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The peripartum period, characterized by dynamic hormonal shifts and 
physiological adaptations, has been recognized as a potentially vulnerable 
period for the development of mood disorders such as postpartum depression 
(PPD). Stress is a well-established risk factor for developing PPD and is known to 
modulate mitochondrial function. While primarily known for their role in energy 
production, mitochondria also influence processes such as stress regulation, 
steroid hormone synthesis, glucocorticoid response, GABA metabolism, and 
immune modulation – all of which are crucial for healthy pregnancy and relevant 
to PPD pathology. While mitochondrial function has been implicated in other 
psychiatric illnesses, its role in peripartum stress and mental health remains 
largely unexplored, especially in relation to the brain. In this review, we  first 
provide an overview of mitochondrial involvement in processes implicated 
in peripartum mood disorders, underscoring their potential role in mediating 
pathology. We then discuss clinical and preclinical studies of mitochondria in the 
context of peripartum stress and mental health, emphasizing the need for better 
understanding of this relationship. Finally, we propose mitochondria as biological 
mediators of resilience to peripartum mood disorders.
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1 Introduction

1.1 Mitochondria are mediators of stress resilience

Stress exposure is a major risk factor for numerous pathologies, including major depressive 
disorder and anxiety. However, data from both preclinical and clinical studies highlight 
individual differences in stress response that result in resilient and susceptible phenotypes. The 
mechanisms underlying the development of these phenotypes have been a major research focus 
in the last decade or so, with studies identifying roles for epigenetic, genetic, and gene-by-
environment interactions (Elbau et al., 2019). Interestingly, a number of biological processes 
implicated in individual differences in stress response converge onto the mitochondrion, 
resulting in a growing literature surrounding the role of mitochondrial function in stress-
induced pathologies.
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Mitochondria are bioenergetic, subcellular organelles known 
primarily for their role in energy production (in the form of adenosine 
triphosphate; ATP) through oxidative phosphorylation (OXPHOS). 
However, mitochondria have risen over the last two decades as crucial 
stress targets and mediators, contributing to psychiatric health and 
illness (Picard et  al., 2016, 2018). The brain is heavily reliant on 
mitochondria for energy, consuming a disproportionate amount of 
energy for its size (20% of the body’s total energy) (Clarke, 1999), and 
is sensitive to even slight reductions in mitochondrial activity. Stress 
exposure significantly increases the brain’s energy needs (Bryan, 1990) 
and chronic exposure can exhaust spare energy reserves, leading to 
allostatic load/overload and an increased risk for pathology (Bobba-
Alves et al., 2022). It is becoming increasingly clear that mitochondria 
are interconnected at multiple layers of the stress response and their 
function in the face of stress is critical to adaptation. In addition to 
increasing production of ATP to swiftly respond to increased energy 
demands (Picard et al., 2014), mitochondria house the rate-limiting 
enzymes required for the synthesis of glucocorticoids that are released 
in response to stress (Miller, 2013). Additionally, mitochondria have 
receptors for glucocorticoids on their outer membrane, allowing them 
to sense and respond to stress, as well as receive effects of stress (Psarra 
et al., 2006). Indeed, stress has significant effects on mitochondrial 
quality and function, resulting in the phenomenon known as 
mitochondrial allostatic load (Picard et al., 2014, 2018; Bobba-Alves 
et al., 2022). A growing number of studies have found that chronic 
stress reduces mitochondrial respiration, gene, and protein expression 
(Du et al., 2009; Gong et al., 2011; Hunter et al., 2016; de Souza Mota 
et al., 2017). Moreover, altered mitochondrial function as a result of 
stress exposure has been linked to behaviors associated with major 
depressive disorders and anxiety discussed in several notable reviews 
(Allen et al., 2018; Picard et al., 2018; Filiou and Sandi, 2019; Daniels 
et al., 2020; Morató and Sandi, 2020).

Notably, studies have identified mitochondrial function as a key 
aspect of stress resilience (Morava and Kozicz, 2013; Morató and 
Sandi, 2020; van der Kooij, 2020; Weger et al., 2020). While substantial 
progress has been made to understand the effects of stress on 
mitochondrial function, the vast majority of studies have been 
performed in adult male subjects. As females exhibit significantly 
higher proportions of neuropsychiatric disorders such as depression 
(Galea and Parekh, 2023), the knowledge gap surrounding potential 
sex differences in mitochondrial health is problematic. Additionally, 
there is a dearth of information surrounding the effects of stress on 
mitochondrial function across the lifespan. Chronic stress at any point 
can be  deleterious, however, studies have identified key windows 
across development that are more sensitive to stress – and therefore 
potential targets to enhance resilience. Of particular interest is the 
peripartum period, which has been suggested as a period of 
vulnerability for the development of neuropsychiatric disorders 
(Vesga-Lopez et  al., 2008). Pregnancy and the peripartum are 
particularly dramatic periods of physical and physiological adaptation 
where drastic hormonal fluctuations, driven primarily by the placenta, 
occur to ultimately promote placental growth, pregnancy 
maintenance, maternal behavior, and the healthy development of 
offspring (Bridges et  al., 2008; Burton and Fowden, 2015). These 
fluctuations, even when resolved, contribute to both short- and long-
term consequences on maternal and offspring health. As the majority 
(approximately 80%) of women have experienced pregnancy and 
parturition at least once (Martinez et al., 2018), there is an urgent need 

to understand the short- and long-term consequences of peripartum 
experiences. In this review, we briefly highlight the peripartum as a 
period of stress susceptibility and examine the evidence for 
mitochondrial involvement in peripartum stress resilience. 
We identify open questions and propose mitochondrial function as a 
potential area for resilience research in females – an understudied 
vulnerable population.

1.2 Pregnancy as a critical window of stress 
vulnerability

Females experience several unique biological events across the 
lifespan that are characterized by distinct physiological changes. 
These periods of the lifespan (i.e., puberty, menstruation, pregnancy/
motherhood, menopause) are associated with increased vulnerability 
to the development of stress-related disorders such as depression 
(Lokuge et al., 2011; Deems and Leuner, 2020). This is evident by the 
disproportionate amount of females who experience these disorders 
compared to males (24% vs. 13.3%, respectively) (Lee, 2023). 
However, pregnancy and the postpartum period are characterized by 
widespread and extensive physiological changes that are incurred in 
the process of supporting the development of the fetus. These changes 
include fluctuations in hormones, as well as increased plasma volume, 
cardiac output, metabolic rate, and fluctuating immune, and 
neurobiological systems (Fahey and Shenassa, 2013). During 
pregnancy, placental hormone production largely induces dramatic 
fluctuations of steroid hormones at levels typically not observed at 
any other point in a healthy women’s life. Estrogens such as estradiol 
(E2) and estriol (E3) are increased 300 and 1,000 times, respectively; 
glucocorticoids are secreted 2–3 times higher, and progesterone (P4) 
is nearly 20 times higher compared to non-pregnant women 
(Adamcová et  al., 2018; Deems and Leuner, 2020). Following 
parturition and expulsion of the placenta, estrogen and P4 rapidly 
decline (Hendrick et al., 1998), while glucocorticoids remain elevated 
compared to pre-pregnancy levels (Jung et al., 2011). Additionally, 
immune system alterations have been noted in both pregnancy and 
the postpartum period. That is, while normal pregnancy is 
characterized by an anti-inflammatory state with proinflammatory 
shifts according to pregnancy stage (Bränn et al., 2019), stress during 
pregnancy can alter the immunological profile of mothers, resulting 
in a more pro-inflammatory state that is associated with peripartum 
mood disorders (Anderson and Maes, 2013; Christian, 2015; Dye 
et al., 2022).

Finally, the brain undergoes significant and long-lasting changes 
in structure, function, and neural/glial plasticity during the 
peripartum period (see excellent reviews, Oatridge et  al., 2002; 
Brunton and Russell, 2008; Hillerer et al., 2014; Hoekzema et al., 2017; 
Barba-Müller et  al., 2019; Cárdenas et  al., 2019; Puri et  al., 2023; 
Servin-Barthet et al., 2023). The net result is often one of decreased 
volume, activation, neurogenesis, glial density and numbers (Pawluski 
et al., 2016; Haim et al., 2017; Hoekzema et al., 2017). The purpose of 
these alterations is unclear, with some researchers postulating these 
changes as positive refinements that are necessary for the transition to 
motherhood (Pawluski et al., 2022) and others suggesting a tradeoff 
such that essential cognitive functions for motherhood are prioritized 
at the expense of other functions (Barda et  al., 2021). These two 
hypotheses are not mutually exclusive (Orchard et al., 2023), and they 
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highlight the potential for impacts to mental health if parity-induced 
neurobiological changes go awry.

In addition to changes in physiology, the peripartum period is 
characterized by increased levels of social, financial, emotional, and 
physical stress. Anxiety or fear of the birthing experience is a 
common pregnancy-specific stressor (Alehagen et al., 2006; Hall 
et al., 2009). Sleep deprivation, pain, as well as emotional, cognitive, 
and financial demands following childbirth are common 
postpartum-specific stressors (reviewed in Cárdenas et al., 2019). 
Nearly half of women report experiencing at least one stressor 
during pregnancy, and 20% report experiencing at least three, with 
stress exposure dose-dependently corresponding to maternal 
morbidity (Stone et al., 2015; Lawrence et al., 2022). Women who 
experienced seven or more stressors had higher incidences of 
postpartum depression (PPD) (Lawrence et al., 2022), with stress 
exposure counting as one of the largest risk factors for PPD, after a 
prior history of depression (Stone et al., 2015). Even the perception 
of stress can interact with the peripartum period to influence mood, 
as postpartum women who reported an increase in the perception 
of stress in the 2 years following birth also reported increased 
depressive symptoms (Leonard et al., 2020). Preclinical studies in 
female rodents support a role for peripartum stress in the 
development of neuropsychiatric disorders such as PPD 
(summarized in Table 1). Exposure to stress before (Gemmel et al., 
2018; Czarzasta et al., 2019) or, during gestation (Pardon et al., 2000; 
Smith et al., 2004; Misdrahi et al., 2005; O’Mahoney et al., 2006; 
Haim et al., 2014; Leuner et al., 2014; Gemmel et al., 2016; Gifford 
et  al., 2023; Gorman-Sandler et  al., 2023) or, in the postpartum 
period during lactation (Nephew and Bridges, 2011; Medina et al., 
2021; Cruz et al., 2023) in the postpartum period during lactation, 
increases the expression of PPD-relevant behaviors including 
anhedonia and disrupted maternal care. Similarly, treating female 
rats with the steroid stress hormone, corticosterone, is sufficient to 
elicit anhedonia and decreased maternal care (Brummelte et  al., 
2006; Pawluski et al., 2009; Brummelte and Galea, 2010; Workman 
et  al., 2013, 2016). Given the links between stress exposure and 
mood disorders, it is clear that stress resilience during the 
peripartum period is imperative for maternal mental health.

There are a number of mental health disorders that develop and/
or are diagnosed in the peripartum period. Mood alterations are a 
common maternal health complication, with depressive symptoms 
reported in 70% of women during pregnancy (O’Hara and Wisner, 
2014; Becker et  al., 2016). Additionally, up to 20% of mothers 
experience severe depressive symptoms within the year following 
parturition, and are diagnosed with PPD (O’Hara and Swain, 1996; 
Haight et al., 2019). Postpartum anxiety (PPA) is another maternal 
mood disorder with estimates pointing to a 20.7% prevalence in either 
pregnancy or postpartum periods (Fawcett et  al., 2019) and a 
comorbidity with PPD ranging from 3% to 6% (Farr et al., 2014). 
Postpartum psychosis is a dangerous condition that is characterized 
by thoughts or acts of self-harm or harm to the child. While rarer than 
PPD or PPA with a 0.12%–0.25% prevalence (VanderKruik et al., 
2017), the severe consequences of this disorder make postpartum 
psychosis a significant public health issue. Finally, a small but 
significant percentage of women experience a traumatic childbirth 
experience that gives rise to posttraumatic stress disorder or 
posttraumatic stress symptoms (Schobinger et al., 2020; Heyne et al., 
2022). Recent estimates place the prevalence of birth-related 

posttraumatic stress disorder at 4.7%, and 12.3% for birth-related 
posttraumatic stress symptoms (Heyne et al., 2022), though rates are 
increased in high-risk populations (e.g., caesarean section) 
(Schobinger et al., 2020). Taken together, it is no surprise that the 
peripartum period is considered a period when women are most at 
risk for the development of neuropsychiatric disorders.

2 Mitochondrial involvement in 
physiological adaptations and 
psychiatric disorders of the 
peripartum

Many studies have focused heavily on energy production when 
examining the role of mitochondria in medicine. While mitochondrial 
ATP production is crucial in cell survival, there are numerous other 
functions of mitochondria that are particularly linked to physiological 
changes that occur across the peripartum period (Figure 1). Thus 
mitochondrial function has great potential to mediate postpartum-
induced alterations in brain and behavior and may contribute to 
susceptibility in the development of mood disorders.

2.1 Steroid hormones

Mitochondria are crucial for the synthesis of the very same steroid 
hormones that fluctuate in the peripartum period and have been 
implicated in postpartum pathologies (Miller, 2013). First, all steroid 
hormones are derived from cholesterol, which is delivered to the inner 
mitochondrial membrane by cholesterol transport proteins such as 
translocator protein (18 kDa) (TSPO) (Miller and Bose, 2011). The 
rate-limiting enzyme, cytochrome P450 cholesterol side-chain 
cleavage enzyme, is housed within the inner mitochondrial membrane 
and converts cholesterol to pregnanolone (Hu et  al., 2010; 
Papadopoulos and Miller, 2012). Additional downstream reactions by 
mitochondrial enzymes result in synthesis of glucocorticoids, 
estrogens, progesterone, allopregnanolone, and testosterone in a 
tissue-specific manner (Miller, 2013). Moreover, receptors for 
glucocorticoids, estrogens, and progesterone have been observed on 
the outer mitochondrial membrane, allowing these steroid hormones 
to bind and suggesting direct influence on mitochondrial respiration 
to meet energy needs in response to their associated growth and 
developmental processes (Psarra et al., 2006).

Indeed, glucocorticoids have been shown to exert biphasic 
effects on mitochondrial function, with high concentrations 
inducing deleterious effects including apoptosis and altered gene 
transcription (Du et al., 2009; Hunter et al., 2016). Additionally, 
disruptions in mitochondrial function have been shown to 
significantly alter both hypothalamic–pituitary–adrenal (HPA), and 
sympathetic adrenal-medulla axes activation, shaping the response 
to stress (Picard et al., 2015). Thus, elevated glucocorticoids can 
induce mitochondrial dysfunction, which can then lead to either 
exaggerated or blunted stress responses. Interestingly, abnormal 
glucocorticoid responses during pregnancy and early postpartum 
have been hypothesized as a contributing and possibly predicting 
factor of peripartum mood disorders, such as PPD (Hillerer et al., 
2012; Dickens and Pawluski, 2018). While the literature is conflicted 
(Rich-Edwards et al., 2009; Meltzer-Brody et al., 2011; Payne and 

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org


G
o

rm
an

-San
d

ler et al. 
10

.3
3

8
9

/fn
b

eh
.2

0
2

3.12
8

6
8

11

Fro
n

tie
rs in

 B
e

h
avio

ral N
e

u
ro

scie
n

ce
0

4
fro

n
tie

rsin
.o

rg

TABLE 1 Preclinical peripartum stress models.

Species/Strain Stress type Stress timing and duration Behavioral outcomes References

Mouse/B6D2F1 Chronic ultramild stress 3 weeks beginning from time of mating to PD0; cage tilt, confinement to small cage, 

paired housing, one overnight period of difficult access to food, one overnight 

period of light exposure, and one overnight period in a soiled cage

↓ aggression towards intruder Pardon et al. (2000)

Rat/Hooded Lister Chronic restraint stress 1h daily from GD 10-20 ↑ immobility in second exposure to FST, ↓ maternal care Smith et al. (2004)

Mouse/B6D2F1 Chronic ultramild stress From GD 1-15 or PD 1-3; cage tilt, confinement to small cage, paired housing, one 

overnight period of difficult access to food, one overnight period of light exposure, 

and one overnight period in a soiled cage

No behavioral outcomes measured Misdrahi et al. (2005)

Rat/Sprague-Dawley Chronic subcutaneous CORT injections 40 mg/kg CORT injections daily from PD 1-26 ↓ maternal care and ↑ immobility in FST Brummelte et al. (2006)

Rat/Fisher Chronic restraint stress 3X 45-min bouts daily from GD 14-21 ↑ immobility in FST O’Mahoney et al. (2006)

Rat/Sprague-Dawley Chronic subcutaneous CORT injections Low (10 mg/kg) or high (40 mg/kg) concentrations of CORT injected daily from 

GD 10-20 and/or PD 2-24

↓ maternal care and ↑ immobility in FST in high CORT 

postpartum dams

Brummelte and Galea 

(2010)

Rat/Sprague-Dawley Chronic social stress Daily presentation of novel male intruder for 1h from PD 2-16 ↓ maternal care, ↑ agression and  

↑ self-grooming

Nephew and Bridges 

(2011)

Rat/Sprague-Dawley Chronic subcutaneous CORT injections 

and impoverished housing

40 mg/kg CORT injected daily from PD 2-24 (housing conditions concurrent with 

injections)

↓ maternal care and ↑ immobility in FST Workman et al. (2013)

Rat/Sprague-Dawley Chronic inescapable swim stress and 

restraint stress

20 min of inescapable swim stress 2X daily from GD 7-13, then restraint 2X daily 

for 30 min from GD 14-20 (exception: restraint was used to replace inescapable 

swim stress for rats subjected to FST)

↑ immobility in FST, ↓ maternal care, ↓ cognitive flexibility in 

PFC-mediated attentional set shifting task

Leuner et al. (2014)

Rat/Sprague-Dawley Chronic restraint stress 2X 30-min bouts daily from GD 7-20 ↑ immobility in FST at early/mid and late postpartum Haim et al. (2014)

Rat/Sprague-Dawley Chronic subcutaneous CORT injections 40 mg/kg CORT injected daily from PD 2-23 ↓ maternal care, ↑ self-grooming, ↑ immobility in FST Workman et al. (2016)

Rat/Sprague-Dawley Chronic restraint stress 3X 45-min bouts daily from GD 15-20, and 2X on GD21 No behavioral outcomes measured Gemmel et al. (2016)

Rat/Sprague-Dawley Chronic unpredictable stress 0-2 stressors/day for 3 weeks prior to breeding; restraint under bright light, 

overcrowding, overnight damp bedding, 12h food deprivation; 5 min of forced 

swimming, cage rotation

↓ breeding success and maintenance of pregnancy, ↑ time 

nursing in first week postpartum

Gemmel et al. (2018)

Rat/Spague-Dawley Chronic restraint stress 1h daily for 5 consecutive weeks prior to breeding ↓ self-grooming in splash test, ↓ time in center in OFT Czarzasta et al. (2019)

Rat/Sprague-Dawley Chronic variable stress 1 stressor/day from PD 2-21; wet bedding, 4h empty water bottle, overnight light exposure, 

tail pinch, dirty bedding, stroboscopic lighting, white noise, low bedding, and cage tilt

↑ distance traveled in the OFT Medina et al. (2021)

Rat/Sprague-Dawley Limited bedding and nesting GD 19 to PD 9, with bedding replaced daily ↓ arched-back nursing and ↑ simple blanket nursing, ↓ consumption 

of novel candy in hoarding task, ↓ time in the open arms of EPM

Gifford et al. (2023)

Mouse/Swiss Chronic offspring deprivation and 

obesity

3h daily from PD 1-10 ↓ grooming after splash test Cruz et al. (2023)

Rat/Wistar Chronic mild unpredictable stress 1 stressor/day of varying lengths of time and times of day from GD 10-19; white noise, 

wet bedding, no bedding, cage tilt, overnight light exposure, and acute restraint stress

↓ sucrose preference, ↓ maternal care, ↓ latency to immobility 

in FST

Gorman-Sandler et al. 

(2023)

PD, postpartum day(s); GD, gestational day(s); FST, forced swim test; CORT, corticosterone; PFC, prefrontal cortex; OFT, open field test; EPM, elevated plus maze.
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Maguire, 2019), several studies support this hypothesis, reporting 
that women who exhibited altered or blunted cortisol patterns 
during the peripartum period were at greater risk of PPD (Bloch 
et al., 2003; Scheyer and Urizar, 2016). Moreover, preclinical models 
employing glucocorticoid injection support this hypothesis with 
reports of PPD-relevant behaviors such as anhedonia and disrupted 
maternal care (Brummelte and Galea, 2010). Unfortunately, it is 
unclear how peripartum glucocorticoid treatment affects 
mitochondria, as studies of mitochondrial respiration, content, and/
or internalization of steroid receptors in these preclinical models are 
so far absent. The sustained elevations in glucocorticoids induced by 
normal pregnancy may result in altered mitochondrial functions 
that are unable to properly respond to further stress exposure, 
potentially leading to pathology. Additionally, alterations in 
cholesterol transport into mitochondria and subsequent 
steroidogenesis may contribute to HPA axis dysregulation observed 
in PPD and PPD-like phenotypes. Two separate groups explored the 
therapeutic potential of TSPO ligands on PPD-relevant phenotypes, 
induced by hormone-stimulated pregnancy and estradiol withdrawal 
in mice (Li et al., 2018) and rats (Ren et al., 2020), demonstrating a 
role for mitochondrial import machinery on HPA axis signaling and 
depressive- and anxiety-like behaviors in the postpartum.

