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Abstract
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from the Faculty of Medicine 1762. 71 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-1266-8.

Peripartum depression is a common, multifactorial, and potentially devastating disease among
new mothers. A biological marker for peripartum depression would facilitate early detection,
better understanding of the pathophysiology, and identification of targets for treatment.
Evidence is growing for a potential role of the immune system in depression outside the
peripartum period. Major adaptations of the immune system occur during pregnancy, justifying
the search for immunological markers for peripartum depression. The immune system is very
complex and dynamic during pregnancy, complicating the study of associations with depression.
The metabolome is also affected by pregnancy and is linked to the immune system via, e.g.,
the microbiota. Hence, metabolomic profiling could increase the understanding of peripartum
depression.

This thesis aimed to explore inflammatory markers and metabolic profiles in the peripartum
period, in order to discover possible biomarkers, and to increase the understanding of the
pathophysiology of peripartum depression.

All studies were conducted within the Biology, Affect, Stress, Imaging, and Cognition
(BASIC) study. The Edinburgh Postnatal Depression Scale and the Mini International
Neuropsychiatric Interview were used to assess depressive symptoms. Multiplex Proximity
Extension assays were used to analyze inflammatory markers in pregnancy and postpartum.
Luminex Bio-Plex Pro Human Cytokine Assays were used to analyze cytokine levels across
the peripartum period, and gas chromatography-mass spectrometry metabolomics were used for
metabolic profiling.

No marker was discriminative enough to be used on its own as a biomarker for peripartum
depression. However, several inflammatory markers (such as STAM-BP, TRANCE, HGF,
IL-18, FGF-23, and CXCL1) were identified as possible candidates for more advanced
diagnostic algorithms. The results further pointed towards the importance of adaptation of the
immune system during pregnancy and postpartum, where levels of cytokines such as VEGF-
A might have an important role in antenatal and postpartum depression. The results even
highlight the importance of examination timing. Lastly, the metabolic profiling suggested
different subgroups of women with postpartum depressive symptoms, supporting theories of
peripartum depression being a heterogeneous disease in need of subgroup definition.
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Introduction 

Peripartum depression 
Peripartum depression is a multifactorial disease defined in the fifth edition of 
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) [1] as a de-
pressive episode that has its onset during pregnancy and up to 4 weeks post-
partum. However, in both clinical practice and research, the definition is com-
monly extended to include the first year after childbirth. The term peripartum 
depression is further sub-divided into antenatal depression, for a depressive 
episode during pregnancy, and postpartum depression, for a depressive epi-
sode after childbirth. 

Prevalence 
The prevalence of peripartum depression varies worldwide, but is estimated 
to be around 13.1% (95% confidence interval (CI) 12.2–14.1) in low- and 
middle-income countries and 11.4% (95% CI 10.8–12.1) in high-income 
countries, with a pooled prevalence rate of 11.9% (95% CI 11.4–12.5%) [2]. 
The prevalence of peripartum depression in Sweden is estimated to be 8–15% 
[3]. Though this might seem high, peripartum depression is considered an un-
derdiagnosed condition [4].  

Risk factors 
Known risk factors for peripartum depression include a history of depression 
(especially peripartum depression [5]) or other mental illness, low socioeco-
nomic status, inadequate partner support, low level of education, and alcohol 
or drug abuse [6-8]. Further, complicated pregnancy or delivery, and an un-
planned pregnancy have been debated as potential risk factors [9].  

However, as pregnancy comprises a period of extreme physiological 
changes, biological risk factors are not to be excluded (reviewed in [10]). Fur-
thermore, there is growing evidence for the emergence of different peripartum 
depression subtypes, with different risk factors and symptoms [11-13].  
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Diagnosis and treatment 
Peripartum depression is defined as a subtype of major depression, requiring 
for its diagnosis fulfilment of one of the core criteria, namely depressed mood 
or loss of interest or pleasure in usual activities, during most of the day, nearly 
every day, for a period of two weeks or more [1]. Further, fulfilment of four 
additional criteria is required, including weight changes, disturbances in sleep, 
and loss of energy. As these are common pregnancy and postpartum condi-
tions, making a correct diagnosis is challenging [14]. However, validated 
screening tools for depressive symptoms are available in both healthcare and 
research.  

