., 2008). 
The present study demonstrated a reduction in the PFC BDNF-TrkB 
pathway and p-Erk1/2 expression following SI and repeated SI 
(Fig. 6). This reduction was improved by DHM administration. These 
findings suggest that mitochondrial complex dysfunction is related to 
BDNF reduction, where respiratory coupling is impaired at complex I. 
DHM restores BDNF levels and thereby restores C–I function. The exact 
relationship between BDNF reduction, downstream pathway, and ETC 
disruption is of interest for further investigation. 

One limitation of the current study is that the number of mice in 
repeated SI groups was low. Therefore, despite the trend of reduction in 
antioxidative enzymes and p-Erk1/2 that was observed, the power was 
not deemed high enough to promote statistical significance. Further 
studies looking at other anxiety-related brain regions, such as the hip-
pocampus and amygdala, are necessary to analyze the connections be-
tween these regions and further verify the therapeutic effect of DHM. 
Moreover, while we found several effects of DHM on SI-induced anxiety, 
based on this study, we cannot pinpoint where DHM majorly acts. Future 
studies will incorporate inhibitors or knockout models to investigate the 
root target of DHM as well as the mechanism of SI-induced anxiety. As 
this study only included male mice, future studies will also incorporate 
female mice. 

Overall, the current results suggest that DHM produces its anxiolytic 
effects by modulating the function of mitochondria, reducing oxidative 
stress, maintaining antioxidant levels, normalizing autophagy, and 
enhancing BDNF. Additionally, since DHM counteracts the impact of 
repeated social isolation stress, our findings suggest that DHM can 
provide long-term protection against stress-induced CNS impairment 
and behavioral consequences. Combined with our previous findings that 
DHM counteracts neuroinflammatory effects (Al Omran et al., 2022; 
Watanabe et al., 2022), DHM acts as a neuroprotective agent by 
modulating the glial-mitochondrial pathway and therefore restoring 

Fig. 5. Modulation of Bcl-1 and SQSTM1/ 
p62 after SI, repeated SI, and DHM treat-
ment. (A, B) Representative blots of Bcl-1 
and SQSTM1/p62 after 4 weeks of SI and 
repeated SI and 2 weeks of DHM treatment, 
2 mg/kg (C, D) Quantified relative values of 
protein expression of Bcl-1 and SQSTM1/ 
p62 after SI, repeated SI, and 2 weeks of 
DHM 2 mg/kg β-actin was used as a loading 
control. Data are presented as the mean ±
SEM (n = 4–7). Two-way ANOVA followed 
by multiple comparisons, Holm-Sidak’s 
method *p < 0.05 vs. G + V, #p < 0.05 vs. 
SI + V or R–SI + V.   
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GABAergic neurotransmission. It would be of interest to identify 
whether DHM reduces neuroinflammation by restoring ETC function or, 
vice versa, restores ETC function by reducing neuroinflammation. 
Exploring this question will also shed light on the pathophysiology of 
anxiety. 
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Fig. 6. Reduction of BNDF, p-TrkB, p-Erk p42, and p-Erk p44 protein levels after SI and repeated SI; DHM improves them. (A, B) Representative blots of BDNF, p- 
TrkB, t-Erk p42, p-Erk p42, t-Erk p44, and p-Erk p44. (C) Quantitative measurement of BDNF protein levels after SI and 2 mg/kg DHM treatment in PFC homogenates 
using ELISA. (D, E, F, G, H, and I) Quantified the relative values of protein expression of BDNF after repeated SI along with p-TrkB, t-Erk p42, p-Erk p42, t-Erk p44, 
and p-Erk p44 values after SI, repeated SI, and 2 weeks of DHM 2 mg/kg treatment. β-actin was used as a loading control and data in E-I are normalized to G + V. Data 
are presented as the mean ± SEM (n = 4–7). Two-way ANOVA followed by multiple comparisons, Holm-Sidak’s method *p < 0.05 vs. G + V, #p < 0.05 vs. SI + V or 
R–SI + V. 
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Mitochondrial function in the brain links anxiety with social subordination. Proc. 
Natl. Acad. Sci. U. S. A. 112 (50), 15486–15491. 

Hou, X., Tong, Q., Wang, W., Xiong, W., Shi, C., Fang, J., 2015. Dihydromyricetin 
protects endothelial cells from hydrogen peroxide-induced oxidative stress damage 
by regulating mitochondrial pathways. Life Sci. 130, 38–46. 

Ieraci, A., Mallei, A., Popoli, M., 2016. Social isolation stress induces anxious-depressive- 
like behavior and alterations of neuroplasticity-related genes in adult male mice. 
Neural Plast. 2016, 6212983. 

Imai, H., Nakagawa, Y., 2003. Biological significance of phospholipid hydroperoxide 
glutathione peroxidase (PHGPx, GPx4) in mammalian cells. Free Radic. Biol. Med. 
34 (2), 145–169. 

Indo, H.P., Davidson, M., Yen, H.C., Suenaga, S., Tomita, K., Nishii, T., et al., 2007. 
Evidence of ROS generation by mitochondria in cells with impaired electron 
transport chain and mitochondrial DNA damage. Mitochondrion 7 (1–2), 106–118. 

Ji, L.L., Peng, J.B., Fu, C.H., Cao, D., Li, D., Tong, L., et al., 2016. Activation of Sigma-1 
receptor ameliorates anxiety-like behavior and cognitive impairments in a rat model 
of post-traumatic stress disorder. Behav. Brain Res. 311, 408–415. 

Kessler, R.C., Birnbaum, H.G., Shahly, V., Bromet, E., Hwang, I., McLaughlin, K.A., et al., 
2010. Age differences in the prevalence and co-morbidity of DSM-IV major 
depressive episodes: results from the WHO World Mental Health Survey Initiative. 
Depress. Anxiety 27 (4), 351–364. 