Sex hormones such as estrogens and progesterone can also bind 
to receptors on mitochondria and modulate function. E2 is the 
predominant estrogen in circulation, though E3 is significantly 
increased during pregnancy (Robinson and Klein, 2012). In general, 
estrogens are thought to exert a protective role on mitochondria 
through both genomic and non-genomic mechanisms (Klinge, 2020). 
E2 affects stress responses of the HPA axis (Handa et al., 2012) and has 
been shown to benefit mitochondrial function by reducing oxidative 
damage and promoting energy production via OXPHOS (Brinton, 
2008). Estrogen receptors can localize to mitochondria, where their 
actions can affect respiratory activity, mitochondrial enzymatic 
activity, reduce lipid peroxidation, and alter mitochondrial dynamics 
(Yang et al., 2004, 2009; Irwin et al., 2008; Beikoghli Kalkhoran and 
Kararigas, 2022). It is possible that the fluctuation of estrogen levels 
during and shortly following pregnancy have downstream effects on 
mitochondrial function, promoting a dysfunctional phenotype. 
Specifically in the brain, studies in ovariectomized rats with E2 and P4 
replacement observed significantly increased brain mitochondrial 
function, decreased lipid peroxidation and reactive oxygen species 
(ROS), and increased respiratory control ratios relative to oil-treated 
controls (Irwin et al., 2008). In peripheral cells, genetic manipulations 
where estrogen receptors were reduced or depleted resulted in 

FIGURE 1

Many of the physiological processes that occur in the peripartum rely on mitochondria. Mitochondria house the rate-limiting enzymes responsible for 
the synthesis of steroid hormones that fluctuate across the peripartum, including gonadal hormones, glucocorticoids, and neurosteroids, such as 
allopregnanolone. The electron transport chain and ATP synthase are responsible for the production of energy in the form of ATP, but also generate 
reactive oxygen species (ROS), which, along with cell-free mtDNA, can activate inflammasomes to promote inflammation. ROS may also have roles in 
cell signaling. GABA levels are also reported to fluctuate across the peripartum period and mitochondria are important sites of GABA catabolism. CORT, 
corticosterone/cortisol; ROS, reactive oxygen species; mtDNA, mitochondrial DNA; GR, glucocorticoid receptor; β-HSD, beta-hydroxysteroid 
dehydrogenase; p450 scc, cholesterol side-chain cleavage enzyme; OXPHOS, oxidative phosphorylation; TCA cycle, tricarboxylic acid cycle; GABA, 
gamma-aminobutyric acid; PR, progesterone receptor; ER, estrogen receptor; AR, androgen receptor; GAT, GABA transporter.
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significant reductions in mitochondrial respiration, mitochondrial 
DNA (mtDNA) turnover, and reserve (Salama et al., 2014; Ribas et al., 
2016). Interestingly, a recent study reported significantly decreased 
ERα, but not ERβ, expression at the gene and protein levels in the 
medial preoptic area of postpartum rats compared to nonpregnant 
controls (Gifford et  al., 2023), pointing to a significant effect of 
pregnancy alone.

The literature is mixed regarding the effects of parturition on 
progesterone receptors in hypothalamic nuclei, with reports of 
increased (Francis et al., 2002), decreased (Carrillo-Martínez et al., 
2011), and no change (Numan et  al., 1999) in postpartum 
expression. However, studies have implicated sex hormone levels in 
peripartum mood disorders, with changes in E2 and P4 associated 
with PPD (Bloch et  al., 2000). In fact, hormone-stimulated 
pregnancy and estradiol withdrawal is also used as a preclinical 
model to simulate the dramatic fluctuations that occur during the 
peripartum, resulting in PPD-relevant behaviors (Perani and 
Slattery, 2014). Although sex hormone effects on mitochondria have 
been reported (Klinge, 2020), effects during specific peripartum 
periods and following peripartum stress have been understudied. 
Moreover, the levels of sex hormones within specific brain regions 
across the peripartum are also unclear, as techniques to sensitively 
quantify these hormones have only recently become available 
(Gravitte et al., 2021). Investigating the effects of decreased receptor 
expression and/or hormone levels in the postpartum period may 
reveal that protective mechanisms which promote mitochondrial 
function may be  insufficient, leading to greater vulnerability 
to stress.

2.2 GABA and allopregnanolone

Mitochondria are also important sites of gamma-aminobutyric 
acid (GABA) catabolism (Ravasz et al., 2017). In addition to its role 
as a neurotransmitter, GABA also acts as a metabolic intermediary 
via a GABA shunt that increases tricarboxylic acid (TCA) cycle 
intermediates, such as succinate (Martin and Rimvall, 1993). 
Succinate is produced as part of the TCA cycle by an α-ketoglutarate-
dependent pathway, however, the coordinated action of glutamate 
decarboxylase, GABA-transaminase and succinic semialdehyde 
dehydrogenase allow the production of succinate to bypass part of 
the TCA cycle to produce ATP (Cavalcanti-de-Albuquerque et al., 
2022). Recent work has begun to delineate a role for the GABA shunt 
to function in mitochondrial redox metabolism to drive changes in 
behavior and metabolism (Parviz et al., 2014; Salminen et al., 2016; 
Ravasz et al., 2017; Cavalcanti-de-Albuquerque et al., 2022). In fact, 
the presence of GABA, in combination with α-ketoglutarate, 
enhanced mitochondrial respiration and ROS in brain regions 
relevant to maternal health such as the hypothalamus (Cavalcanti-
de-Albuquerque et  al., 2022). GABA levels fluctuate across the 
peripartum period, with studies showing lower levels in 
cerebrospinal fluid in late pregnancy (Altemus et  al., 2004) and 
increases during labor (Sethuraman et al., 2006). The link between 
GABA levels and PPD is unclear as some studies in peripartum 
women found negative correlations between GABA levels and 
depression symptom severity level (Deligiannidis et al., 2016; Walton 
and Maguire, 2019), while others found increased levels in PPD 
(Epperson et  al., 2006). Meanwhile, preclinical studies observed 

brain-region specific regulation of GABA release in response to 
pregnancy and offspring interaction (Lonstein et al., 2014).

GABA is also a target of neurosteroid actions, such as 
allopregnanolone (Puia et  al., 1990; Majewska, 1992). 
Allopregnanolone is another metabolite of cholesterol – thus linking 
its synthesis to mitochondrial enzymes. Moreover, allopregnanolone 
has been shown to inhibit the mitochondrial permeability pore to 
confer neuroprotective effects (Sayeed et al., 2009) in addition to its 
actions as a positive allosteric modulator of GABA A-type receptors 
(GABAAR). Preclinical work identified significant decreases in 
GABAergic receptors in pregnant but not postpartum rats (Maguire 
and Mody, 2008). Additionally, mice lacking GABAA δ-type receptors 
exhibited several PPD-relevant behaviors during pregnancy, 
suggesting a PPD-like endophenotype (Maguire and Mody, 2008). 
Treatment with a synthetic analog of allopregnanolone, Brexanolone, 
reversed PPD-like behaviors, including enhancing maternal care 
(Melón et  al., 2018). During pregnancy, allopregnanolone 
concentrations increase, but then rapidly plummet following 
parturition, which has been shown to alter expression of GABAAR in 
specific brain regions (Walton and Maguire, 2019). Interestingly, 
clinical trials treating PPD patients with an allopregnanolone analog 
observed a striking therapeutic effect (Kanes S. J. et al., 2017; Kanes 
S. et al., 2017; Meltzer-Brody et al., 2018), leading to FDA approval of 
the first PPD therapeutics, Zulresso and Zurzuvae. However, the 
literature remains conflicted regarding the relationship between 
allopregnanolone and PPD, with inconsistent observations of 
allopregnanolone levels in PPD patients and an unclear mechanism 
by which allopregnanolone treatment alleviates PPD symptoms 
(Walton and Maguire, 2019; Paul et al., 2020).

Given the links between GABA, allopregnanolone, and 
mitochondrial function, one possibility is that allopregnanolone acts 
on GABAAR’s to consequently modulate mitochondrial respiration 
and energy production. An intriguing alternative hypothesis is that 
stress exposure during the peripartum period leads to altered levels of 
neurosteroids via induction of mitochondrial dysfunction. Rodents 
exposed to chronic stress exhibit reduced levels of allopregnanolone 
(Bali and Jaggi, 2014). Moreover, recent work found that chronic 
unpredictable stress significantly reduced neurosteroid levels and 
signaling in the amygdala, leading to depressive-like behaviors that 
were reversible by Brexanolone treatment (Antonoudiou et al., 2022; 
Walton et al., 2023). Conversely, allopregnanolone is associated with 
promoting a hypoactive HPA axis response to stressors (Brunton et al., 
2014). It is therefore tempting to speculate that allopregnanolone 
treatment is effective because it acts downstream of a stress-induced 
mitochondrial deficit. The majority of studies have focused on GABA 
as either a neurotransmitter or, more recently, a target of neurosteroid 
signaling and there is a notable paucity of investigations into its role 
in metabolism in the peripartum period. Further studies expanding 
this focus will be crucial in understanding the relationship between 
GABA, allopregnanolone, and mitochondria.

2.3 Immune signaling and oxidative stress

Mitochondria are key participants in the activation of 
inflammasomes that lead to proinflammatory cytokine production 
(West and Shadel, 2017) via the release of ROS and other immunogenic 
compounds. Notably, mitochondrial ROS positively correlates with 
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activation of inflammasomes linked to downstream release of 
interleukin (IL)-1β, IL-6, and other proinflammatory cytokines that 
are elevated in PPD (Nephew and Bridges et al., 2011; Zhou et al., 
2011). Mitochondria are a major source of ROS however, their 
complexes are vulnerable targets of oxidative stress (Murphy, 2009). 
Complex I in particular is a major site of ROS production as well as 
target for detrimental ROS actions (Musatov and Robinson, 2012; 
Simeone et al., 2014). Oxidative damage to mitochondria can affect 
quality and function, eliciting further downstream inflammatory 
responses and ROS production. Consequently, oxidative stress and 
inflammation are frequently discussed in relation to each other. In the 
context of pregnancy, oxidative stress is increased, especially during 
the third trimester (Hung et al., 2010), and is likely related to the 
corresponding inflammatory signaling that occurs (Roomruangwong 
et al., 2018).

In addition to releasing ROS, the mitochondrion also releases its 
own DNA. Mitochondria contain a limited genome that is 
independent from the nuclear genome and housed in multiple copies 
of circular DNA structures bound in nucleoids (Lee and Han, 2017; 
Farge and Falkenberg, 2019). MtDNA can be found in most body 
fluids as cell-free mtDNA (cf-mtDNA) (reviewed in Trumpff et al., 
2021). Recent work identified cf-mtDNA as a highly immunogenic 
compound capable of activating inflammasomes and downstream 
cytokine production due to the bacterial nature of its ancestry (Zhong 
et al., 2018). Interestingly, cf-mtDNA has been shown to increase with 
advancing gestational age and return to pre-pregnancy levels shortly 
after delivery, suggesting a fetal or placental source (Cushen et al., 
2020; Bradshaw et al., 2022). Moreover, increased cf-mtDNA levels in 
pregnant women suffering from preeclampsia were found to induce 
higher levels of toll-like receptor 9 release compared to healthy 
counterparts (Williamson et  al., 2019; Bradshaw et  al., 2022). A 
preclinical study using a toll-like receptor 9 agonist found that 
stimulation resulted in a pregnancy-specific response (Goulopoulou 
et al., 2016), highlighting the potential for cf-mtDNA to induce unique 
effects in the peripartum period versus other developmental 
time points.

Exposure to stress may damage mitochondria, initiating the 
release of ROS or mtDNA, which further promotes a 
pro-inflammatory response via inflammasome activation and 
cytokine production (Zhou et  al., 2011; Riley and Tait, 2020). 
Specifically, peripartum stress exposure may exacerbate cf-mtDNA 
levels as studies have shown significant increases in cf-mtDNA in 
serum of healthy individuals following acute stress (Hummel et al., 
2018; Trumpff et al., 2019). Importantly, it should be noted that the 
role of cf-mtDNA as uniquely pro-inflammatory is not yet established 
as there are few causal studies and the potential for cf-mtDNA to 
function in cellular communication or other processes in addition 
to inducing inflammation should be  considered (Trumpff et  al., 
2021). However, given the dynamic response of cf-mtDNA to 
environmental challenges, and its pro-inflammatory signaling 
capacity that may have pregnancy-specific effects, further functional 
studies of cf-mtDNA in the peripartum period are warranted. 
Mitochondrial ROS also has known cell-signaling actions and 
crucial roles in physiological processes including cell differentiation 
and oxygen sensing (Scialò et al., 2017; Sinenko et al., 2021). Thus, 
care should be  taken with interpretation of findings to explore 
mtDNA and mtROS release within the context of cellular networks 
and physiological processes.

2.4 Oxytocin

Oxytocin (OXT) is a neuropeptide synthesized in the 
hypothalamus, with important roles during the peripartum (Froemke 
and Young, 2021). In addition to influencing parturition, nursing, and 
maternal behaviors such as maternal–infant attachment (Lévy et al., 
1992; Nishimori et  al., 1996; Walter et  al., 2021), OXT also has 
suppressive effects on HPA axis reactivity, and in turn may protect 
against the physical and psychological stress associated with gestation 
and the peripartum (Bell et al., 2014). Given its roles in peripartum 
adaptations and stress, OXT has also been implicated in PPD (Post 
and Leuner, 2019; Thul et al., 2020; Levin and Ein-Dor, 2023). For 
example, one group assessed genetic and epigenetic variations in the 
OXT receptor gene in pregnant women who later developed PPD, 
showing that those with the rs53576_GG polymorphism and high 
methylation of the OXT receptor gene were three times more likely to 
develop PPD than those with a different allele (Bell et  al., 2015). 
Another study demonstrated that lower oxytocin levels in plasma of 
pregnant individuals are associated with higher incidence of PPD 
symptoms (Skrundz et al., 2011).

OXT effects on mitochondria are less clear, especially within the 
brain, though studies suggest that OXT impacts mitochondrial 
membrane potential, activity, ATP levels, and ROS production 
(Gravina et al., 2011; Kaneko et al., 2016; Amini-Khoei et al., 2017). 
Notably, only one study to date links mitochondrial function with 
OXT in relation to peripartum stress. In a cohort of postpartum 
women evaluated for childhood maltreatment load, there were no 
differences in plasma OXT between those with high or low 
maltreatment (Boeck et  al., 2018). However, in women with high 
maltreatment load only, there was a negative correlation between 
mitochondrial respiration in immune cells and plasma OXT, where 
lower OXT correlated with higher respiration (Boeck et al., 2018). 
These data suggest a potential protective mechanism of OXT on 
CM-related effects on respiration.

Unlike steroid hormones, the localization of oxytocin receptors to 
mitochondria has not yet been established (Bordt et al., 2019), and 
thus their observed effects on mitochondrial parameters are most 
likely indirect. For example, OXT induces increases in intracellular 
calcium that elicit downstream effects on mitochondrial membrane 
potential and ATP synthase activity (Gravina et al., 2011). In addition 
to classically studied effects on natural peripartum adaptations, OXT 
also has anti-inflammatory, antioxidant, and subsequently 
neuroprotective effects (Wang et  al., 2015; Kamrani-Sharif et  al., 
2023). In light of the relationship already described between 
mitochondria and inflammatory/oxidative pathways (Section 2.3), it 
is possible that OXT anti-inflammatory and antioxidant effects stem 
from its influences on mitochondrial function (Boeck et al., 2018), and 
vice versa. Also considering that OXT regulates the stress response, 
there may be intricate interactions in which OXT indirectly affects 
mitochondria through its suppressive modulation of the HPA axis. 
Finally, OXT affects GABA signaling and the pattern of GABAAR 
subtype expression (Kaneko et  al., 2016), which is related to its 
inhibitory effects on stress response (Levin and Ein-Dor, 2023). Thus, 
OXT may impact mitochondrial function through various 
interconnected mechanisms, which will be crucial to tease apart in 
the future.

Here we have outlined several key biological processes that take 
place during the peripartum period and are cited as potential 
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etiological factors underlying peripartum disorders. We  have 
described how mitochondria lie upstream of each of these 
physiological adaptations, highlighting the potential for mitochondrial 
origins in peripartum disorders. In situations where mitochondrial 
function is compromised, one or more of these processes may also 
be affected, leading to maladaptive physiology.

3 Evidence for mitochondrial links to 
maternal stress and mental health

3.1 Clinical studies in periphery

There is a dearth of studies investigating the role of mitochondria 
in the context of stress and maternal mental health. However, several 
groups have sought to determine mitochondrial links to maternal 
health and stress, which have contributed to the burgeoning 
understanding of the potential role of mitochondria in stress-related 
peripartum mood disorders such as PPD. The majority of these studies 
have been in the clinical setting and therefore report mitochondrial 
outputs mainly in blood (i.e., peripheral blood mononuclear cells – 
PBMCs, serum, and plasma) and placenta. Moreso, these studies focus 
primarily on stress history (for example, early life stress) and conclude 
more on offspring effects than the relationship of mitochondria to the 
mother’s mental health.

Recently, work from Kolassa’s group documented a relationship 
between maternal stress and mitochondria through multiple studies 
on a cohort of postpartum women with a history of childhood 
maltreatment. These studies overall demonstrated that women with 
a history of severe childhood maltreatment had higher mitochondrial 
respiration (correlating with severity of maltreatment) and higher 
mitochondrial density in PBMCs (immune cells) shortly after 
parturition (Gumpp et  al., 2020, 2022), associated with higher 
inflammation and evidence of ROS. These effects were also 
detectable 3 months postpartum (Boeck et al., 2016, 2018). However, 
a later study demonstrated that group differences in mitochondrial 
measures were no longer apparent 1 year after parturition (Gumpp 
et al., 2022). Together, these findings suggest that women with a 
history of severe early life stress have a sensitized inflammatory 
response that may require a higher energy demand, evidenced by 
higher mitochondrial respiration and density (Gumpp et al., 2022). 
Interestingly, recent work by the Picard group revealed that chronic 
exposure to glucocorticoids similarly induced a hypermetabolic 
phenotype, with enhanced mitochondrial respiration in human 
fibroblasts that ultimately led to mtDNA instability, accelerated 
aging, and a reduced lifespan (Bobba-Alves et  al., 2022). Thus, 
chronic stress exposure may exert lasting effects on metabolism that 
interact with parity to alter how mitochondria, at least within 
maternal peripheral cells, respond to an event as physiologically 
dramatic as birth.

Omics-based approaches (i.e., transcriptomics, proteomics, 
metabolomics) analyzing associations between maternal 
psychological symptoms and different biological pathways have 
provided complementary findings to the possibility of a 
mitochondrial role in maternal mental health. For example, 
Laketic and others recently sought to identify significant 
metabolic pathways associated with depression and anxiety 
symptoms in pregnant mothers at mid-gestation (28–32 weeks) 

(Laketic et al., 2023). Psychological symptoms were positively 
associated with different serum metabolites relevant to energy 
production, specifically alanine, leucine, phenylalanine, lactate, 
and glucose, which are involved in glycolysis and the TCA cycle 
(Laketic et al., 2023). The authors posit that such increases in 
these metabolites in depressed pregnant individuals may reflect 
an increase in energy demand (Laketic et al., 2023), which would 
align with the findings from Kolassa’s group as discussed above. 
Another group conducted transcriptomics (i.e. RNA-sequencing) 
on PBMCs of postpartum women, associating their gene profiles 
with symptoms of depression (Pan et al., 2018). PPD symptoms 
were positively correlated with multiple genes in energy 
metabolism, including OXPHOS, pyruvate metabolism, 
glycolysis/gluconeogenesis, ether lipid metabolism, and the TCA 
cycle (Pan et al., 2018). In a metabolomic assessment of serum 
samples in pregnant women who developed PPD, Papadopoulou 
et  al. (2019) reported elevated glutathione-disulfide and ATP 
metabolites in PPD patients versus postpartum controls, which 
are associated with oxidative stress and energy production, 
respectively. In addition, this study reported an imbalance in the 
glutathione:glutathione-disulfide ratio, implying increased 
oxidative stress as glutathione-disulfide is the oxidized form of 
the antioxidant glutathione (Papadopoulou et  al., 2019). This 
point is further supported by a 2017 study which reported an 
increase in indicators of oxidative and nitrosative stress and 
decrease in antioxidant markers in plasma of PPD patients 
(Roomruangwong et al., 2017a). Importantly, when imbalanced, 
such processes may damage mitochondria and ultimately affect 
function (Murphy, 2009). While the authors do not speculate on 
their finding of increased serum ATP (Papadopoulou et  al., 
2019), these omics-based findings altogether support the 
possibility that PPD is accompanied by an increased energy 
demand (Pan et  al., 2018; Papadopoulou et  al., 2019; Laketic 
et  al., 2023). This alteration could result in mitochondrial 
dysfunction when mitochondrial allostatic load is reached and 
energy reserves are depleted (Morava and Kozicz, 2013; Picard 
and McEwen, 2018; Bobba-Alves et al., 2023).