The treatment of peripartum depression consists of psychotherapy and/or 
medication. Selective serotonin reuptake inhibitors (SSRIs), the most com-
monly administered class of antidepressants, are prescribed to approximately 
4% of all pregnant women in Sweden [15]. In severe cases, such as when the 
woman has developed postpartum psychosis, electroconvulsive therapy may 
be a useful alternative [16, 17]. Lately, new treatment methods such as admin-
istration of intravenous allopregnanolone and Transcranial magnetic stimula-
tion, have been introduced. Although screening for postpartum depression is 
recommended in Swedish healthcare, peripartum depression remains unde-
tected in many women [18, 19].  

Consequences 
The consequences of peripartum depression can be devastating for the mother, 
the baby and the whole family. Mothers may experience tiredness, loss of ap-
petite, feelings of guilt, or even go so far as harming the child or committing 
suicide [18, 20, 21]. Peripartum depression may also lead to developmental 
deficits for the fetus, increasing its risk for preterm birth and low birth weight 
[22]. The child is at risk of cognitive impairment [23-25] and immune system-
related diseases [26]. Furthermore, the other parent is at higher risk of devel-
oping depression when the mother is depressed [27].  

In high-income countries, the cost to society of peripartum depression has 
been estimated at £75,728 per mother/child pair. The cost includes loss of 
workdays and additional healthcare for the mother, but consists mostly of neg-
ative consequences for the child, such as preterm birth, infant death, emotional 
problems and special educational needs [28].  

Pathophysiology 
The pathophysiology of peripartum depression is unclear. The search for a 
biomarker to aid the understanding of the pathophysiology, and to identify 
women at risk, has been intensive in the last decades, extending to endocrine 
alterations or hormonal fluctuations [29-32], epigenetics [33], and oxytocin 
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production [34-36]. Further, monoaminergic gene variations [37, 38], circa-
dian rhythm dysregulation [39], seasonal effects [40, 41], vitamin D defi-
ciency [42-44], sleep deprivation [45-47], thyroid function [48-51], leptin syn-
thesis [52], and immunomodulation have been studied in relation to peripar-
tum depression. Immune system-related molecules, such as growth factors, 
enzymes and cytokines, including chemokines, interferons and interleukins, 
have been studied in relation to depression outside the perinatal period and 
suggest that depression is a pro-inflammatory state [53]. However, the regu-
lation of the immune system during the perinatal period is complex, with both 
pro- and anti-inflammatory events [54], and the results and conclusions are 
inconsistent. 

The immune system 
The mechanisms underlying the function of the immune system are very com-
plex and are still far from being fully understood. The immune system is usu-
ally divided into the innate (non-specific) and the adaptive (specific) immune 
system, but both are active, and in bidirectional contact, during an inflamma-
tory response. The inflammatory molecules (such as histamines, fatty acid 
prostaglandins, kininogens, growth factors, chemokines, interferons, tumor 
necrosis factors, and interleukins), released by the different cells in the im-
mune system are often divided into pro- and anti-inflammatory molecules, but 
may have different effects in different contexts. It should be noted that there 
are many more types and subtypes of cells and molecules involved in the im-
mune system than those presented in this thesis.  

The innate immune system 
The innate immune system is the first line of defense against pathogenic in-
fections and toxic substances. It consists of the external barriers – the skin and 
mucous membranes in the respiratory, digestive, urinary and reproductive 
tract – and the internal defense comprising phagocytes, antimicrobial proteins, 
and attack cells. 

Once the external barriers are breached, inflammatory chemicals, such as 
histamines, fatty acid prostaglandins, kininogens and other plasma proteins, 
complement blood proteins and cytokines, are released to attract immune 
cells. The most abundant phagocytes involved in the innate immune system 
are neutrophils. Neutrophils can detect gradients of inflammatory chemicals, 
for example interleukin (IL)-8 and interferon (IFN)-γ, which direct the neu-
trophil migration. Neutrophils are the first cells to arrive at an infected site and 
deactivate the pathogens through phagocytosis, degranulation or using extra-
cellular traps (reviewed in [55]). Second to arrive at the infected sites is an-
other type of phagocyte, derived from circulating monocytes: the macrophage. 
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Macrophages are antigen-presenting cells, displaying major histocompatibil-
ity complex (MHC)-2 on their surfaces. They use phagocytosis to engulf and 
digest pathogens and present the digested antigen on their MHC-2 complexes. 
Macrophages are thought to have two activation pathways [56]. The first path-
way is activated by lipopolysaccharides or IFN-γ, leading to a macrophage 
with pro-inflammatory properties (M1 macrophage). M1 macrophages pro-
mote inflammation by secretion of the pro-inflammatory cytokines tumor ne-
crosis factor (TNF)-α, IL-6 and IL-1β and by metabolizing the amino acid 
arginine to nitric oxide [56]. The alternative pathway is activated by IL-4 or 
IL-13, leading to a macrophage with anti-inflammatory properties (M2 mac-
rophage) [57, 58]. M2 macrophages secrete anti-inflammatory cytokines, such 
as IL-4 and IL-10, promote tissue healing [59] and have distinct functions 
separate from M1 macrophages [60]. 