Klinenberg, E., 2016. Social isolation, loneliness, and living alone: identifying the risks 
for public health. Am. J. Publ. Health 106 (5), 786–787. 

Krolow, R., Noschang, C., Weis, S.N., Pettenuzzo, L.F., Huffell, A.P., Arcego, D.M., et al., 
2012. Isolation stress during the prepubertal period in rats induces long-lasting 
neurochemical changes in the prefrontal cortex. Neurochem. Res. 37 (5), 
1063–1073. 

Li, C., Li, M., Yu, H., Shen, X., Wang, J., Sun, X., et al., 2017. Neuropeptide VGF C- 
terminal peptide TLQP-62 alleviates lipopolysaccharide-induced memory deficits 
and anxiety-like and depression-like behaviors in mice: the role of BDNF/TrkB 
signaling. ACS Chem. Neurosci. 8 (9), 2005–2018. 

Liang, J., López-Valdés, H.E., Martínez-Coria, H., Lindemeyer, A.K., Shen, Y., Shao, X.M., 
et al., 2014. Dihydromyricetin ameliorates behavioral deficits and reverses 
neuropathology of transgenic mouse models of Alzheimer’s disease. Neurochem. 
Res. 39 (6), 1171–1181. 

Loades, M.E., Chatburn, E., Higson-Sweeney, N., Reynolds, S., Shafran, R., Brigden, A., 
et al., 2020. Rapid systematic review: the impact of social isolation and loneliness on 
the mental health of children and adolescents in the context of COVID-19. J. Am. 
Acad. Child Adolesc. Psychiatry 59 (11), 1218–1239 e3.  

Mao, X.Y., Cao, Y.G., Ji, Z., Zhou, H.H., Liu, Z.Q., Sun, H.L., 2015. Topiramate protects 
against glutamate excitotoxicity via activating BDNF/TrkB-dependent ERK pathway 
in rodent hippocampal neurons. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 60, 
11–17. 

Mattson, M.P., 2007. Mitochondrial regulation of neuronal plasticity. Neurochem. Res. 
32 (4–5), 707–715. 

Mattson, M.P., Gleichmann, M., Cheng, A., 2008. Mitochondria in neuroplasticity and 
neurological disorders. Neuron 60 (5), 748–766. 
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Murínová, J., Hlaváčová, N., Chmelová, M., Riečanský, I., 2017. The evidence for altered 
BDNF expression in the brain of rats reared or housed in social isolation: a systematic 
review. Front. Behav. Neurosci. 11, 101. 

A.J. Al Omran et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S2352-2895(22)00074-1/sref1
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref1
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref1
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref2
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref2
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref2
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref3
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref3
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref3
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref3
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref3
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref4
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref4
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref4
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref5
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref5
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref5
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref6
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref6
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref6
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref7
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref7
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref7
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref8
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref8
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref8
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref8
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref9
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref9
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref9
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref10
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref10
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref10
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref10
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref11
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref11
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref12
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref12
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref13
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref13
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref13
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref14
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref14
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref14
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref15
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref15
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref16
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref16
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref16
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref16
https://adaa.org/understanding-anxiety/facts-statistics
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref18
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref18
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref18
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref19
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref19
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref19
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref19
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref20
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref20
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref20
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref20
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref21
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref21
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref21
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref22
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref22
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref22
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref23
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref23
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref23
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref24
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref24
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref24
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref25
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref25
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref25
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref26
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref26
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref26
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref27
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref27
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref27
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref28
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref28
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref28
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref28
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref29
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref29
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref30
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref30
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref30
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref30
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref31
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref31
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref31
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref31
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref32
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref32
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref32
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref32
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref33
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref33
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref33
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref33
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref34
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref34
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref34
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref34
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref35
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref35
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref36
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref36
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref37
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref37
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref37
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref37
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref38
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref38
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref38
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref39
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref39
http://refhub.elsevier.com/S2352-2895(22)00074-1/sref39


Neurobiology of Stress 21 (2022) 100499

10

Nakahira, K., Haspel, J.A., Rathinam, V.A., Lee, S.J., Dolinay, T., Lam, H.C., et al., 2011. 
Autophagy proteins regulate innate immune responses by inhibiting the release of 
mitochondrial DNA mediated by the NALP3 inflammasome. Nat. Immunol. 12 (3), 
222–230. 

Nikoletopoulou, V., Sidiropoulou, K., Kallergi, E., Dalezios, Y., Tavernarakis, N., 2017. 
Modulation of autophagy by BDNF underlies synaptic plasticity. Cell Metabol. 26 
(1), 230–242 e5.  

Nugent, N.R., Tyrka, A.R., Carpenter, L.L., Price, L.H., 2011. Gene-environment 
interactions: early life stress and risk for depressive and anxiety disorders. 
Psychopharmacology (Berl) 214 (1), 175–196. 

Nuss, P., 2015. Anxiety disorders and GABA neurotransmission: a disturbance of 
modulation. Neuropsychiatric Dis. Treat. 11, 165–175. 

Obashi, K., Okabe, S., 2013. Regulation of mitochondrial dynamics and distribution by 
synapse position and neuronal activity in the axon. Eur. J. Neurosci. 38 (3), 
2350–2363. 
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