Clinical studies are generally limited by tissue/sample type, 
though pregnancy comes with a unique temporary endocrine 
organ, the placenta, which has provided valuable information 
regarding the maternal-fetal environment. Like the brain, the 
placenta elicits high energy demands to function optimally 
(Armistead et  al., 2020) and is affected by maternal stress. 
Lambertini et  al. (2015) explored the relationship between 
maternal psychosocial stress during pregnancy and placental 
mitochondrial-encoded gene expression, showing that such genes 
are associated with maternal perceived stress scores. In particular, 
MT-ND6, a gene involved in encoding mitochondrial complex I, 
showed decreased expression with increasing stress scores. While 
respiratory function was not assessed, the authors speculate that 
deficiency in complex I gene expression is largely implicated in 
mitochondrial energy metabolism deficits since complex I is a 
major contributor to the proton flux which drives ATP synthesis 
(Wikström, 1984; Galkin et  al., 2006; Kühn et  al., 2015; 
Lambertini et  al., 2015). Wright’s group has also focused on 
mitochondrial signatures within the placenta, specifically 
mtDNA copy number, which may be indicative of oxidative stress 
(Brunst et al., 2017). Though they assessed associations with both 
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lifetime stress and prenatal stress, they found that higher lifetime 
stress events and psychological symptoms (i.e., depression or 
PTSD) were most predictive of reduced placental mtDNA copy 
number (Brunst et al., 2017). As physiological characteristics of 
the placenta widely affect maternal parameters (such as 
circulating hormone levels) (Hahn-Holbrook et al., 2013; Kikuchi 
et  al., 2021), it is possible that such changes in placental 
mitochondrial-encoded gene expression and mtDNA copy 
number could have consequences on maternal mental health, 
and/or be  reflective of mitochondrial dysfunction within 
mothers. Overall, these data indicate a likely role for 
mitochondrial involvement in responding to maternal 
psychosocial stress during pregnancy, though the question 
remains of how placental mitochondrial signatures may reflect 
maternal mitochondrial function, particularly in the brain.

3.2 Preclinical studies in rodent brain

While several groups have begun to elucidate mitochondrial links 
to maternal health and stress in periphery, studies in the brain have 
been largely neglected due to the difficulty of assessing brain 
mitochondrial function in clinical studies, though preclinical studies 
are also sparse. Recent work from our lab has been the first to 
demonstrate a direct link between gestational stress and brain 
mitochondrial function in rodents. We  exposed pregnant and 
non-pregnant female rats to chronic mild unpredictable stress or 
handling and examined mitochondrial respiration, content, and 
complex protein levels in the mid-postpartum (Gorman-Sandler et al., 
2023). Our stress exposure induced PPD-relevant behaviors in 
gestationally stressed female rats, including reduced maternal care and 
anhedonia. Importantly, we  observed a significant reduction in 
mitochondrial respiration in the prefrontal cortex of gestationally 
stressed female rats compared to non-stressed postpartum 
counterparts (Gorman-Sandler et  al., 2023). While there was no 
evidence of altered mitochondrial content, we did observe decreased 
complex I  expression relative to non-stressed counterparts. These 
differences were accompanied by increased markers of 
neuroinflammation, but no alterations in ROS-induced lipid 
peroxidation products (Gorman-Sandler et al., 2023). This does not 
necessarily indicate no ROS production since protein oxidation has 
also been implicated in PPD (Roomruangwong et al., 2018). In the 
nucleus accumbens of the same animals, mitochondrial respiration 
and content were unaffected, demonstrating that mitochondrial 
respiratory function is not globally impacted by gestational stress. 
Previous work has implicated the prefrontal cortex in vulnerability to 
stress (Weger et al., 2020) and anxiety (Hollis et al., 2018) in male 
rodents, highlighting mitochondrial respiratory capacity in prefrontal 
cortex as an important factor in stress resilience.

In another recent study examining brain mitochondrial measures 
following maternal stress, Cruz et al. (2023) reported that offspring 
deprivation stress in postpartum mice, both alone and in combination 
with obesity (induced via high-fat diet), influenced TCA cycle and 
mitochondrial complexes I and II enzyme activity. Most susceptible 
to these treatments were the hippocampus and striatum, which had 
reduced activity of complexes I or II, respectively (Cruz et al., 2023). 
Interestingly, stressed female mice did not exhibit decreased complex 
I activity in the prefrontal cortex (Cruz et al., 2023), in contrast to our 

recent findings. However, it is important to note that the type and 
timing of stress exposures and species were significantly different 
(gestational chronic mild unpredictable stress in outbred rats vs. 
postpartum offspring deprivation in inbred mice). Such differing 
results highlight the importance of examining effects of stress on 
mitochondrial function across species, peripartum period, and 
stressor-type. Together, these studies suggest that both gestational and 
postpartum stressors can influence brain mitochondrial signatures 
and function, emphasizing the peripartum as an overall vulnerable 
period to stress (Cruz et  al., 2023; Gorman-Sandler et  al., 2023). 
However, whether certain windows of reproductive experience (i.e., 
early or late trimester, parturition, early or late postpartum, etc.) are 
more or less vulnerable to stress-induced mitochondrial alterations 
remains to be  investigated. Clearly, much is to be  understood 
regarding brain mitochondrial function in the context of peripartum 
stress and mood disorders.

The current evidence in the literature reliably shows a link 
between a history of perceived stress and mitochondrial features 
(summarized in Table 2). The findings from clinical studies suggest 
that a history of stress prior to gestation induces a hypermetabolic 
phenotype in the periphery associated with oxidative stress and 
inflammation. It should be noted that these studies are necessarily 
correlative in nature and consist of variable self-reported stress 
experiences rather than controlled manipulations. That mitochondrial 
signatures were detected in similar directions across studies despite 
this variability underscores the strength and size of this link with 
perceived stress. The preclinical findings in the brain further support 
a role for mitochondrial function in peripartum health, with stress 
decreasing mitochondrial complex I activity in specific brain regions 
(Cruz et al., 2023; Gorman-Sandler et al., 2023). It is interesting that 
peripheral mitochondrial measures point to a hypermetabolic state 
while neural measures suggest reduced capacity and further studies 
will be  necessary to fully understand the relationship between 
peripheral and central mitochondrial function.

4 Potential role for mitochondria in 
stress resilience to PPD pathology

While previous studies have established a link between gestational 
stress and the onset of PPD, not everyone who experiences stress in 
the peripartum will develop PPD. This implies that there are 
underlying resilience factors that influence the development of the 
condition. While many studies focus on the role psychosocial and 
cultural factors play in the prevention of PPD, other studies in both 
clinical and preclinical settings have assessed varying environmental 
resilience factors such as diet, nutrition, and exercise. The biological 
mechanisms behind such resilience factors have not been explored in 
depth, and mitochondria may be potential mediators underlying these 
resilience-boosting effects (Figure 2).

4.1 Nutritional status

Pregnant and lactating women are at a higher risk for suboptimal 
nutritional status as the demands required for these events are higher 
than when not pregnant or lactating (Bodnar and Wisner, 2005). Diet 
and nutrition are modifiable factors that may incur resilience against 
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TABLE 2 Clinical and preclinical mitochondrial findings in peripartum stress literature.

Study Subject Sample(s) 
Measured

Mitochondrial Measure Mitochondrial Outcome References

Clinical studies

Postpartum women at delivery, evaluated for psychological 

stress during pregnancy

Placenta Gene expression of 13 protein-coding 

genes encoded by the mitochondria

MT-ND2 positively associated with indices of maternal psychosocial stress in pregnancy, 

while MT-ND6 negatively associated

Lambertini et al. 

(2015)

Postpartum women with or without a history of childhood 

maltreatment, 3 months postpartum

Serum, PBMCs, Metabolomics for markers of 

oxidative stress, respiration 

(Oxygraph) and density (citrate 

synthase activity)

↑ serum oxidative stress markers with higher maltreatment load, ↓ metabolites with 

antioxidative capacities, ↑ respiration with maltreatment load, no group differences in 

mitochondrial density, ↑ pro-inflammatory cytokines were positively associated with 

respiration and ROS production

Boeck et al. (2016)

Pregnant women evaluated for psychological stress and 

depression/PTSD symptoms

Placenta mtDNA copy number (qRT-PCR) Maternal psychosocial stress negatively associated with with placental mtDNAcn Brunst et al. (2017)

Pregnant women at end of term, with or without prenatal 

depression

Plasma Antioxidants and markers of 

oxidative stress, nitrosative stress

significant alterations of OS and NS with pregnancy, ↓ antioxidant defenses, ↑ OS and NS 

at the end of term is associated with perinatal depressive symptoms

Roomruangwong 

et al. (2017a,b)

Postpartum women with or without a history of childhood 

maltreatment, 3 months postpartum

PBMCs Respiration (Oxygraph), density 

(citrate synthase activity)

Cortisol levels positively associated with mitochondrial respiration, but oxytocin levels 

negatively associated with respiration. These associations were only observed in women 

with high maltreatment load

Boeck et al. (2018)

Postpartum women following delivery, who did or did not 

develop PPD

PBMCs Transcriptomics (RNA sequencing) PPD symptoms positively associated with multiple genes involved in energy metabolism 

and immune response, serum concentrations of IL1β, CXCL2 and CXCL3 (cytokines and 

chemokines) ↑ in PPD groups

Pan et al. (2018)

Pregnant women at 14 weeks gestation, who did or did not 

develop PPD

Serum Metabolomics (SRM-based mass 

spectometry)

↑ levels of glutathione-disulfide, adenylosuccinate, and ATP, which are related to 

oxidative stress, nucleotide biosynthesis and energy production pathways

Papadopoulou et al. 

(2019)

Postpartum women with or without a history of childhood 

maltreatment, within 1 week following parturition

PBMCs Respiration (Oxygraph), density 

(citrate synthase activity)

↑ respiration and density in women with CM, CM load positively correlated with 

mitochondrial respiration

Gumpp et al. (2020)

Postpartum women with or without a history of childhood 

maltreatment, within 1 week following parturition and 1 

year postpartum

PBMCs Respiration (Oxygraph), density 

(citrate synthase activity)

↑ mitochondrial respiration in all women from week after parturition to 1 year 

postpartum, ↑ mitochondrial respiration and density in CM women at 1 week 

postpartum but no group differences 1 year postpartum

Gumpp et al. (2022)

Pregnant women between 28–32 weeks of gestation, 

evaluated for depression and anxiety symptoms

Serum Metabolites (H-NMR) and 

micronutrients (ICP-MS)

Depression scores had positive associations with alanine, glucose, lactate, leucine,

methionine, phenylalanine, pyruvate, valine, 3-hydroxybutyrate, and antimony

Laketic et al. (2023)

Preclinical studies

Female adult Swiss mice, fed a high fat diet for 8 weeks 

pre-pregnancy which continued until 21 days postpartum, 

and/or offspring deprived for 10 days postpartum

Brain Tissue (PFC, 

HTL, Striatum, and 

Hipp)

Krebs cycle enzyme activity, 

mitochondrial OXPHOS complexes 

activity, creatine kinase activity

Brain regions where mitochondrial enzyme activities were most affected by obesity and 

offspring deprivation were the HTL and Hipp

Cruz et al. (2023)

Female adult Wistar rats, stressed during gestation and 

euthanized at 11-12 days postpartum

Brain tissue (PFC 

and NAc), plasma

Respiration (Oxygraph), protein 

expression of OXPHOS complexes 

and 4-HNE (marker of oxidative 

stress)

↓ mitochondrial respiration in PFC, ↓ complex I protein expression in PFC, no group 

differences in 4-HNE protein expression in PFC, ↑ pro-inflammatory cytokines in plasma 

and PFC, negative correlation between TNF-α and resipration in PFC

Gorman-Sandler 

et al. (2023)

Abbreviations: PBMCs, peripheral blood mononuclear cells; PFC, prefrontal cortex; HTL, hypothalamus; Hipp, hippocampus; NAc, nucleus accumbens, SRM, selected reaction monitoring; H-NMR, proton nuclear magnetic resonance; ICP-MS, inductively coupled 
plasma-mass spectrometry.
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developing PPD, while poor nutrition may increase risk for pregnancy 
complications or pregnancy-related disorders (Bodnar and Wisner, 
2005; Leung and Kaplan, 2009). Mitochondria are key components of 
metabolism and are closely linked to nutrition, as many nutrients and 
trace elements act as cofactors or antioxidants to ultimately promote 
mitochondrial function (Wesselink et al., 2019; Rodríguez-Cano et al., 
2020). Thus, a healthy diet with proper nutrition and intake of 
prenatal/postnatal vitamins may contribute to resilience in the face of 
stressors by manipulating mitochondrial function.

4.1.1 Polyunsaturated fatty acids
Polyunsaturated fatty acids (PUFAs) are critical for growth 

and maturation of fetal organs, with the omega-3 PUFAs, such as 
docosahexaenoic acid (DHA), being especially important for fetal 
brain development during late pregnancy and early infancy (Al 
et al., 2000) and for maternal brain health (Dighriri et al., 2022). 
Several studies have implicated low peripheral omega-3 PUFAs 
in risk for prenatal and postpartum depression (Levant, 2011; Lin 
et al., 2017), and diets rich in DHA (ex. seafood) are associated 
with resilience against development of PPD (Hibbeln, 2002). Fish 
oils rich in DHA and other PUFAs are shown to improve 
mitochondrial function, affecting ROS production, bioenergetics, 
membrane potential, dynamics, and biogenesis (Afshordel et al., 
2015; Putti et al., 2015; de Oliveira et al., 2017). Similar to these 
studies, adherence to the Mediterranean diet, which naturally 

involves higher consumption of omega-3 PUFAS, increased 
resilience against PPD (Flor-Alemany et  al., 2022). Like 
omega-3 s, the Mediterranean diet can also reduce mitochondrial 
ROS, protecting against oxidative stress and apoptosis (Pollicino 
et  al., 2023). Meanwhile, rodent models of obesity such as a 
high-fat diet have been linked to poor maternal behavior 
(Bellisario et al., 2015; Bolton et al., 2017), negative impacts on 
brain and spinal cord mitochondrial function, and other 
parameters that affect mitochondria such as ROS production and 
fission (Langley et  al., 2020; Cruz et  al., 2023). In humans, a 
higher ratio of n-6 to omega-3 PUFA consumption has been 
associated with depression and PPD (Bodnar and Wisner, 2005). 
This is an interesting concept, as the Mediterranean diet is 
characterized by a good balance of n-6 to omega-3 PUFA intake, 
while more Westernized and high-fat diets involve much higher 
intake of n-6 PUFAs (Mariamenatu and Abdu, 2021). PUFAs also 
have additional immunomodulatory and neuroplastic properties, 
which may be related to their effects on mitochondrial function 
as discussed in previous sections (Su et  al., 2015; Pérez et  al., 
2018; Abdul Aziz et al., 2021).

4.1.2 Vitamin D
While the consensus is somewhat mixed, meta-analyses and reviews 

overall suggest a relationship between low vitamin D levels and higher 
depressive symptoms, and that vitamin D supplementation may reduce 

FIGURE 2

Resilience factors buffer the effects of stress on maternal health. Chronic stress exerts negative (orange arrows) effects on mitochondrial function, with 
detrimental consequences to maternal health. Resilience factors, including PUFAs, vitamin D, trace elements, polyphenols, exercise, and genetic 
polymorphisms, all buffer stress, promote (blue arrows) mitochondrial health, and are associated with improved maternal health. Whether the positive 
effects of resilience factors occur as a result of their beneficial effects on mitochondrial function remains to be determined (dashed arrows). Social 
support is another resilience factor that buffers the effects of stress and promotes maternal health. Whether social support has beneficial effects on 
mitochondrial function remains to be determined (dashed arrows).
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risk for prenatal and postnatal depression (Trujillo et al., 2018; Dowlati 
and Meyer, 2021; Rupanagunta et al., 2023). Vitamin D is a point of 
interest due to its potential role in mitochondrial function, where vitamin 
D and its receptor modulate mitochondrial respiratory chain activity. For 
example, Ricca et al. (2018) demonstrated that silencing of the vitamin D 
receptor gene in different cell types led to increased mitochondrial 
respiration with corresponding excessive production of intracellular ROS, 
resulting in oxidative damage and eventual apoptosis. Thus, vitamin D 
influences mitochondrial activity and protects cells from oxidative stress 
and cytotoxicity (Consiglio et al., 2015; Ricca et al., 2018). Vitamin D may 
also rescue mitochondrial respiration in cases where it is decreased, such 
as in trophoblasts from placental tissue of obese mothers (Phillips 
et al., 2022).

4.1.3 Minerals
Trace elements such as zinc and selenium have also been 

implicated in PPD, where zinc supplementation has shown to 
have buffering effects against gestational stress (Roy et al., 2010) 
and protective effects against development of PPD (Aoki et al., 
2022), while low zinc levels are predictive of depressive symptoms 
in the postpartum (Roomruangwong et al., 2017b). Dietary zinc 
can prevent ROS accumulation and decreases in antioxidant 
activity (Zhou et al., 2005), and increase mitochondrial electron 
transport system enzyme activity (Corona et al., 2010). Although 
a proper balance seems important as excess zinc can disrupt 
mitochondrial membrane potential, increase ROS, and inhibit 
mitochondrial respiration (Dineley et al., 2005; Liu et al., 2021). 
Similarly, selenium supplementation during pregnancy reduced 
the risk for onset of PPD (Mokhber et al., 2011), an effect which 
could be  related to mitochondrial influences as selenium can 
promote mitochondrial dynamics and respiratory capacity, 
restore membrane potential, and decrease ROS production (Chen 
et al., 2021; Wesolowski et al., 2022).

4.1.4 Polyphenols
Polyphenols are compounds largely found in fruits and 

vegetables that have antioxidant, anti-inflammatory (Nacka-Aleksić 
et  al., 2022), and mood-regulatory properties. For example, 
two-week consumption of a high-flavonoid diet during the postnatal 
period reduced anxiety and increased perceived quality of life in 
mothers (Barfoot et al., 2021). Flavonoids protect cells against insult 
through effects on mitochondrial dynamics, biogenesis, and 
mitophagy (Kicinska and Jarmuszkiewicz, 2020). Resveratrol, a 
non-flavonoid polyphenol, has been used as a pharmacological agent 
in rodent models of PPD (Ye et  al., 2023), and could promote 
resilience through its indirect activation of sirtuin 1 (Beher et al., 
2009) and downstream effects on transcriptional coactivators that 
stimulate mitochondrial biogenesis (Lehman et al., 2000; Higashida 
et al., 2013; Zhou et al., 2018; Majeed et al., 2021), though currently 
no clinical studies exist investigating the therapeutic potential of 
resveratrol for peripartum mental health. The influence of resveratrol 
on mitochondrial biogenesis (Lagouge et al., 2006), in addition to 
having anti-inflammatory and antioxidant effects (Chen et al., 2017; 
Finnell et al., 2017), could affect mitochondrial function through 
multiple mechanisms. Thus, while polyphenols have not been 
explored in depth in the context of peripartum mood disorders, 
their potential to confer resilience seems promising as suggested by 

studies in clinical instances and preclinical models of major 
depression (Lin et al., 2021; Gamage et al., 2023).

4.2 Exercise

Exercise and physical activity have long been studied in the context 
of stress-related psychiatric disorders (Ströhle, 2009), and have largely 
shown promise as a relatively safe and cost-effective non-pharmacologic 
intervention for PPD (Kołomańska-Bogucka and Mazur-Bialy, 2019; 
Marconcin et al., 2021), though effectiveness may depend on length of 
physical activity and regimen (Yuan et al., 2022). For example, yoga is 
widely regarded as an effective adjunctive treatment for chronic disease 
because of its extensively researched benefits. A study conducted by 
Buttner et  al. (2015) affirmed yoga’s potential to alleviate symptoms 
associated with PPD, as women who underwent yoga therapy reported 
significantly lower levels of depression and anxiety than control groups. 
While yoga has various established physiological effects, it also has lesser-
known effects on mitochondrial parameters (Gautam et al., 2021b). One 
study showed that 8 weeks of yoga intervention (which included breathing 
techniques, physical postures, and meditation) in rheumatoid arthritis 
patients reduced peripheral ROS while bolstering peripheral markers of 
mitochondrial integrity including sirtuin 1 mRNA expression, total 
antioxidant capacity, membrane potential, mtDNA copy number, and 
activity of nicotinamide adenine dinucleotide (NAD+) and cytochrome 
c oxidase-II (Gautam et al., 2021a). Though mitochondrial respiration 
was not assessed, these parameters all suggest that yoga has the potential 
to improve mitochondrial function (Gautam et al., 2021a).

Rodent models have offered further insight into the effects 
exercise may have on brain mitochondria in the wake of chronic 
stress, as rodent offspring exposed to prenatal or early life stress 
demonstrate alterations in brain mitochondrial morphology, function, 
mRNA and protein expression, and oxidative stress that are reversed 
by treadmill exercise (Park et al., 2019; Wu et al., 2019). Thus, despite 
the additional influences exercise and physical activity have on 
inflammation (Liu et al., 2013), HPA axis activity (Wu et al., 2019), 
and neuroplasticity (Aguiar et  al., 2014), it is possible that their 
mitochondrial-enhancing qualities ultimately drive the protective 
effects on stress-related behaviors and PPD.