If pathogens avoid phagocytes and successfully invade cells, another type 
of cells, so-called attack cells, involved in the innate immune system, start to 
act. These are the natural killer (NK) cells. The NK cells, activated by cyto-
kines such as IL-2, IL-12, IL-15 and IL-18 [61], recognize other cells in the 
body that have been infected and no longer present MHC-1 on their surfaces. 
NK cells secrete inflammatory molecules such as IFN-γ, IL-10, transforming 
growth factor (TGF)-β and TNF-α [62] and trigger apoptosis of infected cells 
through the release of an enzyme into these cells. 

The adaptive immune system 
If the innate immune system fails to prevent further infection, the adaptive 
immune system gets activated. The adaptive immune system is divided into 
the humoral and the cellular defense. The humoral defense is the second line 
of defense and consists of B lymphocytes, which are produced and matured in 
the bone marrow. Some models predict that they have 1018 different receptors 
for antigens on their surfaces [63]. When an antigen binds to a receptor, the B 
lymphocytes become activated, either independently or by T cells (described 
below). The antigens are taken up into B lymphocytes through endocytosis, 
degraded and presented on the MHC-2 complexes. Thereafter, B lymphocytes 
start to differentiate into memory B cells and effector B cells. While memory 
B cells are stored in the body for faster activation in case of later re-infection 
with the same type of pathogen, the effector B cells start producing antibodies 
at a rate of 2,000 per second [64]. The antibodies have three major defense 
mechanisms: opsonization (marking pathogens for other cells to kill), neutral-
ization (binding to a pathogen and thereby blocking it from finding a binding 
site on cells) and agglutination (binding pathogens together and thereby mak-
ing it harder for them to spread and easier for cells such as macrophages to 
phagocytose them) [65]. In addition to producing antibodies, some effector B 
cell populations produce cytokines such as IL-2, IL-4, IL-6, IL-12, TNF-α, 
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and IFN-γ. Other B lymphocytes include regulatory B cells, which secrete IL-
10 or TGF-β1 (reviewed in [66]).  

If the pathogens escape the effects of the antibodies and manage to infect 
the cells of the body, the third line of defense – the cellular defense – is acti-
vated. The cellular defense consists of T cells, produced in the thymus. Some 
of the best studied T cells are helper T cells, memory T cells, cytotoxic T cells, 
regulatory T cells and natural killer T cells.  

T helper cells have receptors that bind to antigens, which activates the cells 
to start dividing into memory T cells and effector T cells. The effector T cells 
can be either type 1 T helper cells (Th1), producing cytokines such as IL-2, 
IL-3, IL-4 and IFN-γ, or type 2 T helper cells (Th2), producing cytokines such 
as IL-3, IL-4, IL-5, IL-9 and IL-10 [67, 68]. The Th1 cells produce cytokines 
that accelerate the maturation of B cells in the bone marrow and activate mac-
rophages, while the Th2 cells present antigens to mature B cells, thereby acti-
vating the B cells’ release of antibodies. Memory T cells are stored for the 
next time the body gets infected with the same type of pathogen. 

Another type of effector T cell is the cytotoxic T cell, which differentiates 
from T helper cells in the presence of IL-2 [69]. Cytotoxic T cells are able to 
kill other cells in the body by binding to them and injecting an enzyme that 
dissolves the cell membrane or induces apoptosis.  

Regulatory T cells (Tregs), which differentiate from T helper cells in the 
presence of TGF-β, produce TGF-β, IL-10 and IL-35 [70-72] and have the 
ability to suppress effector T cells. They are therefore important to protect the 
body against autoimmunity. Lastly, the natural killer T cells have characteris-
tics of both T cells and natural killer cells [73].  

The immune system during the peripartum period 
The immune system undergoes complex adaptations during the peripartum 
period. A successful pregnancy requires the maternal body to maintain pro-
tection against pathogens and at the same time not reject the semi-allogenic 
fetus [74]. This entails adaptation of the immune system regulation, which is 
partly mediated by alterations in hormone levels [75].  