4.3 Genetics

So far, we have considered environmental influences on resilience, 
however, the importance of genetic factors cannot be  overstated. 
Indeed, the mitochondrial genome has a high rate of mutagenesis due 
to its exposure to external and internal noxious stimuli (Alexeyev 
et al., 2013). This leads to frequent mutations that may affect mtDNA 
stability and confer susceptibility to further challenges such as chronic 
stress (Bobba-Alves et  al., 2023). Additionally, while genetic 
association studies in PPD are scarce, a few notable associations have 
been identified with mitochondrial interactors. Genetic 
polymorphisms for estrogen signaling, monoamine-related, 
glucocorticoid and corticotropin releasing hormone genes have all 
been associated with increased development of PPD (Costas et al., 
2010; Engineer et al., 2013; Rupanagunta et al., 2023). Similarly, there 
are few twin studies examining the heritability of PPD. Current studies 
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report a heritable component, but suffer from limitations due to 
retrospective reviews, failure to control for comorbid diseases, and 
failure to account for shared environmental influences (Corwin et al., 
2010). Interestingly, patients with mitochondrial disease do not 
necessarily exhibit higher rates of depression and anxiety compared 
to general population, though symptoms may intensify during 
pregnancy (Karaa et  al., 2019). Future studies examining specific 
mitochondrial polymorphisms and/or genetic instability may shed 
further light on potential mitochondrial genetic origins of PPD.

4.4 Outstanding questions regarding 
mitochondria in resilience

Overall, we propose that the environmental and genetic factors 
known to promote resilience against PPD and PPA could do so 
through enhancing mitochondrial function. This may be accomplished 
either directly through actions on mitochondrial membrane potential, 
dynamics, bioenergetics, and biogenesis, or less directly through 
immunomodulatory and antioxidant effects. Indeed, the effects of 
diet, nutrition, exercise, and genetics on resilience to perinatal mental 
health should be further investigated with emphasis on whether the 
mechanisms are solely mitochondrial-dependent, or rather 
multifaceted. Moreso, combination therapies should be  explored 
(Dowlati and Meyer, 2021), as monotherapies are less representative 
of the multi-nutritional profile of everyday diets and may be  less 
effective. For example, response to antidepressants can depend on 
factors such as nutritional status, supporting the notion that adjunct 
supplementation may be more effective than either treatment alone 
(Bodnar and Wisner, 2005). Additionally, as it is difficult to tease apart 
pre-disposing resilience factors from passive resilience (i.e., where 
“resilience” is due to a lack of a marker in susceptible subjects, such as 
nutrient deficiency) (Pfau and Russo, 2015), the field should shift 
focus to understanding whether and how pre-existing individual 
differences play a role in resilience to PPD. Finally, as psychological 
and socioeconomic resilience factors are some of the most studied in 
the clinical setting (Julian et al., 2021; Alves et al., 2023), we must aim 
to better understand how these factors are related to biology, and 
specifically how they are related to mitochondrial function. After all, 
preclinical work demonstrates that mitochondria are involved in 
social behaviors and may be affected by social stressors (Hollis et al., 
2015, 2022; Ülgen et  al., 2023), suggesting that these factors are 
intertwined with biology. Thus, it is possible that such psychological, 
socioeconomic, sociocultural, and other social factors interact with 
stress resilience or vulnerability due to effects on mitochondria (Picard 
and McEwen, 2018). This field is largely unexplored apart from recent 
work by Wright’s group reporting differences in mtDNA mutations 
between mothers of different ethnic backgrounds, where women of 
black and African ancestry may be  more vulnerable to mtDNA 
placental mutations (Brunst et  al., 2017, 2021, 2022; Cowell 
et al., 2021).

5 Conclusion and future directions

Female health has long been underprioritized and therefore 
understudied, though a recent push for understanding sex as a 
biological variable has begun to shift the focus of psychiatric research 

(Galea and Parekh, 2023). While this shift is beginning to reveal the 
importance of sex differences in biology and behavior, reproductive 
experience remains a largely neglected area, despite most women 
undergoing pregnancy and parturition at least once in their lives 
(Martinez et al., 2018). Here we have presented the intimate links that 
mitochondrial function has with several of the key physiological 
adaptations occurring in the peripartum. Our understanding of 
mitochondrial function across the peripartum period, however, 
remains incomplete, especially in the brain – an organ exquisitely 
sensitive to metabolic fluctuations (Figure 3).

Future research should consider interactions between mitochondrial 
function and reproductive history. Whether parity exerts a lasting effect 
on mitochondrial function – and whether this signature is similar across 
the brain and periphery is unknown. A number of important works have 
described parity-induced alterations in the brain lasting beyond delivery 
and even weaning (reviewed in Puri et al., 2023). Indeed, reproductive 
events have been found to alter mitochondrial capacity in the liver as well 
as organ-specific responses to oxidative stress (Wood et al., 2019; Park 
et  al., 2020). It is therefore tempting to speculate that altered brain 
mitochondrial function might underlie or associate with these 
adaptations. Furthermore, whether peripheral or placental mitochondrial 
signatures are reflective of maternal brain mitochondrial function and 
mental health is a crucial area of research as this could generate 
biomarkers for postpartum health. Recent work uncovered an association 
between aberrant circulating DNA, including cf-mtDNA, and a clinical 
diagnosis of pre-eclampsia (Cushen et al., 2022). Additional studies that 
examine mitochondrial dynamics during pregnancy may identify 
further associations.

Additional research is needed at the intersection between stress 
and parity. Our work shows that gestational stress can induce brain 
region-specific alterations in mitochondrial respiration and protein 
expression in the mid-postpartum period. However, the duration of 
these alterations and whether they confer susceptibility to later-life 
pathologies are open questions. The timing and intensity of stressors 
are additional areas of interest. We examined the effects of a 10-day 
chronic mild unpredictable stress exposure, though shorter or longer 

FIGURE 3

Open questions surrounding mitochondrial function in peripartum 
stress research.
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exposures of varying intensities may incur lesser or greater energetic 
consequences. The period of exposure may play a role in their effects, 
as there are several rodent protocols of gestational stress that are 
presented during differing gestational windows (Table  1). 
Additionally, there may be distinct contributions of prenatal stress, 
early life stress, or overall “lifetime stress” from pregnancy and 
postpartum stress (Brummelte and Galea, 2016). Given the number 
of physiological adaptations occurring across the gestational period, 
it is unsurprising that stress exposures during particularly 
energetically costly periods could have more significant consequences.

Finally, individual differences in response to stress are especially 
important to consider for identifying future therapeutic targets. We’ve 
previously shown significant natural variation in brain mitochondrial 
function linked to behavior in male rodents (Hollis et al., 2015, 2018; 
van der Kooij et al., 2018). Moreover, recently published data show 
variations in mitochondrial responses to chronic stress in male mice 
(Rosenberg et al., 2023). Thus, individual differences in mitochondrial 
responses to stress in females are likely and may interact with 
gestational physiological adaptations to generate unique patterns of 
resiliency and/or susceptibility. Indeed, recent reports indicate that 
parity alone induces individual differences in measures of anhedonia 
such as sucrose preference (Gifford et  al., 2023). Variations in 
mitochondrial responses to stress could contribute to divergent 
treatment efficacy. Thus, studies should make sure to power for the 
analysis of individual differences. Mitochondria are emerging as critical 
mediators of health and disease. Here we have shown links between 
mitochondrial function and the physiological adaptations occurring 
across the peripartum period that may confer susceptibility to stress. 
Studies focused on delineating the role of mitochondrial function in 
the individual response to stress during this developmental period will 
provide valuable mechanistic insights and potentially new therapeutic 
targets for peripartum-associated neuropsychiatric diseases.

Author contributions

EG-S: Conceptualization, Writing - original draft, Writing - 
review & editing. GW: Conceptualization, Writing - original draft, 

Writing - review & editing. NC: Visualization, Writing - review & 
editing. NF: Visualization, Writing - review & editing. HB: 
Visualization, Writing - review & editing. BR: Writing - review & 
editing. FH: Conceptualization, Funding acquisition, Supervision, 
Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the Department of Veteran Affairs through VISN7 
Research Development Award; as well as the NIH with a COBRE 
Target Faculty award (P20GM109091) to FH; USC institutional funds 
via a SPARC grant to EG-S, an Honors College grant to HB, a Magellan 
Galen fellowship to NC, an ASPIRE I award, Funding for the Institute 
of Cardiovascular Disease Research, and institutional start-up 
funding to FH.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Abdul Aziz, N. U., Chiroma, S. M., Mohd Moklas, M. A., Adenan, M. I., Ismail, A., 

Basir, R., et al. (2021). Menhaden fish oil attenuates postpartum depression in rat model 
via inhibition of NLRP3-inflammasome driven inflammatory pathway. J. Tradit. 
Complement. Med. 11, 419–426. doi: 10.1016/j.jtcme.2021.02.007

Adamcová, K., Kolátorová, L., Škodová, T., Šimková, M., Pařízek, A., Stárka, L., 
et al. (2018). Steroid hormone levels in the peripartum period – differences caused 
by fetal sex and delivery type. Physiol. Res. 67, S489–S497. doi: 10.33549/
physiolres.934019

Afshordel, S., Hagl, S., Werner, D., Röhner, N., Kögel, D., Bazan, N. G., et al. (2015). 
Omega-3 polyunsaturated fatty acids improve mitochondrial dysfunction in brain aging 
– impact of Bcl-2 and NPD-1 like metabolites. Prostaglandins Leukot. Essent. Fatty Acids 
92, 23–31. doi: 10.1016/j.plefa.2014.05.008

Aguiar, A. S., Stragier, E., da Luz Scheffer, D., Remor, A. P., Oliveira, P. A., 
Prediger, R. D., et al. (2014). Effects of exercise on mitochondrial function, 
neuroplasticity and anxio-depressive behavior of mice. Neuroscience 271, 56–63. doi: 
10.1016/j.neuroscience.2014.04.027

Al, M. D., van Houwelingen, A. C., and Hornstra, G. (2000). Long-chain 
polyunsaturated fatty acids, pregnancy, and pregnancy outcome. Am. J. Clin. Nutr. 71, 
285S–291S. doi: 10.1093/ajcn/71.1.285S

Alehagen, S., Wijma, B., and Wijma, K. (2006). Fear of childbirth before, during, and 
after childbirth. Acta Obstet. Gynecol. Scand. 85, 56–62. doi: 10.1080/00016340500334844

Alexeyev, M., Shokolenko, I., Wilson, G., and LeDoux, S. (2013). The maintenance of 
mitochondrial DNA integrity – critical analysis and update. Cold Spring Harb. Perspect. 
Biol. 5:a012641. doi: 10.1101/cshperspect.a012641

Allen, J., Romay-Tallon, R., Brymer, K. J., Caruncho, H. J., and Kalynchuk, L. E. 
(2018). Mitochondria and mood: mitochondrial dysfunction as a key player in the 
manifestation of depression. Front. Neurosci. 12:386. doi: 10.3389/fnins.2018.00386

Altemus, M., Fong, J., Yang, R., Damast, S., Luine, V., and Ferguson, D. (2004). 
Changes in cerebrospinal fluid neurochemistry during pregnancy. Biol. Psychiatry 56, 
386–392. doi: 10.1016/j.biopsych.2004.06.002

Alves, A. C., Souza, R. T., Mayrink, J., Galvao, R. B., Costa, M. L., Feitosa, F. E., et al. 
(2023). Measuring resilience and stress during pregnancy and its relation to vulnerability 
and pregnancy outcomes in a nulliparous cohort study. BMC Pregnancy Childbirth 
23:396. doi: 10.1186/s12884-023-05692-5

Amini-Khoei, H., Mohammadi-Asl, A., Amiri, S., Hosseini, M.-J., Momeny, M., 
Hassanipour, M., et al. (2017). Oxytocin mitigated the depressive-like behaviors of 
maternal separation stress through modulating mitochondrial function and 
neuroinflammation. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 76, 169–178. doi: 
10.1016/j.pnpbp.2017.02.022

Anderson, G., and Maes, M. (2013). Postpartum depression: 
psychoneuroimmunological underpinnings and treatment. Neuropsychiatr. Dis. Treat. 
9, 277–287. doi: 10.2147/NDT.S25320

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jtcme.2021.02.007
https://doi.org/10.33549/physiolres.934019
https://doi.org/10.33549/physiolres.934019
https://doi.org/10.1016/j.plefa.2014.05.008
https://doi.org/10.1016/j.neuroscience.2014.04.027
https://doi.org/10.1093/ajcn/71.1.285S
https://doi.org/10.1080/00016340500334844
https://doi.org/10.1101/cshperspect.a012641
https://doi.org/10.3389/fnins.2018.00386
https://doi.org/10.1016/j.biopsych.2004.06.002
https://doi.org/10.1186/s12884-023-05692-5
https://doi.org/10.1016/j.pnpbp.2017.02.022
https://doi.org/10.2147/NDT.S25320


Gorman-Sandler et al. 10.3389/fnbeh.2023.1286811

Frontiers in Behavioral Neuroscience 15 frontiersin.org

Antonoudiou, P., Colmers, P. L. W., Walton, N. L., Weiss, G. L., Smith, A. C., 
Nguyen, D. P., et al. (2022). Allopregnanolone mediates affective switching through 
modulation of oscillatory states in the basolateral amygdala. Biol. Psychiatry 91, 283–293. 
doi: 10.1016/j.biopsych.2021.07.017

Aoki, C., Imai, K., Owaki, T., Kobayashi-Nakano, T., Ushida, T., Iitani, Y., et al. (2022). 
The possible effects of zinc supplementation on postpartum depression and anemia. 
Medicina (Mex.) 58:731. doi: 10.3390/medicina58060731

Armistead, B., Johnson, E., VanderKamp, R., Kula-Eversole, E., Kadam, L., Drewlo, S., 
et al. (2020). Placental regulation of energy homeostasis during human pregnancy. 
Endocrinology 161:bqaa076. doi: 10.1210/endocr/bqaa076

Bali, A., and Jaggi, A. S. (2014). Multifunctional aspects of allopregnanolone in stress 
and related disorders. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 48, 64–78. doi: 
10.1016/j.pnpbp.2013.09.005

Barba-Müller, E., Craddock, S., Carmona, S., and Hoekzema, E. (2019). Brain 
plasticity in pregnancy and the postpartum period: links to maternal caregiving and 
mental health. Arch. Womens Ment. Health 22, 289–299. doi: 10.1007/s00737-018-0889-z

Barda, G., Mizrachi, Y., Borokchovich, I., Yair, L., Kertesz, D. P., and Dabby, R. (2021). 
The effect of pregnancy on maternal cognition. Sci. Rep. 11:12187. doi: 10.1038/
s41598-021-91504-9

Barfoot, K. L., Forster, R., and Lamport, D. J. (2021). Mental health in new mothers: 
a randomised controlled study into the effects of dietary flavonoids on mood and 
perceived quality of life. Nutrients 13:2383. doi: 10.3390/nu13072383

Becker, M., Weinberger, T., Chandy, A., and Schmukler, S. (2016). Depression during 
pregnancy and postpartum. Curr. Psychiatry Rep. 18:32. doi: 10.1007/s11920-016-0664-7

Beher, D., Wu, J., Cumine, S., Kim, K. W., Lu, S.-C., Atangan, L., et al. (2009). 
Resveratrol is not a direct activator of SIRT1 enzyme activity. Chem. Biol. Drug Des. 74, 
619–624. doi: 10.1111/j.1747-0285.2009.00901.x

Beikoghli Kalkhoran, S., and Kararigas, G. (2022). Oestrogenic regulation of 
mitochondrial dynamics. Int. J. Mol. Sci. 23:1118. doi: 10.3390/ijms23031118

Bell, A. F., Carter, C. S., Steer, C. D., Golding, J., Davis, J. M., Steffen, A. D., et al. 
(2015). Interaction between oxytocin receptor DNA methylation and genotype is 
associated with risk of postpartum depression in women without depression in 
pregnancy. Front. Genet. 6:243. doi: 10.3389/fgene.2015.00243

Bell, A. F., Erickson, E. N., and Carter, C. S. (2014). Beyond labor: the role of natural 
and synthetic oxytocin in the transition to motherhood. J. Midwifery Womens Health 
59, 35–42. doi: 10.1111/jmwh.12101

Bellisario, V., Panetta, P., Balsevich, G., Baumann, V., Noble, J., Raggi, C., et al. (2015). 
Maternal high-fat diet acts as a stressor increasing maternal glucocorticoids’ signaling 
to the fetus and disrupting maternal behavior and brain activation in C57BL/6J mice. 
Psychoneuroendocrinology 60, 138–150. doi: 10.1016/j.psyneuen.2015.06.012

Bloch, M., Daly, R. C., and Rubinow, D. R. (2003). Endocrine factors in the etiology 
of postpartum depression. Compr. Psychiatry 44, 234–246. doi: 10.1016/
S0010-440X(03)00034-8

Bloch, M., Schmidt, P. J., Danaceau, M., Murphy, J., Nieman, L., and Rubinow, D. R. 
(2000). Effects of gonadal steroids in women with a history of postpartum depression. 
Am. J. Psychiatry 157, 924–930. doi: 10.1176/appi.ajp.157.6.924

Bobba-Alves, N., Juster, R.-P., and Picard, M. (2022). The energetic cost of allostasis 
and allostatic load. Psychoneuroendocrinology 146:105951. doi: 10.1016/j.
psyneuen.2022.105951

Bobba-Alves, N., Sturm, G., Lin, J., Ware, S. A., Karan, K. R., Monzel, A. S., et al. 
(2023). Cellular allostatic load is linked to increased energy expenditure and accelerated 
biological aging. Psychoneuroendocrinology 155:106322. doi: 10.1016/j.
psyneuen.2023.106322

Bodnar, L. M., and Wisner, K. L. (2005). Nutrition and depression: implications for 
improving mental health among childbearing-aged women. Biol. Psychiatry 58, 679–685. 
doi: 10.1016/j.biopsych.2005.05.009

Boeck, C., Gumpp, A. M., Calzia, E., Radermacher, P., Waller, C., Karabatsiakis, A., 
et al. (2018). The association between cortisol, oxytocin, and immune cell mitochondrial 
oxygen consumption in postpartum women with childhood maltreatment. 
Psychoneuroendocrinology 96, 69–77. doi: 10.1016/j.psyneuen.2018.05.040

Boeck, C., Koenig, A. M., Schury, K., Geiger, M. L., Karabatsiakis, A., Wilker, S., et al. 
(2016). Inflammation in adult women with a history of child maltreatment: the 
involvement of mitochondrial alterations and oxidative stress. Mitochondrion 30, 
197–207. doi: 10.1016/j.mito.2016.08.006

Bolton, J. L., Wiley, M. G., Ryan, B., Truong, S., Strait, M., Baker, D. C., et al. (2017). 
Perinatal western-type diet and associated gestational weight gain alter postpartum 
maternal mood. Brain Behav. 7:e00828. doi: 10.1002/brb3.828

Bordt, E. A., Smith, C. J., Demarest, T. G., Bilbo, S. D., and Kingsbury, M. A. (2019). 
Mitochondria, oxytocin, and vasopressin: unfolding the inflammatory protein response. 
Neurotox. Res. 36, 239–256. doi: 10.1007/s12640-018-9962-7

Bradshaw, J. L., Cushen, S. C., Phillips, N. R., and Goulopoulou, S. (2022). Circulating 
cell-free mitochondrial DNA in pregnancy. Physiology 37, 187–196. doi: 10.1152/
physiol.00037.2021

Bränn, E., Edvinsson, Å., Rostedt Punga, A., Sundström-Poromaa, I., and 
Skalkidou, A. (2019). Inflammatory and anti-inflammatory markers in plasma: from late 
pregnancy to early postpartum. Sci. Rep. 9:1863. doi: 10.1038/s41598-018-38304-w

Bridges, R. S., Robertson, M. C., Shiu, R. P. C., Friesen, H. G., Stuer, A. M., and Mann, P. E. 
(2008). Endocrine communication between conceptus and mother: placental lactogen 
stimulation of maternal behavior. Neuroendocrinology 64, 57–64. doi: 10.1159/000127098

Brinton, R. D. (2008). The healthy cell bias of estrogen action: mitochondrial 
bioenergetics and neurological implications. Trends Neurosci. 31, 529–537. doi: 
10.1016/j.tins.2008.07.003

Brummelte, S., and Galea, L. A. M. (2010). Chronic corticosterone during pregnancy 
and postpartum affects maternal care, cell proliferation and depressive-like behavior in 
the dam. Horm. Behav. 58, 769–779. doi: 10.1016/j.yhbeh.2010.07.012

Brummelte, S., and Galea, L. A. M. (2016). Postpartum depression: etiology, treatment 
and consequences for maternal care. Horm. Behav. 77, 153–166. doi: 10.1016/j.
yhbeh.2015.08.008

Brummelte, S., Pawluski, J. L., and Galea, L. A. M. (2006). High post-partum levels of 
corticosterone given to dams influence postnatal hippocampal cell proliferation and 
behavior of offspring: a model of post-partum stress and possible depression. Horm. 
Behav. 50, 370–382. doi: 10.1016/j.yhbeh.2006.04.008

Brunst, K. J., Hsu, H.-H. L., Zhang, L., Zhang, X., Carroll, K. N., Just, A., et al. (2022). 
Prenatal particulate matter exposure and mitochondrial mutational load at the maternal-
fetal interface: effect modification by genetic ancestry. Mitochondrion 62, 102–110. doi: 
10.1016/j.mito.2021.11.003

Brunst, K. J., Sanchez Guerra, M., Gennings, C., Hacker, M., Jara, C., Bosquet 
Enlow, M., et al. (2017). Maternal lifetime stress and prenatal psychological functioning 
and decreased placental mitochondrial DNA copy number in the PRISM study. Am. J. 
Epidemiol. 186, 1227–1236. doi: 10.1093/aje/kwx183

Brunst, K. J., Zhang, L., Zhang, X., Baccarelli, A. A., Bloomquist, T., and Wright, R. J. 
(2021). Associations between maternal lifetime stress and placental mitochondrial DNA 
mutations in an urban multiethnic cohort. Biol. Psychiatry 89, 570–578. doi: 10.1016/j.
biopsych.2020.09.013

Brunton, P. J., and Russell, J. A. (2008). The expectant brain: adapting for motherhood. 
Nat. Rev. Neurosci. 9, 11–25. doi: 10.1038/nrn2280

Brunton, P. J., Russell, J. A., and Hirst, J. J. (2014). Allopregnanolone in the brain: 
protecting pregnancy and birth outcomes. Prog. Neurobiol. 113, 106–136. doi: 10.1016/j.
pneurobio.2013.08.005

Bryan, R. M. (1990). Cerebral blood flow and energy metabolism during stress. Am. 
J. Phys. 259, H269–H280. doi: 10.1152/ajpheart.1990.259.2.H269

Burton, G. J., and Fowden, A. L. (2015). The placenta: a multifaceted, transient organ. 
Philos. Trans. R. Soc. B Biol. Sci. 370:20140066. doi: 10.1098/rstb.2014.0066

Buttner, M. M., Brock, R. L., O’Hara, M. W., and Stuart, S. (2015). Efficacy of yoga for 
depressed postpartum women: a randomized controlled trial. Complement. Ther. Clin. 
Pract. 21, 94–100. doi: 10.1016/j.ctcp.2015.03.003

Cárdenas, E. F., Kujawa, A., and Humphreys, K. L. (2019). Neurobiological changes 
during the peripartum period: implications for health and behavior. Soc. Cogn. Affect. 
Neurosci. 15, 1097–1110. doi: 10.1093/scan/nsz091

Carini, L. M., Murgatroyd, C. A., and Nephew, B. C. (2013). Using chronic social stress 
to model postpartum depression in lactating rodents. J. Vis. Exp. 76:e50324. doi: 
10.3791/50324

Carrillo-Martínez, G. E., Gómora-Arrati, P., González-Arenas, A., Morimoto, S., 
Camacho-Arroyo, I., and González-Flores, O. (2011). Role of progesterone receptors 
during postpartum estrus in rats. Horm. Behav. 59, 37–43. doi: 10.1016/j.
yhbeh.2010.10.008

Cavalcanti-de-Albuquerque, J. P., De-Souza-Ferreira, E., De Carvalho, D. P., and 
Galina, A. (2022). Coupling of GABA metabolism to mitochondrial glucose 
phosphorylation. Neurochem. Res. 47, 470–480. doi: 10.1007/s11064-021-03463-2

Chen, C., Chen, Y., Zhang, Z.-H., Jia, S.-Z., Chen, Y.-B., Huang, S.-L., et al. (2021). 
Selenomethionine improves mitochondrial function by upregulating mitochondrial 
selenoprotein in a model of Alzheimer’s disease. Front. Aging Neurosci. 13:750921. doi: 
10.3389/fnagi.2021.750921

Chen, W.-J., Du, J.-K., Hu, X., Yu, Q., Li, D.-X., Wang, C.-N., et al. (2017). Protective 
effects of resveratrol on mitochondrial function in the hippocampus improves 
inflammation-induced depressive-like behavior. Physiol. Behav. 182, 54–61. doi: 
10.1016/j.physbeh.2017.09.024

Christian, L. M. (2015). Stress and immune function during pregnancy: an emerging 
focus in mind-body medicine. Curr. Dir. Psychol. Sci. 24, 3–9. doi: 
10.1177/0963721414550704

Clarke, D. D. (1999). “Circulation and energy metabolism of the brain” in Basic 
neurochemistry: molecular, cellular and medical aspects. Ed. George, J. Siegel, 
Philadelphia.

Consiglio, M., Viano, M., Casarin, S., Castagnoli, C., Pescarmona, G., and Silvagno, F. 
(2015). Mitochondrial and lipogenic effects of vitamin D on differentiating and 
proliferating human keratinocytes. Exp. Dermatol. 24, 748–753. doi: 10.1111/exd.12761

Corona, C., Masciopinto, F., Silvestri, E., Viscovo, A. D., Lattanzio, R., Sorda, R. L., 
et al. (2010). Dietary zinc supplementation of 3xTg-AD mice increases BDNF levels and 
prevents cognitive deficits as well as mitochondrial dysfunction. Cell Death Dis. 1:e91. 
doi: 10.1038/cddis.2010.73

Corwin, E. J., Kohen, R., Jarrett, M., and Stafford, B. (2010). The heritability of 
postpartum depression. Biol. Res. Nurs. 12, 73–83. doi: 10.1177/1099800410362112

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.biopsych.2021.07.017
https://doi.org/10.3390/medicina58060731
https://doi.org/10.1210/endocr/bqaa076
https://doi.org/10.1016/j.pnpbp.2013.09.005
https://doi.org/10.1007/s00737-018-0889-z
https://doi.org/10.1038/s41598-021-91504-9
https://doi.org/10.1038/s41598-021-91504-9
https://doi.org/10.3390/nu13072383
https://doi.org/10.1007/s11920-016-0664-7
https://doi.org/10.1111/j.1747-0285.2009.00901.x
https://doi.org/10.3390/ijms23031118
https://doi.org/10.3389/fgene.2015.00243
https://doi.org/10.1111/jmwh.12101
https://doi.org/10.1016/j.psyneuen.2015.06.012
https://doi.org/10.1016/S0010-440X(03)00034-8
https://doi.org/10.1016/S0010-440X(03)00034-8
https://doi.org/10.1176/appi.ajp.157.6.924
https://doi.org/10.1016/j.psyneuen.2022.105951
https://doi.org/10.1016/j.psyneuen.2022.105951
https://doi.org/10.1016/j.psyneuen.2023.106322
https://doi.org/10.1016/j.psyneuen.2023.106322
https://doi.org/10.1016/j.biopsych.2005.05.009
https://doi.org/10.1016/j.psyneuen.2018.05.040
https://doi.org/10.1016/j.mito.2016.08.006
https://doi.org/10.1002/brb3.828
https://doi.org/10.1007/s12640-018-9962-7
https://doi.org/10.1152/physiol.00037.2021
https://doi.org/10.1152/physiol.00037.2021
https://doi.org/10.1038/s41598-018-38304-w
https://doi.org/10.1159/000127098
https://doi.org/10.1016/j.tins.2008.07.003
https://doi.org/10.1016/j.yhbeh.2010.07.012
https://doi.org/10.1016/j.yhbeh.2015.08.008
https://doi.org/10.1016/j.yhbeh.2015.08.008
https://doi.org/10.1016/j.yhbeh.2006.04.008
https://doi.org/10.1016/j.mito.2021.11.003
https://doi.org/10.1093/aje/kwx183
https://doi.org/10.1016/j.biopsych.2020.09.013
https://doi.org/10.1016/j.biopsych.2020.09.013
https://doi.org/10.1038/nrn2280
https://doi.org/10.1016/j.pneurobio.2013.08.005
https://doi.org/10.1016/j.pneurobio.2013.08.005
https://doi.org/10.1152/ajpheart.1990.259.2.H269
https://doi.org/10.1098/rstb.2014.0066
https://doi.org/10.1016/j.ctcp.2015.03.003
https://doi.org/10.1093/scan/nsz091
https://doi.org/10.3791/50324
https://doi.org/10.1016/j.yhbeh.2010.10.008
https://doi.org/10.1016/j.yhbeh.2010.10.008
https://doi.org/10.1007/s11064-021-03463-2
https://doi.org/10.3389/fnagi.2021.750921
https://doi.org/10.1016/j.physbeh.2017.09.024
https://doi.org/10.1177/0963721414550704
https://doi.org/10.1111/exd.12761
https://doi.org/10.1038/cddis.2010.73
https://doi.org/10.1177/1099800410362112


Gorman-Sandler et al. 10.3389/fnbeh.2023.1286811

Frontiers in Behavioral Neuroscience 16 frontiersin.org

Costas, J., Gratacòs, M., Escaramís, G., Martín-Santos, R., de Diego, Y., Baca-García, E., 
et al. (2010). Association study of 44 candidate genes with depressive and anxiety symptoms 
in post-partum women. J. Psychiatr. Res. 44, 717–724. doi: 10.1016/j.jpsychires.2009.12.012

Cowell, W., Brunst, K., Colicino, E., Zhang, L., Zhang, X., Bloomquist, T. R., et al. 
(2021). Placental mitochondrial DNA mutational load and perinatal outcomes: findings 
from a multi-ethnic pregnancy cohort. Mitochondrion 59, 267–275. doi: 10.1016/j.
mito.2021.06.006

Cruz, K. L. O., Salla, D. H., Oliveira, M. P., Silva, L. E., Vedova, L. M. D., Mendes, T. F., et al. 
(2023). Energy metabolism and behavioral parameters in female mice subjected to obesity 
and offspring deprivation stress. Behav. Brain Res. 451:114526. doi: 10.1016/j.bbr.2023.114526

Cushen, S. C., Ricci, C. A., Bradshaw, J. L., Silzer, T., Blessing, A., Sun, J., et al. (2022). 
Reduced maternal circulating cell-free mitochondrial DNA is associated with the development 
of preeclampsia. J. Am. Heart Assoc. 11:e021726. doi: 10.1161/JAHA.121.021726

Cushen, S. C., Sprouse, M. L., Blessing, A., Sun, J., Jarvis, S. S., Okada, Y., et al. (2020). 
Cell-free mitochondrial DNA increases in maternal circulation during healthy 
pregnancy: a prospective, longitudinal study. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 
318, R445–R452. doi: 10.1152/ajpregu.00324.2019

Czarzasta, K., Makowska-Zubrycka, M., Kasarello, K., Skital, V. M., Tyszkowska, K., 
Matusik, K., et al. (2019). A rat model to study maternal depression during pregnancy 
and postpartum periods, its comorbidity with cardiovascular diseases and 
neurodevelopmental impact in the offspring. Physiol. Behav. 199, 258–264. doi: 
10.1016/j.physbeh.2018.11.024

Daniels, T. E., Olsen, E. M., and Tyrka, A. R. (2020). Stress and psychiatric disorders: 
the role of mitochondria. Annu. Rev. Clin. Psychol. 16, 165–186. doi: 10.1146/annurev-
clinpsy-082719-104030

de Oliveira, M. R., Nabavi, S. F., Nabavi, S. M., and Jardim, F. R. (2017). Omega-3 
polyunsaturated fatty acids and mitochondria, back to the future. Trends Food Sci. 
Technol. 67, 76–92. doi: 10.1016/j.tifs.2017.06.019

de Souza Mota, C., Weis, S. N., Almeida, R. F., Dalmaz, C., Guma, F. T. C., and 
Pettenuzzo, L. F. (2017). Chronic stress causes sex-specific and structure-specific 
alterations in mitochondrial respiratory chain activity in rat brain. Neurochem. Res. 42, 
3331–3340. doi: 10.1007/s11064-017-2375-9

Deems, N. P., and Leuner, B. (2020). Pregnancy, postpartum and parity: resilience and 
vulnerability in brain health and disease. Front. Neuroendocrinol. 57:100820. doi: 
10.1016/j.yfrne.2020.100820

Deligiannidis, K. M., Kroll-Desrosiers, A. R., Mo, S., Nguyen, H. P., Svenson, A., 
Jaitly, N., et al. (2016). Peripartum neuroactive steroid and γ-aminobutyric acid profiles 
in women at-risk for postpartum depression. Psychoneuroendocrinology 70, 98–107. doi: 
10.1016/j.psyneuen.2016.05.010

Dickens, M. J., and Pawluski, J. L. (2018). The HPA axis during the perinatal period: 
implications for perinatal depression. Endocrinology 159, 3737–3746. doi: 10.1210/
en.2018-00677

Dighriri, I. M., Alsubaie, A. M., Hakami, F. M., Hamithi, D. M., Alshekh, M. M., 
Khobrani, F. A., et al. (2022). Effects of omega-3 polyunsaturated fatty acids on brain 
functions: a systematic review. Cureus 14:e30091. doi: 10.7759/cureus.30091

Dineley, K. E., Richards, L. L., Votyakova, T. V., and Reynolds, I. J. (2005). Zinc causes 
loss of membrane potential and elevates reactive oxygen species in rat brain 
mitochondria. Mitochondrion 5, 55–65. doi: 10.1016/j.mito.2004.11.001

Dowlati, Y., and Meyer, J. H. (2021). Promising leads and pitfalls: a review of dietary 
supplements and hormone treatments to prevent postpartum blues and postpartum 
depression. Arch. Womens Ment. Health 24, 381–389. doi: 10.1007/s00737-020-01091-3

Du, J., Wang, Y., Hunter, R., Wei, Y., Blumenthal, R., Falke, C., et al. (2009). Dynamic 
regulation of mitochondrial function by glucocorticoids. Proc. Natl. Acad. Sci. 106, 
3543–3548. doi: 10.1073/pnas.0812671106

Dye, C., Lenz, K. M., and Leuner, B. (2022). Immune system alterations and 
postpartum mental illness: evidence from basic and clinical research. Front. Glob. 
Womens Health 2:758748. doi: 10.3389/fgwh.2021.758748

Elbau, I. G., Cruceanu, C., and Binder, E. B. (2019). Genetics of resilience: gene-by-
environment interaction studies as a tool to dissect mechanisms of resilience. Biol. 
Psychiatry 86, 433–442. doi: 10.1016/j.biopsych.2019.04.025

Engineer, N., Darwin, L., Nishigandh, D., Ngianga-Bakwin, K., Smith, S. C., and 
Grammatopoulos, D. K. (2013). Association of glucocorticoid and type 1 corticotropin-
releasing hormone receptors gene variants and risk for depression during pregnancy and 
post-partum. J. Psychiatr. Res. 47, 1166–1173. doi: 10.1016/j.jpsychires.2013.05.003

Epperson, C. N., Gueorguieva, R., Czarkowski, K. A., Stiklus, S., Sellers, E., 
Krystal, J. H., et al. (2006). Preliminary evidence of reduced occipital GABA 
concentrations in puerperal women: a 1H-MRS study. Psychopharmacology 186, 
425–433. doi: 10.1007/s00213-006-0313-7

Fahey, J. O., and Shenassa, E. (2013). Understanding and meeting the needs of women 
in the postpartum period: the perinatal maternal health promotion model. J. Midwifery 
Womens Health 58, 613–621. doi: 10.1111/jmwh.12139

Farge, G., and Falkenberg, M. (2019). Organization of DNA in mammalian 
mitochondria. Int. J. Mol. Sci. 20:2770. doi: 10.3390/ijms20112770

Farr, S. L., Dietz, P. M., O’Hara, M. W., Burley, K., and Ko, J. Y. (2014). Postpartum 
anxiety and comorbid depression in a population-based sample of women. J. Women's 
Health 23, 120–128. doi: 10.1089/jwh.2013.4438

Fawcett, E. J., Fairbrother, N., Cox, M. L., White, I. R., and Fawcett, J. M. (2019). The 
prevalence of anxiety disorders during pregnancy and the postpartum period: a 
multivariate Bayesian meta-analysis. J. Clin. Psychiatry 80:18r12527. doi: 10.4088/
JCP.18r12527

Filiou, M. D., and Sandi, C. (2019). Anxiety and brain mitochondria: a bidirectional 
crosstalk. Trends Neurosci. 42, 573–588. doi: 10.1016/j.tins.2019.07.002

Finnell, J. E., Lombard, C. M., Melson, M. N., Singh, N. P., Nagarkatti, M., 
Nagarkatti, P., et al. (2017). The protective effects of resveratrol on social stress-induced 
cytokine release and depressive-like behavior. Brain Behav. Immun. 59, 147–157. doi: 
10.1016/j.bbi.2016.08.019

Flor-Alemany, M., Migueles, J. H., Alemany-Arrebola, I., Aparicio, V. A., and 
Baena-García, L. (2022). Exercise, Mediterranean diet adherence or both during 
pregnancy to prevent postpartum depression – GESTAFIT trial secondary analyses. Int. 
J. Environ. Res. Public Health 19:14450. doi: 10.3390/ijerph192114450

Francis, K., Meddle, S. L., Bishop, V. R., and Russell, J. A. (2002). Progesterone receptor 
expression in the pregnant and parturient rat hypothalamus and brainstem. Brain Res. 
927, 18–26. doi: 10.1016/s0006-8993(01)03318-2

Froemke, R. C., and Young, L. J. (2021). Oxytocin, neural plasticity, and social 
behavior. Annu. Rev. Neurosci. 44, 359–381. doi: 10.1146/annurev-neuro-102320-102847

Galea, L. A., and Parekh, R. S. (2023). Ending the neglect of women’s health in 
research. BMJ 381:1303. doi: 10.1136/bmj.p1303

Galkin, A., Dröse, S., and Brandt, U. (2006). The proton pumping stoichiometry of 
purified mitochondrial complex I reconstituted into proteoliposomes. Biochim. Biophys. 
Acta 1757, 1575–1581. doi: 10.1016/j.bbabio.2006.10.001

Gamage, E., Orr, R., Travica, N., Lane, M. M., Dissanayaka, T., Kim, J. H., et al. (2023). 
Polyphenols as novel interventions for depression: exploring the efficacy, mechanisms 
of action, and implications for future research. Neurosci. Biobehav. Rev. 151:105225. doi: 
10.1016/j.neubiorev.2023.105225

Gautam, S., Kumar, U., Kumar, M., Rana, D., and Dada, R. (2021a). Yoga improves 
mitochondrial health and reduces severity of autoimmune inflammatory arthritis: a 
randomized controlled trial. Mitochondrion 58, 147–159. doi: 10.1016/j.mito.2021.03.004

Gautam, S., Saxena, R., Dada, T., and Dada, R. (2021b). Yoga – impact on 
mitochondrial health: clinical consequences. Ann. Neurosci. 28, 114–116. doi: 
10.1177/09727531211009431

Gemmel, M., Harmeyer, D., Bögi, E., Fillet, M., Hill, L. A., Hammond, G. L., et al. 
(2018). Perinatal fluoxetine increases hippocampal neurogenesis and reverses the lasting 
effects of pre-gestational stress on serum corticosterone, but not on maternal behavior, 
in the rat dam. Behav. Brain Res. 339, 222–231. doi: 10.1016/j.bbr.2017.11.038

Gemmel, M., Rayen, I., van Donkelaar, E., Loftus, T., Steinbusch, H. W., Kokras, N., 
et al. (2016). Gestational stress and fluoxetine treatment differentially affect plasticity, 
methylation and serotonin levels in the PFC and hippocampus of rat dams. Neuroscience 
327, 32–43. doi: 10.1016/j.neuroscience.2016.03.068

Gifford, J. J., Pluchino, J. R., Della Valle, R., Van Weele, B., Brezoczky, E., Caulfield, J. I., 
et al. (2023). Effects of limited bedding and nesting on postpartum mood state in rats. 
J. Neuroendocrinol. 35:e13275. doi: 10.1111/jne.13275

Gong, Y., Chai, Y., Ding, J.-H., Sun, X.-L., and Hu, G. (2011). Chronic mild stress 
damages mitochondrial ultrastructure and function in mouse brain. Neurosci. Lett. 488, 
76–80. doi: 10.1016/j.neulet.2010.11.006

Gorman-Sandler, E., Robertson, B., Crawford, J., Wood, G., Ramesh, A., Arishe, O. O., et al. 
(2023). Gestational stress decreases postpartum mitochondrial respiration in the prefrontal 
cortex of female rats. Neurobiol. Stress 26:100563. doi: 10.1016/j.ynstr.2023.100563

Goulopoulou, S., Wenceslau, C. F., McCarthy, C. G., Matsumoto, T., and Webb, R. C. 
(2016). Exposure to stimulatory CpG oligonucleotides during gestation induces 
maternal hypertension and excess vasoconstriction in pregnant rats. Am. J. Physiol. 
Heart Circ. Physiol. 310, H1015–H1025. doi: 10.1152/ajpheart.00834.2015

Gravina, F. S., Jobling, P., Kerr, K. P., de Oliveira, R. B., Parkington, H. C., and van 
Helden, D. F. (2011). Oxytocin depolarizes mitochondria in isolated myometrial cells. 
Exp. Physiol. 96, 949–956. doi: 10.1113/expphysiol.2011.058388

Gravitte, A., Archibald, T., Cobble, A., Kennard, B., and Brown, S. (2021). Liquid 
chromatography–mass spectrometry applications for quantification of endogenous sex 
hormones. Biomed. Chromatogr. 35:e5036. doi: 10.1002/bmc.5036

Gumpp, A. M., Behnke, A., Ramo-Fernández, L., Radermacher, P., Gündel, H., 
Ziegenhain, U., et al. (2022). Investigating mitochondrial bioenergetics in peripheral 
blood mononuclear cells of women with childhood maltreatment from post-parturition 
period to one-year follow-up. Psychol. Med. 53, 3793–3804. doi: 10.1017/
S0033291722000411