T cells and macrophages 
First, it was thought that the adaptation of the immune system during preg-
nancy was mainly based on an upregulation of the innate immune system, a 
downregulation of the adaptive immune system [76] and a shift from Th1 cells 
to Th2 cells [77]. Later research emphasized the need for a balance between 
the two systems, a variance across the perinatal period, and the importance of 
regulatory functions [54, 74, 78]. The shift in T lymphocyte profile is still 
believed to have an important role in the maintenance of pregnancy, where the 
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Th2 cells, through production of IL-4 and IL-10, inhibit the allograft rejection 
promoted by Th1 cells [79].  

Moreover, the production of IL-10 and TGF-β by Tregs has been shown to 
be important in the maintenance of pregnancy, creating fetal alloantigen tol-
erance by dampening all the T helper responses [80, 81].  

More recent studies suggest that the regulation of immune system adapta-
tion follows different phases during the nine months of pregnancy [54]. The 
very first phase, appearing during implantation and placentation, is dominated 
by M1 macrophages. During this phase, important factors include chemokines 
(such as IL-8, enabling chemotaxis of the blastocyst), other cytokines (such as 
IL-6 and TNF-α) and growth factors (which affect adhesion) that are produced 
in the endometrium and secreted into the cavity [82]. 

During placentation, the M1-dominated milieu switches to an M2 macro-
phage-dominated milieu, which alters the immune system to an anti-inflam-
matory phase [83], coinciding with rapid fetal growth. Further, the placenta 
pushes the immune system to adapt from the cell-mediated response to a more 
humoral response [84].  

Prior to delivery, a shift back to the pro-inflammatory M1-dominated 
phase, with increasing inflammatory responsiveness, takes place [85]. Before 
cervical ripening, immune system-related cells migrate to the myometrium 
and release pro-inflammatory cytokines, such as IL-8 and IL-6, which have 
been detected both in the peripheral blood and in the cervical tissue [86-88].  

In the postpartum period, the body, in addition to managing the new, psy-
chologically stressful role of being a parent, is influenced by multiple inflam-
matory events. This period has been divided into three phases [89]. In the first 
acute phase, starting at 6–12 hours postpartum, rapid changes occur, with risk 
for postpartum hemorrhage and eclampsia. The second phase, at 2–6 weeks 
postpartum, is a time of wound healing [90], sleep loss [91], varied production 
of oxytocin [92], loss of stress-related hormones produced by the placenta [93, 
94] and low levels of estrogen [95] and progesterone [96]. The third and last 
phase, ending at approximately 6 months postpartum, includes transformation 
of muscles and connective tissue back to the non-pregnant state. Thus, the 
regulation of the immune system during the postpartum period is complex. 
This complexity is clearly reflected in the inconsistency of the results regard-
ing regulation of the immune system throughout pregnancy and postpartum. 
However, there is some agreement regarding the reversed shift back to a Th1 
cell-dominant environment [97]. The levels of Tregs have been reported to 
either decrease [98] or increase [99, 100] postpartum. In postpartum murine 
models circulating cytokines have been reported to be elevated [101, 102] 
while cytokines in the maternal brain are being suppressed [103-105]. Fur-
thermore, different studies have reported both TNF-α and IL-6 to increase 
[106], decrease [107] or remain stable [108] in the transition from pregnancy 
to postpartum. 
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B cells 
The production of antibodies from B cells during pregnancy has been associ-
ated with pregnancy complications [109]. However, there is evidence of pro-
duction of protective antibodies, similar to the presence of anti-paternal anti-
bodies [110]. For example, antibodies blocking the paternal human leucocyte 
antigen have been shown to be important for the establishment of pregnancy 
[111-113] and asymmetric antibodies are thought to be produced to target pa-
ternal antigens, as a protective mechanism [114, 115].  

NK cells 
As described above, NK cells trigger apoptosis in cells not presenting MHC-
1 on their surfaces. However, during the first trimester of pregnancy, another 
phenotype of NK cells is present in the lining of the uterus [116]. These NK 
cells are not as lytic as the NK cells of the peripheral blood and have the ability 
to secrete regulatory cytokines [61]. Their function is mainly regulation of the 
maternal immune response against the fetal allograft by promoting growth and 
invasion of the trophoblast [117].  