Gumpp, A. M., Boeck, C., Behnke, A., Bach, A. M., Ramo-Fernández, L., Welz, T., 
et al. (2020). Childhood maltreatment is associated with changes in mitochondrial 
bioenergetics in maternal, but not in neonatal immune cells. Proc. Natl. Acad. Sci. 117, 
24778–24784. doi: 10.1073/pnas.2005885117

Hahn-Holbrook, J., Dunkel Schetter, C., Arora, C., and Hobel, C. J. (2013). Placental 
corticotropin-releasing hormone mediates the association between prenatal social support 
and postpartum depression. Clin. Psychol. Sci. 1, 253–265. doi: 10.1177/2167702612470646

Haight, S. C., Byatt, N., Moore Simas, T. A., Robbins, C. L., and Ko, J. Y. (2019). 
Recorded diagnoses of depression during delivery hospitalizations in the United States, 
2000–2015. Obstet. Gynecol. 133, 1216–1223. doi: 10.1097/AOG.0000000000003291

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jpsychires.2009.12.012
https://doi.org/10.1016/j.mito.2021.06.006
https://doi.org/10.1016/j.mito.2021.06.006
https://doi.org/10.1016/j.bbr.2023.114526
https://doi.org/10.1161/JAHA.121.021726
https://doi.org/10.1152/ajpregu.00324.2019
https://doi.org/10.1016/j.physbeh.2018.11.024
https://doi.org/10.1146/annurev-clinpsy-082719-104030
https://doi.org/10.1146/annurev-clinpsy-082719-104030
https://doi.org/10.1016/j.tifs.2017.06.019
https://doi.org/10.1007/s11064-017-2375-9
https://doi.org/10.1016/j.yfrne.2020.100820
https://doi.org/10.1016/j.psyneuen.2016.05.010
https://doi.org/10.1210/en.2018-00677
https://doi.org/10.1210/en.2018-00677
https://doi.org/10.7759/cureus.30091
https://doi.org/10.1016/j.mito.2004.11.001
https://doi.org/10.1007/s00737-020-01091-3
https://doi.org/10.1073/pnas.0812671106
https://doi.org/10.3389/fgwh.2021.758748
https://doi.org/10.1016/j.biopsych.2019.04.025
https://doi.org/10.1016/j.jpsychires.2013.05.003
https://doi.org/10.1007/s00213-006-0313-7
https://doi.org/10.1111/jmwh.12139
https://doi.org/10.3390/ijms20112770
https://doi.org/10.1089/jwh.2013.4438
https://doi.org/10.4088/JCP.18r12527
https://doi.org/10.4088/JCP.18r12527
https://doi.org/10.1016/j.tins.2019.07.002
https://doi.org/10.1016/j.bbi.2016.08.019
https://doi.org/10.3390/ijerph192114450
https://doi.org/10.1016/s0006-8993(01)03318-2
https://doi.org/10.1146/annurev-neuro-102320-102847
https://doi.org/10.1136/bmj.p1303
https://doi.org/10.1016/j.bbabio.2006.10.001
https://doi.org/10.1016/j.neubiorev.2023.105225
https://doi.org/10.1016/j.mito.2021.03.004
https://doi.org/10.1177/09727531211009431
https://doi.org/10.1016/j.bbr.2017.11.038
https://doi.org/10.1016/j.neuroscience.2016.03.068
https://doi.org/10.1111/jne.13275
https://doi.org/10.1016/j.neulet.2010.11.006
https://doi.org/10.1016/j.ynstr.2023.100563
https://doi.org/10.1152/ajpheart.00834.2015
https://doi.org/10.1113/expphysiol.2011.058388
https://doi.org/10.1002/bmc.5036
https://doi.org/10.1017/S0033291722000411
https://doi.org/10.1017/S0033291722000411
https://doi.org/10.1073/pnas.2005885117
https://doi.org/10.1177/2167702612470646
https://doi.org/10.1097/AOG.0000000000003291


Gorman-Sandler et al. 10.3389/fnbeh.2023.1286811

Frontiers in Behavioral Neuroscience 17 frontiersin.org

Haim, A., Julian, D., Albin-Brooks, C., Brothers, H. M., Lenz, K. M., and Leuner, B. 
(2017). A survey of neuroimmune changes in pregnant and postpartum female rats. 
Brain Behav. Immun. 59, 67–78. doi: 10.1016/j.bbi.2016.09.026

Haim, A., Sherer, M., and Leuner, B. (2014). Gestational stress induces persistent 
depressive-like behavior and structural modifications within the postpartum nucleus 
accumbens. Eur. J. Neurosci. 40, 3766–3773. doi: 10.1111/ejn.12752

Hall, W. A., Hauck, Y. L., Carty, E. M., Hutton, E. K., Fenwick, J., and Stoll, K. (2009). 
Childbirth fear, anxiety, fatigue, and sleep deprivation in pregnant women. J. Obstet. 
Gynecol. Neonatal Nurs. 38, 567–576. doi: 10.1111/j.1552-6909.2009.01054.x

Handa, R. J., Ogawa, S., Wang, J. M., and Herbison, A. E. (2012). Roles for oestrogen 
receptor β in adult brain function. J. Neuroendocrinol. 24, 160–173. doi: 
10.1111/j.1365-2826.2011.02206.x

Hendrick, V., Altshuler, L. L., and Suri, R. (1998). Hormonal changes in the 
postpartum and implications for postpartum depression. Psychosomatics 39, 93–101. 
doi: 10.1016/S0033-3182(98)71355-6

Heyne, C.-S., Kazmierczak, M., Souday, R., Horesh, D., Lambregtse-van den Berg, M., 
Weigl, T., et al. (2022). Prevalence and risk factors of birth-related posttraumatic stress 
among parents: a comparative systematic review and meta-analysis. Clin. Psychol. Rev. 
94:102157. doi: 10.1016/j.cpr.2022.102157

Hibbeln, J. R. (2002). Seafood consumption, the DHA content of mothers’ milk and 
prevalence rates of postpartum depression: a cross-national, ecological analysis. J. Affect. 
Disord. 69, 15–29. doi: 10.1016/S0165-0327(01)00374-3

Higashida, K., Kim, S. H., Jung, S. R., Asaka, M., Holloszy, J. O., and Han, D.-H. 
(2013). Effects of resveratrol and SIRT1 on PGC-1α activity and mitochondrial 
biogenesis: a reevaluation. PLoS Biol. 11:e1001603. doi: 10.1371/journal.pbio.1001603

Hillerer, K. M., Jacobs, V. R., Fischer, T., and Aigner, L. (2014). The maternal brain: an 
organ with peripartal plasticity. Neural Plast. 2014, 1–20. doi: 10.1155/2014/574159

Hillerer, K. M., Neumann, I. D., and Slattery, D. A. (2012). From stress to postpartum 
mood and anxiety disorders: how chronic peripartum stress can impair maternal 
adaptations. Neuroendocrinology 95, 22–38. doi: 10.1159/000330445

Hoekzema, E., Barba-Müller, E., Pozzobon, C., Picado, M., Lucco, F., García-García, D., 
et al. (2017). Pregnancy leads to long-lasting changes in human brain structure. Nat. 
Neurosci. 20, 287–296. doi: 10.1038/nn.4458

Hollis, F., Mitchell, E. S., Canto, C., Wang, D., and Sandi, C. (2018). Medium chain 
triglyceride diet reduces anxiety-like behaviors and enhances social competitiveness in 
rats. Neuropharmacology 138, 245–256. doi: 10.1016/j.neuropharm.2018.06.017

Hollis, F., Pope, B. S., Gorman-Sandler, E., and Wood, S. K. (2022). Neuroinflammation 
and mitochondrial dysfunction link social stress to depression. Curr. Top. Behav. 
Neurosci. 54, 59–93. doi: 10.1007/7854_2021_300

Hollis, F., Kooij, M. A.Van Der, Zanoletti, O., Lozano, L., Cantó, C., and Sandi, C. 
(2015). Mitochondrial function in the brain links anxiety with social subordination. 
Proc. Natl. Acad. Sci. 112, 15486–15491. doi: 10.1073/pnas.1512653112

Hu, J., Zhang, Z., Shen, W.-J., and Azhar, S. (2010). Cellular cholesterol delivery, 
intracellular processing and utilization for biosynthesis of steroid hormones. Nutr. 
Metab. 7:47. doi: 10.1186/1743-7075-7-47

Hummel, E. M., Hessas, E., Müller, S., Beiter, T., Fisch, M., Eibl, A., et al. (2018). Cell-
free DNA release under psychosocial and physical stress conditions. Transl. Psychiatry 
8, 236–210. doi: 10.1038/s41398-018-0264-x

Hung, T.-H., Lo, L.-M., Chiu, T.-H., Li, M.-J., Yeh, Y.-L., Chen, S.-F., et al. (2010). A 
longitudinal study of oxidative stress and antioxidant status in women with 
uncomplicated pregnancies throughout gestation. Reprod. Sci. 17, 401–409. doi: 
10.1177/1933719109359704

Hunter, R. G., Seligsohn, M., Rubin, T. G., Griffiths, B. B., Ozdemir, Y., Pfaff, D. W., 
et al. (2016). Stress and corticosteroids regulate rat hippocampal mitochondrial DNA 
gene expression via the glucocorticoid receptor. Proc. Natl. Acad. Sci. 113, 9099–9104. 
doi: 10.1073/pnas.1602185113

Irwin, R. W., Yao, J., Hamilton, R. T., Cadenas, E., Brinton, R. D., and Nilsen, J. (2008). 
Progesterone and estrogen regulate oxidative metabolism in brain mitochondria. 
Endocrinology 149, 3167–3175. doi: 10.1210/en.2007-1227

Julian, M., Le, H.-N., Coussons-Read, M., Hobel, C. J., and Dunkel Schetter, C. (2021). 
The moderating role of resilience resources in the association between stressful life 
events and symptoms of postpartum depression. J. Affect. Disord. 293, 261–267. doi: 
10.1016/j.jad.2021.05.082

Jung, C., Ho, J. T., Torpy, D. J., Rogers, A., Doogue, M., Lewis, J. G., et al. (2011). A 
longitudinal study of plasma and urinary cortisol in pregnancy and postpartum. J. Clin. 
Endocrinol. Metab. 96, 1533–1540. doi: 10.1210/jc.2010-2395

Kamrani-Sharif, R., Hayes, A. W., Gholami, M., Salehirad, M., Allahverdikhani, M., 
Motaghinejad, M., et al. (2023). Oxytocin as neuro-hormone and neuro-regulator exert 
neuroprotective properties: a mechanistic graphical review. Neuropeptides 101:102352. 
doi: 10.1016/j.npep.2023.102352

Kaneko, Y., Pappas, C., Tajiri, N., and Borlongan, C. V. (2016). Oxytocin modulates 
GABAAR subunits to confer neuroprotection in stroke in vitro. Sci. Rep. 6:35659. doi: 
10.1038/srep35659

Kanes, S. J., Colquhoun, H., Doherty, J., Raines, S., Hoffmann, E., Rubinow, D. R., et al. 
(2017). Open-label, proof-of-concept study of brexanolone in the treatment of severe 
postpartum depression. Hum. Psychopharmacol. 32:e2576. doi: 10.1002/hup.2576

Kanes, S., Colquhoun, H., Gunduz-Bruce, H., Raines, S., Arnold, R., Schacterle, A., et al. 
(2017). Brexanolone (SAGE-547 injection) in post-partum depression: a randomised 
controlled trial. Lancet 390, 480–489. doi: 10.1016/S0140-6736(17)31264-3

Karaa, A., Elsharkawi, I., Clapp, M. A., and Balcells, C. (2019). Effects of mitochondrial 
disease/dysfunction on pregnancy: a retrospective study. Mitochondrion 46, 214–220. 
doi: 10.1016/j.mito.2018.06.007

Kicinska, A., and Jarmuszkiewicz, W. (2020). Flavonoids and mitochondria: activation 
of cytoprotective pathways? Molecules 25:3060. doi: 10.3390/molecules25133060

Kikuchi, S., Kobayashi, N., Watanabe, Z., Ono, C., Takeda, T., Nishigori, H., et al. (2021). 
The delivery of a placenta/fetus with high gonadal steroid production contributes to 
postpartum depressive symptoms. Depress. Anxiety 38, 422–430. doi: 10.1002/da.23134

Klinge, C. M. (2020). Estrogenic control of mitochondrial function. Redox Biol. 
31:101435. doi: 10.1016/j.redox.2020.101435

Kołomańska-Bogucka, D., and Mazur-Bialy, A. I. (2019). Physical activity and the 
occurrence of postnatal depression – a systematic review. Medicina (Mex.) 55:560. doi: 
10.3390/medicina55090560

Kühn, K., Obata, T., Feher, K., Bock, R., Fernie, A. R., and Meyer, E. H. (2015). 
Complete mitochondrial complex I deficiency induces an up-regulation of respiratory 
fluxes that is abolished by traces of functional complex I. Plant Physiol. 168, 1537–1549. 
doi: 10.1104/pp.15.00589

Lagouge, M., Argmann, C., Gerhart-Hines, Z., Meziane, H., Lerin, C., Daussin, F., 
et al. (2006). Resveratrol improves mitochondrial function and protects against 
metabolic disease by activating SIRT1 and PGC-1α. Cells 127, 1109–1122. doi: 10.1016/j.
cell.2006.11.013

Laketic, K., Lalonde-Bester, S., Smyth, K., Slater, D. M., Tough, S. C., Ishida, H., et al. 
(2023). Maternal metabolites indicative of mental health status during pregnancy. Meta 
13:24. doi: 10.3390/metabo13010024

Lambertini, L., Chen, J., and Nomura, Y. (2015). Mitochondrial gene expression 
profiles are associated with maternal psychosocial stress in pregnancy and infant 
temperament. PLoS One 10:e0138929. doi: 10.1371/journal.pone.0138929

Langley, M. R., Yoon, H., Kim, H. N., Choi, C.-I., Simon, W., Kleppe, L., et al. (2020). 
High fat diet consumption results in mitochondrial dysfunction, oxidative stress, and 
oligodendrocyte loss in the central nervous system. Biochim. Biophys. Acta 1866:165630. 
doi: 10.1016/j.bbadis.2019.165630

Lawrence, B., Kheyfets, A., Carvalho, K., Dhaurali, S., Kiani, M., Moky, A., et al. 
(2022). The impact of psychosocial stress on maternal health outcomes: a multi-state 
PRAMS 8 (2016-2018) analysis. J. Health Disparities Res. Pract. 15:7. Available at: https://
digitalscholarship.unlv.edu/jhdrp/vol15/iss2/7

Lee, B. (2023). National, state-level, and county-level prevalence estimates of adults 
aged ≥18 years self-reporting a lifetime diagnosis of depression – United States, 2020. 
MMWR Morb. Mortal. Wkly Rep. 72, 644–650. doi: 10.15585/mmwr.mm7224a1

Lee, S. R., and Han, J. (2017). Mitochondrial nucleoid: shield and switch of the 
mitochondrial genome. Oxidative Med. Cell. Longev. 2017, 8060949–8060915. doi: 
10.1155/2017/8060949

Lehman, J. J., Barger, P. M., Kovacs, A., Saffitz, J. E., Medeiros, D. M., and Kelly, D. P. 
(2000). Peroxisome proliferator–activated receptor γ coactivator-1 promotes cardiac 
mitochondrial biogenesis. J. Clin. Invest. 106, 847–856. doi: 10.1172/JCI10268

Leonard, K. S., Evans, M. B., Kjerulff, K. H., and Downs, D. S. (2020). Postpartum 
perceived stress explains the association between perceived social support and 
depressive symptoms. Womens Health Issues 30, 231–239. doi: 10.1016/j.whi.2020.05.001

Leuner, B., Fredericks, P. J., Nealer, C., and Albin-Brooks, C. (2014). Chronic 
gestational stress leads to depressive-like behavior and compromises medial prefrontal 
cortex structure and function during the postpartum period. PLoS One 9:e89912. doi: 
10.1371/journal.pone.0089912

Leung, B. M. Y., and Kaplan, B. J. (2009). Perinatal depression: prevalence, risks, and 
the nutrition link – a review of the literature. J. Am. Diet. Assoc. 109, 1566–1575. doi: 
10.1016/j.jada.2009.06.368

Levant, B. (2011). N-3 (omega-3) fatty acids in postpartum depression: implications 
for prevention and treatment. Depress. Res. Treat. 2011:467349, 1–16. doi: 
10.1155/2011/467349

Levin, G., and Ein-Dor, T. (2023). A unified model of the biology of peripartum 
depression. Transl. Psychiatry 13, 138–137. doi: 10.1038/s41398-023-02439-w

Lévy, F., Kendrick, K. M., Keverne, E. B., Piketty, V., and Poindron, P. (1992). 
Intracerebral oxytocin is important for the onset of maternal behavior in inexperienced 
ewes delivered under peridural anesthesia. Behav. Neurosci. 106, 427–432. doi: 
10.1037//0735-7044.106.2.427

Li, X., Liu, A., Yang, L., Zhang, K., Wu, Y., Zhao, M., et al. (2018). Antidepressant-like 
effects of translocator protein (18 kDa) ligand ZBD-2 in mouse models of postpartum 
depression. Mol. Brain 11:12. doi: 10.1186/s13041-018-0355-x

Lin, P.-Y., Chang, C.-H., Chong, M. F.-F., Chen, H., and Su, K.-P. (2017). 
Polyunsaturated fatty acids in perinatal depression: a systematic review and Meta-
analysis. Biol. Psychiatry 82, 560–569. doi: 10.1016/j.biopsych.2017.02.1182

Lin, K., Li, Y., Toit, E. D., Wendt, L., and Sun, J. (2021). Effects of polyphenol 
supplementations on improving depression, anxiety, and quality of life in patients with 
depression. Front. Psych. 12:765485. doi: 10.3389/fpsyt.2021.765485

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.bbi.2016.09.026
https://doi.org/10.1111/ejn.12752
https://doi.org/10.1111/j.1552-6909.2009.01054.x
https://doi.org/10.1111/j.1365-2826.2011.02206.x
https://doi.org/10.1016/S0033-3182(98)71355-6
https://doi.org/10.1016/j.cpr.2022.102157
https://doi.org/10.1016/S0165-0327(01)00374-3
https://doi.org/10.1371/journal.pbio.1001603
https://doi.org/10.1155/2014/574159
https://doi.org/10.1159/000330445
https://doi.org/10.1038/nn.4458
https://doi.org/10.1016/j.neuropharm.2018.06.017
https://doi.org/10.1007/7854_2021_300
https://doi.org/10.1073/pnas.1512653112
https://doi.org/10.1186/1743-7075-7-47
https://doi.org/10.1038/s41398-018-0264-x
https://doi.org/10.1177/1933719109359704
https://doi.org/10.1073/pnas.1602185113
https://doi.org/10.1210/en.2007-1227
https://doi.org/10.1016/j.jad.2021.05.082
https://doi.org/10.1210/jc.2010-2395
https://doi.org/10.1016/j.npep.2023.102352
https://doi.org/10.1038/srep35659
https://doi.org/10.1002/hup.2576
https://doi.org/10.1016/S0140-6736(17)31264-3
https://doi.org/10.1016/j.mito.2018.06.007
https://doi.org/10.3390/molecules25133060
https://doi.org/10.1002/da.23134
https://doi.org/10.1016/j.redox.2020.101435
https://doi.org/10.3390/medicina55090560
https://doi.org/10.1104/pp.15.00589
https://doi.org/10.1016/j.cell.2006.11.013
https://doi.org/10.1016/j.cell.2006.11.013
https://doi.org/10.3390/metabo13010024
https://doi.org/10.1371/journal.pone.0138929
https://doi.org/10.1016/j.bbadis.2019.165630
https://digitalscholarship.unlv.edu/jhdrp/vol15/iss2/7
https://digitalscholarship.unlv.edu/jhdrp/vol15/iss2/7
https://doi.org/10.15585/mmwr.mm7224a1
https://doi.org/10.1155/2017/8060949
https://doi.org/10.1172/JCI10268
https://doi.org/10.1016/j.whi.2020.05.001
https://doi.org/10.1371/journal.pone.0089912
https://doi.org/10.1016/j.jada.2009.06.368
https://doi.org/10.1155/2011/467349
https://doi.org/10.1038/s41398-023-02439-w
https://doi.org/10.1037//0735-7044.106.2.427
https://doi.org/10.1186/s13041-018-0355-x
https://doi.org/10.1016/j.biopsych.2017.02.1182
https://doi.org/10.3389/fpsyt.2021.765485


Gorman-Sandler et al. 10.3389/fnbeh.2023.1286811

Frontiers in Behavioral Neuroscience 18 frontiersin.org

Liu, H. Y., Gale, J. R., Reynolds, I. J., Weiss, J. H., and Aizenman, E. (2021). The 
multifaceted roles of zinc in neuronal mitochondrial dysfunction. Biomedicine 9:489. 
doi: 10.3390/biomedicines9050489

Liu, W., Sheng, H., Xu, Y., Liu, Y., Lu, J., and Ni, X. (2013). Swimming exercise 
ameliorates depression-like behavior in chronically stressed rats: relevant to 
proinflammatory cytokines and IDO activation. Behav. Brain Res. 242, 110–116. doi: 
10.1016/j.bbr.2012.12.041

Lokuge, S., Frey, B. N., Foster, J. A., Soares, C. N., and Steiner, M. (2011). Depression 
in women: windows of vulnerability and new insights into the link between Estrogen 
and serotonin. J. Clin. Psychiatry 72, e1563–e1569. doi: 10.4088/JCP.11com07089

Lonstein, J. S., Maguire, J., Meinlschmidt, G., and Neumann, I. D. (2014). Emotion 
and mood adaptations in the peripartum female:complementary contributions of GABA 
and oxytocin. J. Neuroendocrinol. 26, 649–664. doi: 10.1111/jne.12188

Maguire, J., and Mody, I. (2008). GABAAR plasticity during pregnancy: relevance to 
postpartum depression. Neuron 59, 207–213. doi: 10.1016/j.neuron.2008.06.019

Majeed, Y., Halabi, N., Madani, A. Y., Engelke, R., Bhagwat, A. M., Abdesselem, H., 
et al. (2021). SIRT1 promotes lipid metabolism and mitochondrial biogenesis in 
adipocytes and coordinates adipogenesis by targeting key enzymatic pathways. Sci. Rep. 
11:8177. doi: 10.1038/s41598-021-87759-x

Majewska, M. D. (1992). Neurosteroids: endogenous bimodal modulators of the 
GABAA receptor. Mechanism of action and physiological significance. Prog. Neurobiol. 
38, 379–394. doi: 10.1016/0301-0082(92)90025-a

Marconcin, P., Peralta, M., Gouveia, É. R., Ferrari, G., Carraça, E., Ihle, A., et al. 
(2021). Effects of exercise during pregnancy on postpartum depression: a systematic 
review of meta-analyses. Biology 10:1331. doi: 10.3390/biology10121331

Mariamenatu, A. H., and Abdu, E. M. (2021). Overconsumption of omega-6 
polyunsaturated fatty acids (PUFAs) versus deficiency of omega-3 PUFAs in modern-
day diets: the disturbing factor for their “balanced antagonistic metabolic functions” in 
the human body. J. Lipids 2021:8848161. doi: 10.1155/2021/8848161

Martin, D. L., and Rimvall, K. (1993). Regulation of γ-aminobutyric acid synthesis in 
the brain. J. Neurochem. 60, 395–407. doi: 10.1111/j.1471-4159.1993.tb03165.x

Martinez, G. M., Daniels, K., and Febo-Vazquez, I. (2018). Fertility of men and women 
aged 15-44 in the United States: National Survey of Family Growth, 2011-2015. Natl. 
Health Stat. Rep. 113, 1–17.

Medina, J., De Guzman, R. M., and Workman, J. L. (2021). Lactation is not required 
for maintaining maternal care and active coping responses in chronically stressed 
postpartum rats: Interactions between nursing demand and chronic variable stress. 
Horm. Behav. 136, 105035. doi: 10.1016/j.yhbeh.2021.105035

Melón, L., Hammond, R., Lewis, M., and Maguire, J. (2018). A novel, synthetic, 
neuroactive steroid is effective at decreasing depression-like Behaviors and improving 
maternal Care in Preclinical Models of postpartum depression. Front. Endocrinol. 9:703. 
doi: 10.3389/fendo.2018.00703

Meltzer-Brody, S., Colquhoun, H., Riesenberg, R., Epperson, C. N., 
Deligiannidis, K. M., Rubinow, D. R., et al. (2018). Brexanolone injection in post-partum 
depression: two multicentre, double-blind, randomised, placebo-controlled, phase 3 
trials. Lancet 392, 1058–1070. doi: 10.1016/S0140-6736(18)31551-4

Meltzer-Brody, S., Stuebe, A., Dole, N., Savitz, D., Rubinow, D., and Thorp, J. (2011). 
Elevated corticotropin releasing hormone (CRH) during pregnancy and risk of postpartum 
depression (PPD). J. Clin. Endocrinol. Metab. 96, E40–E47. doi: 10.1210/jc.2010-0978

Miller, W. L. (2013). Steroid hormone synthesis in mitochondria. Mol. Cell. Endocrinol. 
379, 62–73. doi: 10.1016/j.mce.2013.04.014

Miller, W. L., and Bose, H. S. (2011). Early steps in steroidogenesis: intracellular 
cholesterol trafficking: thematic review series: genetics of human lipid diseases. J. Lipid 
Res. 52, 2111–2135. doi: 10.1194/jlr.R016675

Misdrahi, D., Pardon, M. C., Pérez-Diaz, F., Hanoun, N., and Cohen-Salmon, C. 
(2005). Prepartum chronic ultramild stress increases corticosterone and estradiol levels 
in gestating mice: implications for postpartum depressive disorders. Psychiatry Res. 137, 
123–130. doi: 10.1016/j.psychres.2005.07.020

Mokhber, N., Namjoo, M., Tara, F., Boskabadi, H., Rayman, M. P., 
Ghayour-Mobarhan, M., et al. (2011). Effect of supplementation with selenium on 
postpartum depression: a randomized double-blind placebo-controlled trial. J. Matern.-
Fetal Neonatal Med 24, 104–108. doi: 10.3109/14767058.2010.482598

Morató, L., and Sandi, C. (2020). “Chapter 9 – Mitochondrial function and stress 
resilience” in Stress resilience. ed. A. Chen (New York: Academic Press), 119–132.

Morava, É., and Kozicz, T. (2013). Mitochondria and the economy of stress (mal) 
adaptation. Neurosci. Biobehav. Rev. 37, 668–680. doi: 10.1016/j.neubiorev.2013.02.005

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species. Biochem. 
J. 417, 1–13. doi: 10.1042/BJ20081386

Musatov, A., and Robinson, N. C. (2012). Susceptibility of mitochondrial electron-
transport complexes to oxidative damage. Focus on cytochrome c oxidase. Free Radic. 
Res. 46, 1313–1326. doi: 10.3109/10715762.2012.717273

Nephew, B. C., and Bridges, R. S. (2011). Effects of chronic social stress during 
lactation on maternal behavior and growth in rats. Stress Amst. Neth. 14, 677–684. doi: 
10.3109/10253890.2011.605487

Nacka-Aleksić, M., Pirković, A., Vilotić, A., Bojić-Trbojević, Ž., Jovanović 
Krivokuća, M., Giampieri, F., et al. (2022). The role of dietary polyphenols in pregnancy 
and pregnancy-related disorders. Nutrients 14:5246. doi: 10.3390/nu14245246

Nephew, K., Haspel, J. A., Rathinam, V. A. K., 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, 
222–230. doi: 10.1038/ni.1980

Nishimori, K., Young, L. J., Guo, Q., Wang, Z., Insel, T. R., and Matzuk, M. M. (1996). 
Oxytocin is required for nursing but is not essential for parturition or reproductive 
behavior. Proc. Natl. Acad. Sci. 93, 11699–11704. doi: 10.1073/pnas.93.21.11699

Numan, M., Roach, J. K., del Cerro, M. C., Guillamón, A., Segovia, S., Sheehan, T. P., 
et al. (1999). Expression of intracellular progesterone receptors in rat brain during 
different reproductive states, and involvement in maternal behavior. Brain Res. 830, 
358–371. doi: 10.1016/s0006-8993(99)01424-9

O’Hara, M. W., and Swain, A. M. (1996). Rates and risk of postpartum depression – a 
meta-analysis. Int. Rev. Psychiatry 8, 37–54. doi: 10.3109/09540269609037816

O’Hara, M. W., and Wisner, K. L. (2014). Perinatal mental illness: definition, 
description and aetiology. Best Pract. Res. Clin. Obstet. Gynaecol. 28, 3–12. doi: 10.1016/j.
bpobgyn.2013.09.002

O’Mahoney, S. M., Myint, A.-M., van den Hove, D., Desbonnet, L., Steinbusch, H., 
and Leonard, B. E. (2006). Gestational stress leads to depressive-like behavioural and 
immunological changes in the rat. Neuroimmunomodulation 13, 82–88. doi: 
10.1159/000096090

Oatridge, A., Holdcroft, A., Saeed, N., Hajnal, J. V., Puri, B. K., Fusi, L., et al. (2002). 
Change in brain size during and after pregnancy: study in healthy women and women 
with preeclampsia. Am. J. Neuroradiol. 23, 19–26.

Orchard, E. R., Rutherford, H. J. V., Holmes, A. J., and Jamadar, S. D. (2023). 
Matrescence: lifetime impact of motherhood on cognition and the brain. Trends Cogn. 
Sci. 27, 302–316. doi: 10.1016/j.tics.2022.12.002

Pardon, M.-C., Gérardin, P., Joubert, C., Pérez-Diaz, F., and Cohen-Salmon, C. (2000). 
Influence of prepartum chronic ultramild stress on maternal pup care behavior in mice. 
Biol. Psychiatry 47, 858–863. doi: 10.1016/S0006-3223(99)00253-X

Pan, D., Xu, Y., Zhang, L., Su, Q., Chen, M., Li, B., et al. (2018). Gene expression profile 
in peripheral blood mononuclear cells of postpartum depression patients. Sci. Rep. 
8:10139. doi: 10.1038/s41598-018-28509-4

Papadopoulos, V., and Miller, W. L. (2012). Role of mitochondria in steroidogenesis. 
Best Pract. Res. Clin. Endocrinol. Metab. 26, 771–790. doi: 10.1016/j.beem.2012.05.002

Papadopoulou, Z., Vlaikou, A.-M., Theodoridou, D., Komini, C., Chalkiadaki, G., 
Vafeiadi, M., et al. (2019). Unraveling the serum metabolomic profile of post-partum 
depression. Front. Neurosci. 13:833. doi: 10.3389/fnins.2019.00833

Park, S.-S., Park, H.-S., Kim, C.-J., Baek, S.-S., and Kim, T.-W. (2019). Exercise 
attenuates maternal separation-induced mood disorder-like behaviors by enhancing 
mitochondrial functions and neuroplasticity in the dorsal raphe. Behav. Brain Res. 
372:112049. doi: 10.1016/j.bbr.2019.112049

Park, N. R., Taylor, H. A., Andreasen, V. A., Williams, A. S., Niitepõld, K., Yap, K. N., 
et al. (2020). Mitochondrial physiology varies with parity and body mass in the 
laboratory mouse (Mus musculus). J. Comp. Physiol. B 190, 465–477. doi: 10.1007/
s00360-020-01285-2

Parviz, M., Vogel, K., Gibson, K. M., and Pearl, P. L. (2014). Disorders of GABA 
metabolism: SSADH and GABA-transaminase deficiencies. J. Pediatr. Epilepsy 3, 
217–227. doi: 10.3233/PEP-14097

Paul, S. M., Pinna, G., and Guidotti, A. (2020). Allopregnanolone: from molecular 
pathophysiology to therapeutics. A historical perspective. Neurobiol. Stress 12:100215. 
doi: 10.1016/j.ynstr.2020.100215

Pawluski, J. L., Brummelte, S., Barha, C. K., Crozier, T. M., and Galea, L. A. M. (2009). 
Effects of steroid hormones on neurogenesis in the hippocampus of the adult female 
rodent during the estrous cycle, pregnancy, lactation and aging. Front. Neuroendocrinol. 
30, 343–357. doi: 10.1016/j.yfrne.2009.03.007

Pawluski, J. L., Hoekzema, E., Leuner, B., and Lonstein, J. S. (2022). Less can be more: 
fine tuning the maternal brain. Neurosci. Biobehav. Rev. 133:104475. doi: 10.1016/j.
neubiorev.2021.11.045

Pawluski, J. L., Lambert, K. G., and Kinsley, C. H. (2016). Neuroplasticity in the 
maternal hippocampus: relation to cognition and effects of repeated stress. Horm. Behav. 
77, 86–97. doi: 10.1016/j.yhbeh.2015.06.004

Payne, J. L., and Maguire, J. (2019). Pathophysiological mechanisms implicated in 
postpartum depression. Front. Neuroendocrinol. 52, 165–180. doi: 10.1016/j.
yfrne.2018.12.001

Perani, C. V., and Slattery, D. A. (2014). Using animal models to study post-partum 
psychiatric disorders. Br. J. Pharmacol. 171, 4539–4555. doi: 10.1111/bph.12640

Pérez, M. Á., Peñaloza-Sancho, V., Ahumada, J., Fuenzalida, M., and 
Dagnino-Subiabre, A. (2018). N-3 polyunsaturated fatty acid supplementation restored 
impaired memory and GABAergic synaptic efficacy in the hippocampus of stressed rats. 
Nutr. Neurosci. 21, 556–569. doi: 10.1080/1028415X.2017.1323609

Pfau, M. L., and Russo, S. J. (2015). Peripheral and central mechanisms of stress 
resilience. Neurobiol. Stress 1, 66–79. doi: 10.1016/j.ynstr.2014.09.004

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/biomedicines9050489
https://doi.org/10.1016/j.bbr.2012.12.041
https://doi.org/10.4088/JCP.11com07089
https://doi.org/10.1111/jne.12188
https://doi.org/10.1016/j.neuron.2008.06.019
https://doi.org/10.1038/s41598-021-87759-x
https://doi.org/10.1016/0301-0082(92)90025-a
https://doi.org/10.3390/biology10121331
https://doi.org/10.1155/2021/8848161
https://doi.org/10.1111/j.1471-4159.1993.tb03165.x
https://doi.org/10.1016/j.yhbeh.2021.105035
https://doi.org/10.3389/fendo.2018.00703
https://doi.org/10.1016/S0140-6736(18)31551-4
https://doi.org/10.1210/jc.2010-0978
https://doi.org/10.1016/j.mce.2013.04.014
https://doi.org/10.1194/jlr.R016675
https://doi.org/10.1016/j.psychres.2005.07.020
https://doi.org/10.3109/14767058.2010.482598
https://doi.org/10.1016/j.neubiorev.2013.02.005
https://doi.org/10.1042/BJ20081386
https://doi.org/10.3109/10715762.2012.717273
https://doi.org/10.3109/10253890.2011.605487
https://doi.org/10.3390/nu14245246
https://doi.org/10.1038/ni.1980
https://doi.org/10.1073/pnas.93.21.11699
https://doi.org/10.1016/s0006-8993(99)01424-9
https://doi.org/10.3109/09540269609037816
https://doi.org/10.1016/j.bpobgyn.2013.09.002
https://doi.org/10.1016/j.bpobgyn.2013.09.002
https://doi.org/10.1159/000096090
https://doi.org/10.1016/j.tics.2022.12.002
https://doi.org/10.1016/S0006-3223(99)00253-X
https://doi.org/10.1038/s41598-018-28509-4
https://doi.org/10.1016/j.beem.2012.05.002
https://doi.org/10.3389/fnins.2019.00833
https://doi.org/10.1016/j.bbr.2019.112049
https://doi.org/10.1007/s00360-020-01285-2
https://doi.org/10.1007/s00360-020-01285-2
https://doi.org/10.3233/PEP-14097
https://doi.org/10.1016/j.ynstr.2020.100215
https://doi.org/10.1016/j.yfrne.2009.03.007
https://doi.org/10.1016/j.neubiorev.2021.11.045
https://doi.org/10.1016/j.neubiorev.2021.11.045
https://doi.org/10.1016/j.yhbeh.2015.06.004
https://doi.org/10.1016/j.yfrne.2018.12.001
https://doi.org/10.1016/j.yfrne.2018.12.001
https://doi.org/10.1111/bph.12640
https://doi.org/10.1080/1028415X.2017.1323609
https://doi.org/10.1016/j.ynstr.2014.09.004


Gorman-Sandler et al. 10.3389/fnbeh.2023.1286811

Frontiers in Behavioral Neuroscience 19 frontiersin.org

Phillips, E. A., Hendricks, N., Bucher, M., and Maloyan, A. (2022). Vitamin D 
supplementation improves mitochondrial function and reduces inflammation in 
placentae of obese women. Front. Endocrinol. 13:893848. doi: 10.3389/fendo.2022.893848

Picard, M., Juster, R.-P., and McEwen, B. S. (2014). Mitochondrial allostatic load puts 
the ‘gluc’ back in glucocorticoids. Nat. Rev. Endocrinol. 10, 303–310. doi: 10.1038/
nrendo.2014.22

Picard, M., and McEwen, B. S. (2018). Psychological stress and mitochondria: a 
conceptual framework. Psychosom. Med. 80, 126–140. doi: 10.1097/
PSY.0000000000000544

Picard, M., McEwen, B. S., Epel, E. S., and Sandi, C. (2018). An energetic view of stress: 
focus on mitochondria. Front. Neuroendocrinol. 49, 72–85. doi: 10.1016/j.
yfrne.2018.01.001

Picard, M., McManus, M. J., Gray, J. D., Nasca, C., Moffat, C., Kopinski, P. K., et al. 
(2015). Mitochondrial functions modulate neuroendocrine, metabolic, inflammatory, 
and transcriptional responses to acute psychological stress. Proc. Natl. Acad. Sci. 112, 
E6614–E6623. doi: 10.1073/pnas.1515733112

Picard, M., Wallace, D. C., and Burelle, Y. (2016). The rise of mitochondria in 
medicine. Mitochondrion 30, 105–116. doi: 10.1016/j.mito.2016.07.003

Pollicino, F., Veronese, N., Dominguez, L. J., and Barbagallo, M. (2023). Mediterranean 
diet and mitochondria: new findings. Exp. Gerontol. 176:112165. doi: 10.1016/j.
exger.2023.112165

Post, C., and Leuner, B. (2019). The maternal reward system in postpartum depression. 
Arch. Womens Ment. Health 22, 417–429. doi: 10.1007/s00737-018-0926-y

Psarra, A.-M., Solakidi, S., and Sekeris, C. E. (2006). The mitochondrion as a primary 
site of action of steroid and thyroid hormones: presence and action of steroid and 
thyroid hormone receptors in mitochondria of animal cells. Mol. Cell. Endocrinol. 246, 
21–33. doi: 10.1016/j.mce.2005.11.025

Puia, G., Santi, M., Vicini, S., Pritchett, D. B., Purdy, R. H., Paul, S. M., et al. (1990). 
Neurosteroids act on recombinant human GABAA receptors. Neuron 4, 759–765. doi: 
10.1016/0896-6273(90)90202-Q

Puri, T. A., Richard, J. E., and Galea, L. A. M. (2023). Beyond sex differences: short- 
and long-term effects of pregnancy on the brain. Trends Neurosci. 46, 459–471. doi: 
10.1016/j.tins.2023.03.010

Putti, R., Sica, R., Migliaccio, V., and Lionetti, L. (2015). Diet impact on mitochondrial 
bioenergetics and dynamics. Front. Physiol. 6:109. doi: 10.3389/fphys.2015.00109

Ravasz, D., Kacso, G., Fodor, V., Horvath, K., Adam-Vizi, V., and Chinopoulos, C. 
(2017). Catabolism of GABA, succinic semialdehyde or gamma-hydroxybutyrate 
through the GABA shunt impair mitochondrial substrate-level phosphorylation. 
Neurochem. Int. 109, 41–53. doi: 10.1016/j.neuint.2017.03.008

Ren, P., Ma, L., Wang, J.-Y., Guo, H., Sun, L., Gao, M.-L., et al. (2020). Anxiolytic and 
anti-depressive like effects of translocator protein (18 kDa) ligand YL-IPA08 in a rat 
model of postpartum depression. Neurochem. Res. 45, 1746–1757. doi: 10.1007/
s11064-020-03036-9

Ribas, V., Drew, B. G., Zhou, Z., Phun, J., Kalajian, N. Y., Soleymani, T., et al. (2016). 
Skeletal muscle action of estrogen receptor α is critical for the maintenance of 
mitochondrial function and metabolic homeostasis in females. Sci. Transl. Med. 
8:334ra54-334ra54. doi: 10.1126/scitranslmed.aad3815

Ricca, C., Aillon, A., Bergandi, L., Alotto, D., Castagnoli, C., and Silvagno, F. (2018). 
Vitamin D receptor is necessary for mitochondrial function and cell health. Int. J. Mol. 
Sci. 19:1672. doi: 10.3390/ijms19061672

Rich-Edwards, J., Hacker, M., and Gillman, M. W. (2009). Premature recommendation 
of corticotropin-releasing hormone as screen for postpartum depression. Arch. Gen. 
Psychiatry 66:915. doi: 10.1001/archgenpsychiatry.2009.101

Riley, J. S., and Tait, S. W. (2020). Mitochondrial DNA in inflammation and immunity. 
EMBO Rep. 21:e49799. doi: 10.15252/embr.201949799

Robinson, D. P., and Klein, S. L. (2012). Pregnancy and pregnancy-associated 
hormones alter immune responses and disease pathogenesis. Horm. Behav. 62, 263–271. 
doi: 10.1016/j.yhbeh.2012.02.023

Rodríguez-Cano, A. M., Calzada-Mendoza, C. C., Estrada-Gutierrez, G., 
Mendoza-Ortega, J. A., and Perichart-Perera, O. (2020). Nutrients, mitochondrial 
function, and perinatal health. Nutrients 12:2166. doi: 10.3390/nu12072166

Roomruangwong, C., Anderson, G., Berk, M., Stoyanov, D., Carvalho, A. F., and 
Maes, M. (2018). A neuro-immune, neuro-oxidative and neuro-nitrosative model of 
prenatal and postpartum depression. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 81, 
262–274. doi: 10.1016/j.pnpbp.2017.09.015