The immune system and depression 
The evidence for the role of the immune system in the pathophysiology of 
depression has increased in the past decades. Similarities in symptomatology 
between inflammatory diseases and depression, and the tendency to develop 
depression among patients treated with immune-related molecules, such as 
those on interferon treatment for hepatitis C [118], support a connection. Fur-
ther, increasing numbers of studies report elevated levels of inflammatory bi-
omarkers in patients with major depression [53, 119-123].  

Tryptophan metabolism 
Serotonin is one of the major neurotransmitters involved in mood regulation, 
transmitting signals in the synaptic clefts in the brain. Therefore, multiple an-
tidepressants have been developed to target the reuptake of serotonin back into 
the neurons, so-called selective serotonin reuptake inhibitors (SSRIs). The 
precursor to serotonin is the amino acid L-tryptophan [124] which, when me-
tabolized by tryptophan hydroxylase, is able to pass through the blood brain 
barrier and becomes available for serotonin synthesis (reviewed in [125]). 
However, cytokines, such as IL-1, IFN-γ, IL-1β, IL-6, IL-18 and TNF-α, have 
been shown to stimulate the activation of the enzyme indoleamine 2,3-dioxy-
genase (IDO), which favors another metabolic pathway of tryptophan – the 



 18 

kynurenine pathway [126] – and thereby decreases the levels of serotonin in 
the synaptic clefts. 

When IDO is activated, tryptophan is metabolized into kynurenine, which 
has the ability to pass the blood brain barrier and is metabolized into 3-hy-
droxy-kynurenine (3-HK). 3-HK forms reactive oxygen species, which can 
cause damage to DNA and RNA. Further, 3-HK can be metabolized into quin-
olinic acid, which has neurotoxic effects by breakdown of lipids and by acting 
as an N-methyl-D-aspartate receptor agonist, leading to overactivation, in-
creased calcium influx, and damage to neurons (reviewed in [127]). The me-
tabolites produced in the kynurenine metabolic pathway have been reported 
to be associated with depression [128, 129]. Recent studies have assessed the 
activity level of IDO by calculating the kynurenine/tryptophan ratio [130]. 
Further, the activity of IDO has been correlated to depression symptoms in 
both humans [131] and animals [132], though the correlation has not been 
confirmed in other studies [133]. Interestingly, the kynurenine/tryptophan ra-
tio has been reported to correlate with levels of immune activation markers in 
pregnant women [134], and the activity of IDO is thought to be important in 
the mechanism of fetal tolerance and in the growth and circulation of the pla-
centa [135]. 

Monoaminoxidase-A  
Another enzyme that has attracted attention in the literature, in relation to de-
pression, is monoaminoxidase-A (MAO-A) [136, 137]. MAO-A is involved 
in the breakdown of monoamines, such as serotonin, melatonin and noradren-
alin, in the brain. The MAO-A gene is modulated by both IL-4 and IL-13 in 
macrophages [138, 139] and upregulated during alternative M2 macrophage 
activation [139]. Interestingly, levels of MAO-A in the brain have been found 
to negatively correlate with levels of estrogens [140]. 

Hypothalamic-pituitary-adrenal axis 
The hypothalamic-pituitary-adrenal (HPA) axis is the main regulator of the 
stress response. Under stress conditions, the hypothalamus releases cortico-
trophin-releasing hormone, stimulating the pituitary gland to release adreno-
corticotrophic hormone, which in turn leads to the release of glucocorticoids 
such as cortisol from the adrenal cortex. The glucocorticoids, aside from 
providing a negative feedback loop suppressing hypothalamic activity, have 
anti-inflammatory effects [141].  

While the HPA axis under normal conditions acts as a suppressor of the 
inflammatory response [142], under circumstances of chronic stress, it may 
increase inflammation by overactivation [143-145]. Overactivation of the 
HPA axis leads to glucocorticoid receptor resistance in the immune cells and 
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makes the cells less sensitive to the anti-inflammatory effects of glucocorti-
coids [146]. Moreover, while some cytokines inhibit HPA axis activity, a 
number of cytokines, such as IL-1β, IL-6, TNF-α and IFN-α, can activate the 
HPA axis [147-150], potentially causing hypercortisolemia – a state that has 
been associated with depression (reviewed in [151] and [152]). Thus, the HPA 
axis can both suppress and stimulate the immune system and the immune sys-
tem can both activate and inhibit the HPA axis activity. This dynamic rela-
tionship might be an important factor in the development of chronic inflam-
mation and chronic stress [153], both associated with depression [154, 155]. 