Roomruangwong, C., Barbosa, D. S., Matsumoto, A. K., Nogueira, A. D. S., 
Kanchanatawan, B., Sirivichayakul, S., et al. (2017a). Activated neuro-oxidative and 
neuro-nitrosative pathways at the end of term are associated with inflammation 
and physio-somatic and depression symptoms, while predicting outcome 
characteristics in mother and baby. J. Affect. Disord. 223, 49–58. doi: 10.1016/j.
jad.2017.07.002

Roomruangwong, C., Kanchanatawan, B., Sirivichayakul, S., Mahieu, B., Nowak, G., 
and Maes, M. (2017b). Lower serum zinc and higher CRP strongly predict prenatal 
depression and physio-somatic symptoms, which all together predict postnatal 
depressive symptoms. Mol. Neurobiol. 54, 1500–1512. doi: 10.1007/s12035-016-9741-5

Rosenberg, A. M., Saggar, M., Monzel, A. S., Devine, J., Rogu, P., Limoges, A., et al. 
(2023). Brain mitochondrial diversity and network organization predict anxiety-like 
behavior in male mice. Nat. Commun. 14:4726. doi: 10.1038/s41467-023-39941-0

Roy, A., Evers, S. E., Avison, W. R., and Campbell, M. K. (2010). Higher zinc intake 
buffers the impact of stress on depressive symptoms in pregnancy. Nutr. Res. 30, 
695–704. doi: 10.1016/j.nutres.2010.09.011

Rupanagunta, G. P., Nandave, M., Rawat, D., Upadhyay, J., Rashid, S., and 
Ansari, M. N. (2023). Postpartum depression: aetiology, pathogenesis and the role of 
nutrients and dietary supplements in prevention and management. Saudi Pharm. J. 31, 
1274–1293. doi: 10.1016/j.jsps.2023.05.008

Salama, S. A., Mohammad, M. A., Diaz-Arrastia, C. R., Kamel, M. W., Kilic, G. S., 
Ndofor, B. T., et al. (2014). Estradiol-17β upregulates pyruvate kinase M2 expression to 
coactivate Estrogen receptor-α and to integrate metabolic reprogramming with the 
mitogenic response in endometrial cells. J. Clin. Endocrinol. Metab. 99, 3790–3799. doi: 
10.1210/jc.2013-2639

Salminen, A., Jouhten, P., Sarajärvi, T., Haapasalo, A., and Hiltunen, M. (2016). 
Hypoxia and GABA shunt activation in the pathogenesis of Alzheimer’s disease. 
Neurochem. Int. 92, 13–24. doi: 10.1016/j.neuint.2015.11.005

Sayeed, I., Parvez, S., Wali, B., Siemen, D., and Stein, D. G. (2009). Direct inhibition 
of the mitochondrial permeability transition pore: a possible mechanism for better 
neuroprotective effects of allopregnanolone over progesterone. Brain Res. 1263, 165–173. 
doi: 10.1016/j.brainres.2009.01.045

Scheyer, K., and Urizar, G. G. (2016). Altered stress patterns and increased risk for 
postpartum depression among low-income pregnant women. Arch. Womens Ment. 
Health 19, 317–328. doi: 10.1007/s00737-015-0563-7

Schobinger, E., Stuijfzand, S., and Horsch, A. (2020). Acute and Post-traumatic stress 
disorder symptoms in mothers and fathers following childbirth: a prospective cohort 
study. Front. Psych. 11:562054. doi: 10.3389/fpsyt.2020.562054

Scialò, F., Fernández-Ayala, D. J., and Sanz, A. (2017). Role of mitochondrial reverse 
Electron transport in ROS Signaling: potential roles in health and disease. Front. Physiol. 
8:428. doi: 10.3389/fphys.2017.00428

Servin-Barthet, C., Martínez-García, M., Pretus, C., Paternina-Pie, M., Soler, A., 
Khymenets, O., et al. (2023). The transition to motherhood: linking hormones, brain 
and behaviour. Nat. Rev. Neurosci. 24, 605–619. doi: 10.1038/s41583-023-00733-6

Sethuraman, R., Lee, T.-L., Chui, J.-W., and Tachibana, S. (2006). Changes in amino 
acids and nitric oxide concentration in cerebrospinal fluid during labor pain. Neurochem. 
Res. 31, 1127–1133. doi: 10.1007/s11064-006-9133-8

Simeone, K. A., Matthews, S. A., Samson, K. K., and Simeone, T. A. (2014). Targeting 
deficiencies in mitochondrial respiratory complex I and functional uncoupling exerts 
anti-seizure effects in a genetic model of temporal lobe epilepsy and in a model of acute 
temporal lobe seizures. Exp. Neurol. 251, 84–90. doi: 10.1016/j.expneurol.2013.11.005

Sinenko, S. A., Starkova, T. Y., Kuzmin, A. A., and Tomilin, A. N. (2021). Physiological 
Signaling functions of reactive oxygen species in stem cells: from flies to man. Front. Cell 
Dev. Biol. 9:714370. doi: 10.3389/fcell.2021.714370

Skrundz, M., Bolten, M., Nast, I., Hellhammer, D. H., and Meinlschmidt, G. (2011). Plasma 
oxytocin concentration during pregnancy is associated with development of postpartum 
depression. Neuropsychopharmacology 36, 1886–1893. doi: 10.1038/npp.2011.74

Smith, J. W., Seckl, J. R., Evans, A. T., Costall, B., and Smythe, J. W. (2004). Gestational 
stress induces post-partum depression-like behaviour and alters maternal care in rats. 
Psychoneuroendocrinology 29, 227–244. doi: 10.1016/S0306-4530(03)00025-8

Stone, S. L., Diop, H., Declercq, E., Cabral, H. J., Fox, M. P., and Wise, L. A. (2015). 
Stressful events during pregnancy and postpartum depressive symptoms. J. Women's 
Health 24, 384–393. doi: 10.1089/jwh.2014.4857

Ströhle, A. (2009). Physical activity, exercise, depression and anxiety disorders. J. 
Neural Transm. 116, 777–784. doi: 10.1007/s00702-008-0092-x

Su, K.-P., Matsuoka, Y., and Pae, C.-U. (2015). Omega-3 polyunsaturated fatty acids 
in prevention of mood and anxiety disorders. Clin. Psychopharmacol. Neurosci. 13, 
129–137. doi: 10.9758/cpn.2015.13.2.129

Thul, T. A., Corwin, E. J., Carlson, N. S., Brennan, P. A., and Young, L. J. (2020). 
Oxytocin and postpartum depression: a systematic review. Psychoneuroendocrinology 
120:104793. doi: 10.1016/j.psyneuen.2020.104793

Trujillo, J., Vieira, M. C., Lepsch, J., Rebelo, F., Poston, L., Pasupathy, D., et al. (2018). 
A systematic review of the associations between maternal nutritional biomarkers and 
depression and/or anxiety during pregnancy and postpartum. J. Affect. Disord. 232, 
185–203. doi: 10.1016/j.jad.2018.02.004

Trumpff, C., Marsland, A. L., Basualto-Alarcón, C., Martin, J. L., Carroll, J. E., Sturm, G., 
et al. (2019). Acute psychological stress increases serum circulating cell-free mitochondrial 
DNA. Psychoneuroendocrinology 106, 268–276. doi: 10.1016/j.psyneuen.2019.03.026

Trumpff, C., Michelson, J., Lagranha, C. J., Taleon, V., Karan, K. R., Sturm, G., et al. 
(2021). Stress and circulating cell-free mitochondrial DNA: a systematic review of 
human studies, physiological considerations, and technical recommendations. 
Mitochondrion 59, 225–245. doi: 10.1016/j.mito.2021.04.002

Ülgen, D. H., Ruigrok, S. R., and Sandi, C. (2023). Powering the social brain: 
mitochondria in social behaviour. Curr. Opin. Neurobiol. 79:102675. doi: 10.1016/j.
conb.2022.102675

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fendo.2022.893848
https://doi.org/10.1038/nrendo.2014.22
https://doi.org/10.1038/nrendo.2014.22
https://doi.org/10.1097/PSY.0000000000000544
https://doi.org/10.1097/PSY.0000000000000544
https://doi.org/10.1016/j.yfrne.2018.01.001
https://doi.org/10.1016/j.yfrne.2018.01.001
https://doi.org/10.1073/pnas.1515733112
https://doi.org/10.1016/j.mito.2016.07.003
https://doi.org/10.1016/j.exger.2023.112165
https://doi.org/10.1016/j.exger.2023.112165
https://doi.org/10.1007/s00737-018-0926-y
https://doi.org/10.1016/j.mce.2005.11.025
https://doi.org/10.1016/0896-6273(90)90202-Q
https://doi.org/10.1016/j.tins.2023.03.010
https://doi.org/10.3389/fphys.2015.00109
https://doi.org/10.1016/j.neuint.2017.03.008
https://doi.org/10.1007/s11064-020-03036-9
https://doi.org/10.1007/s11064-020-03036-9
https://doi.org/10.1126/scitranslmed.aad3815
https://doi.org/10.3390/ijms19061672
https://doi.org/10.1001/archgenpsychiatry.2009.101
https://doi.org/10.15252/embr.201949799
https://doi.org/10.1016/j.yhbeh.2012.02.023
https://doi.org/10.3390/nu12072166
https://doi.org/10.1016/j.pnpbp.2017.09.015
https://doi.org/10.1016/j.jad.2017.07.002
https://doi.org/10.1016/j.jad.2017.07.002
https://doi.org/10.1007/s12035-016-9741-5
https://doi.org/10.1038/s41467-023-39941-0
https://doi.org/10.1016/j.nutres.2010.09.011
https://doi.org/10.1016/j.jsps.2023.05.008
https://doi.org/10.1210/jc.2013-2639
https://doi.org/10.1016/j.neuint.2015.11.005
https://doi.org/10.1016/j.brainres.2009.01.045
https://doi.org/10.1007/s00737-015-0563-7
https://doi.org/10.3389/fpsyt.2020.562054
https://doi.org/10.3389/fphys.2017.00428
https://doi.org/10.1038/s41583-023-00733-6
https://doi.org/10.1007/s11064-006-9133-8
https://doi.org/10.1016/j.expneurol.2013.11.005
https://doi.org/10.3389/fcell.2021.714370
https://doi.org/10.1038/npp.2011.74
https://doi.org/10.1016/S0306-4530(03)00025-8
https://doi.org/10.1089/jwh.2014.4857
https://doi.org/10.1007/s00702-008-0092-x
https://doi.org/10.9758/cpn.2015.13.2.129
https://doi.org/10.1016/j.psyneuen.2020.104793
https://doi.org/10.1016/j.jad.2018.02.004
https://doi.org/10.1016/j.psyneuen.2019.03.026
https://doi.org/10.1016/j.mito.2021.04.002
https://doi.org/10.1016/j.conb.2022.102675
https://doi.org/10.1016/j.conb.2022.102675


Gorman-Sandler et al. 10.3389/fnbeh.2023.1286811

Frontiers in Behavioral Neuroscience 20 frontiersin.org

van der Kooij, M. A. (2020). The impact of chronic stress on energy metabolism. Mol. 
Cell. Neurosci. 107:103525. doi: 10.1016/j.mcn.2020.103525

van der Kooij, M. A., Hollis, F., Lozano, L., Zalachoras, I., Abad, S., Zanoletti, O., et al. 
(2018). Diazepam actions in the VTA enhance social dominance and mitochondrial 
function in the nucleus accumbens by activation of dopamine D1 receptors. Mol. 
Psychiatry 23, 569–578. doi: 10.1038/mp.2017.135

VanderKruik, R., Barreix, M., Chou, D., Allen, T., Say, L., and Cohen, L. S. (2017). The 
global prevalence of postpartum psychosis: a systematic review. BMC Psychiatry 17:272. 
doi: 10.1186/s12888-017-1427-7

Vesga-Lopez, O., Blanco, C., Keyes, K., Olfson, M., Grant, B. F., and Hasin, D. S. 
(2008). Psychiatric disorders in pregnant and postpartum women in the United States. 
Arch. Gen. Psychiatry 65, 805–815. doi: 10.1001/archpsyc.65.7.805

Walter, M. H., Abele, H., and Plappert, C. F. (2021). The role of oxytocin and the effect 
of stress during childbirth: neurobiological basics and implications for mother and child. 
Front. Endocrinol. 12:742236. doi: 10.3389/fendo.2021.742236

Walton, N. L., Antonoudiou, P., Barros, L., Dargan, T., DiLeo, A., Evans-Strong, A., et al. 
(2023). Impaired endogenous neurosteroid signaling contributes to behavioral deficits 
associated with chronic stress. Biol. Psychiatry 94, 249–261. doi: 10.1016/j.biopsych.2023.01.022

Walton, N., and Maguire, J. (2019). Allopregnanolone-based treatments for 
postpartum depression: why/how do they work? Neurobiol. Stress 11:100198. doi: 
10.1016/j.ynstr.2019.100198

Wang, P., Yang, H.-P., Tian, S., Wang, L., Wang, S. C., Zhang, F., et al. (2015). Oxytocin-
secreting system: a major part of the neuroendocrine center regulating immunologic 
activity. J. Neuroimmunol. 289, 152–161. doi: 10.1016/j.jneuroim.2015.11.001

Weger, M., Alpern, D., Cherix, A., Ghosal, S., Grosse, J., Russeil, J., et al. (2020). 
Mitochondrial gene signature in the prefrontal cortex for differential susceptibility to 
chronic stress. Sci. Rep. 10:18308. doi: 10.1038/s41598-020-75326-9

Wesolowski, L. T., Semanchik, P. L., and White-Springer, S. H. (2022). Beyond 
antioxidants: selenium and skeletal muscle mitochondria. Front. Vet. Sci. 9:1011159. doi: 
10.3389/fvets.2022.1011159

Wesselink, E., Koekkoek, W. A. C., Grefte, S., Witkamp, R. F., and van Zanten, A. R. 
H. (2019). Feeding mitochondria: potential role of nutritional components to improve 
critical illness convalescence. Clin. Nutr. 38, 982–995. doi: 10.1016/j.clnu.2018.08.032

West, A. P., and Shadel, G. S. (2017). Mitochondrial DNA in innate immune responses 
and inflammatory pathology. Nat. Rev. Immunol. 17, 363–375. doi: 10.1038/nri.2017.21

Wikström, M. (1984). Two protons are pumped from the mitochondrial matrix per 
electron transferred between NADH and ubiquinone. FEBS Lett. 169, 300–304. doi: 
10.1016/0014-5793(84)80338-5

Williamson, R. D., McCarthy, F. P., Kenny, L. C., and McCarthy, C. M. (2019). 
Activation of a TLR9 mediated innate immune response in preeclampsia. Sci. Rep. 
9:5920. doi: 10.1038/s41598-019-42551-w

Wood, K. D., Holmes, R. P., Erbe, D., Liebow, A., Fargue, S., and Knight, J. (2019). 
Reduction in urinary oxalate excretion in mouse models of primary hyperoxaluria by 
RNA interference inhibition of liver lactate dehydrogenase activity. Biochim. Biophys. 
Acta 1865, 2203–2209. doi: 10.1016/j.bbadis.2019.04.017

Workman, J. L., Brummelte, S., and Galea, L. A. M. (2013). Postpartum Corticosterone 
Administration Reduces Dendritic Complexity and Increases the Density of Mushroom 
Spines of Hippocampal CA3 Arbours in Dams. J. Neuroendocrinol. 25, 119–130. doi: 
10.1111/j.1365-2826.2012.02380.x

Workman, J. L., Gobinath, A. R., Kitay, N. F., Chow, C., Brummelte, S., and Galea, L. A. 
M. (2016). Parity modifies the effects of fluoxetine and corticosterone on behavior, stress 
reactivity, and hippocampal neurogenesis. Neuropharmacology 105, 443–453. doi: 
10.1016/j.neuropharm.2015.11.027

Wu, T., Huang, Y., Gong, Y., Xu, Y., Lu, J., Sheng, H., et al. (2019). Treadmill exercise 
ameliorates depression-like behavior in the rats with prenatal dexamethasone exposure: 
the role of hippocampal mitochondria. Front. Neurosci. 13:264. doi: 10.3389/
fnins.2019.00264

Yang, S.-H., Liu, R., Perez, E. J., Wen, Y., Stevens, S. M., Valencia, T., et al. (2004). 
Mitochondrial localization of estrogen receptor. Proc. Natl. Acad. Sci. 101, 4130–4135. 
doi: 10.1073/pnas.0306948101

Yang, S.-H., Sarkar, S. N., Liu, R., Perez, E. J., Wang, X., Wen, Y., et al. (2009). Estrogen 
receptor β as a mitochondrial vulnerability factor. J. Biol. Chem. 284, 9540–9548. doi: 
10.1074/jbc.M808246200

Ye, S., Fang, L., Xie, S., Hu, Y., Chen, S., Amin, N., et al. (2023). Resveratrol 
alleviates postpartum depression-like behavior by activating autophagy via SIRT1 
and inhibiting AKT/mTOR pathway. Behav. Brain Res. 438:114208. doi: 10.1016/j.
bbr.2022.114208

Yuan, M., Chen, H., Chen, D., Wan, D., Luo, F., Zhang, C., et al. (2022). Effect of 
physical activity on prevention of postpartum depression: a dose-response meta-analysis 
of 186,412 women. Front. Psych. 13:984677. doi: 10.3389/fpsyt.2022.984677

Zhong, Z., Liang, S., Sanchez-Lopez, E., He, F., Shalapour, S., Lin, X.-J., et al. (2018). 
New mitochondrial DNA synthesis enables NLRP3 inflammasome activation. Nature 
560, 198–203. doi: 10.1038/s41586-018-0372-z

Zhou, Y., Wang, S., Li, Y., Yu, S., and Zhao, Y. (2018). SIRT1/PGC-1α Signaling 
promotes mitochondrial functional recovery and reduces apoptosis after 
intracerebral Hemorrhage in rats. Front. Mol. Neurosci. 10:443. doi: 10.3389/
fnmol.2017.00443

Zhou, Z., Wang, L., Song, Z., Saari, J. T., McClain, C. J., and Kang, Y. J. (2005). 
Zinc supplementation prevents alcoholic liver injury in mice through attenuation 
of oxidative stress. Am. J. Pathol. 166, 1681–1690. doi: 10.1016/
S0002-9440(10)62478-9

Zhou, R., Yazdi, A. S., Menu, P., and Tschopp, J. (2011). A role for mitochondria in 
NLRP3 inflammasome activation. Nature 469, 221–225. doi: 10.1038/nature09663

https://doi.org/10.3389/fnbeh.2023.1286811
https://www.frontiersin.org/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.mcn.2020.103525
https://doi.org/10.1038/mp.2017.135
https://doi.org/10.1186/s12888-017-1427-7
https://doi.org/10.1001/archpsyc.65.7.805
https://doi.org/10.3389/fendo.2021.742236
https://doi.org/10.1016/j.biopsych.2023.01.022
https://doi.org/10.1016/j.ynstr.2019.100198
https://doi.org/10.1016/j.jneuroim.2015.11.001
https://doi.org/10.1038/s41598-020-75326-9
https://doi.org/10.3389/fvets.2022.1011159
https://doi.org/10.1016/j.clnu.2018.08.032
https://doi.org/10.1038/nri.2017.21
https://doi.org/10.1016/0014-5793(84)80338-5
https://doi.org/10.1038/s41598-019-42551-w
https://doi.org/10.1016/j.bbadis.2019.04.017
https://doi.org/10.1111/j.1365-2826.2012.02380.x
https://doi.org/10.1016/j.neuropharm.2015.11.027
https://doi.org/10.3389/fnins.2019.00264
https://doi.org/10.3389/fnins.2019.00264
https://doi.org/10.1073/pnas.0306948101
https://doi.org/10.1074/jbc.M808246200
https://doi.org/10.1016/j.bbr.2022.114208
https://doi.org/10.1016/j.bbr.2022.114208
https://doi.org/10.3389/fpsyt.2022.984677
https://doi.org/10.1038/s41586-018-0372-z
https://doi.org/10.3389/fnmol.2017.00443
https://doi.org/10.3389/fnmol.2017.00443
https://doi.org/10.1016/S0002-9440(10)62478-9
https://doi.org/10.1016/S0002-9440(10)62478-9
https://doi.org/10.1038/nature09663


Gorman-Sandler et al. 10.3389/fnbeh.2023.1286811

Frontiers in Behavioral Neuroscience 21 frontiersin.org

Glossary

ATP adenosine triphosphate

cf-mtDNA cell free mitochondrial DNA

DHA docosahexaenoic acid

E2 estradiol

E3 estriol

GABA gamma-aminobutyric acid

GABAAR GABA A-type receptors

HPA hypothalamic–pituitary–adrenal

mtDNA mitochondrial DNA

n-6 class of polyunsaturated fatty acids

OXPHOS oxidative phosphorylation

OXT oxytocin

PBMCs peripheral blood mononuclear cells

P4 progesterone

PPA postpartum anxiety

PPD postpartum depression

PUFAs polyunsaturated fatty acids

ROS reactive oxygen species

TCA tricarboxylic acid (TCA)

TSPO translocator protein (18 kDa)
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