It is worth noting that during pregnancy, as the placenta develops, it starts 
producing corticotrophin-releasing hormone (reviewed in [156]), and by a 
positive feedback mechanism to the pituitary, causes a hypercortisolemic 
state, with a peak right after delivery [96]. 

Sex steroid hormones 
While depression is more common in women than in men [157, 158], women 
have been shown to be less susceptive to virus infections [159, 160], but more 
frequently affected by autoimmune diseases [161]. These differences are 
thought to be related to sex hormones, mostly studied in murine models [162, 
163], but have also been discussed in relation to the immune-related genes 
found on the X chromosome and to X chromosome silencing/inactivation 
(nicely reviewed in [164]). 

The primary sex hormones in women are estrogens, such as estradiol and 
estriol, and progesterone. Further, testosterone is produced at low levels. Es-
trogens can have both pro- and anti-inflammatory capacity (reviewed in [95]) 
while progesterone mainly dampens inflammation (reviewed in [165]). Both 
estrogen and progesterone have receptors in the brain and are thought to affect 
mood and behavior [166, 167]. Estrogens can increase the degradation of 
monoaminoxidase, which degrades serotonin in the synaptic cleft, and can de-
crease the transport of serotonin back into the synapses, leading to enhanced 
mood, while progesterone works in the opposite direction, leading to mood 
deterioration (reviewed in [168]). Testosterone has been shown to inhibit B 
cell activity and reduce IL-6 production by monocytes [169]. Further, testos-
terone has been shown to have an anti-depressive effect [170].  

Although studies have shown that the risk of receiving a depression diag-
nosis in the postpartum period is not enhanced compared with at other times 
in life [171], mood alterations in women have been correlated to periods of 
hormonal fluctuations such as in the menstrual cycle, but also in puberty, men-
opause, and pregnancy [168]. Pregnancy is not only associated with large al-
terations of hormonal levels [96] but also with symptom alterations in auto-
immune diseases [172]. 
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The immune system and peripartum depression 
Taking into account the growing body of evidence for involvement of the im-
mune system in major depression and the dramatic changes in the immune 
system during pregnancy, the immune system is considered to play a central 
role in peripartum depression.  

Previous findings 
As tryptophan levels fluctuate during pregnancy [134, 173, 174] and the ac-
tivity of IDO is thought to be modulated by pro-inflammatory cytokines, sev-
eral studies have aimed at finding biological markers for peripartum depres-
sion among the IDO-modulating inflammatory factors, IL-6, TNF-α, IL-1β, 
IFN-γ and IL-18, although with inconclusive results [175]. Levels of IL-6 
have been found to be associated with depressed mood during pregnancy in 
some studies [176-178], but another study failed to replicate the results [179]. 
Moreover, in the postpartum period, inconsistent results regarding levels of 
IL-6 and depression have been reported. Increased levels of IL-6 in cerebro-
spinal fluid [180] and in peripheral blood [181, 182] have been correlated to 
depressive symptoms postpartum. However, other studies could not find any 
association between depressive symptoms and IL-6 levels in peripheral blood 
[46, 52, 183] or in urine [184]. Levels of TNF-α in blood have been reported 
to be both associated [176, 178, 185, 186] and not [179] with depressed mood 
during pregnancy, whereas TNF-α levels in cerebrospinal fluid measured at 
delivery have been found to be positively correlated with depressive symp-
toms postpartum [180]. Postpartum, no association between depressed mood 
and TNF-α levels has been found [181]. IL-1β has been shown to be positively 
associated with depressive symptoms in pregnancy [177] and elevated levels 
of IL-1β in women with postpartum depressive symptoms have been found in 
some studies [184], but not in others [181]. Levels of IFN-γ have been reported 
both during pregnancy [187] and postpartum [188] to be lower in mothers with 
depression compared with controls. Lastly, cord IL-18 levels have been posi-
tively correlated with negative emotions in women delivering preterm [189]. 

As mentioned above, the MAO-A enzyme is modified by IL-4 and IL-13 
and some studies of peripartum depression have targeted these interleukins. 
Levels of IL-4 have been found to be elevated in women with comorbid de-
pression and anxiety during pregnancy [190]. IL-13 has been studied as a 
marker of peripartum depression, but did not show any significant difference 
in blood drawn during delivery among women with depressive symptoms dur-
ing pregnancy compared to women without depressive symptoms [189]. 

As previously mentioned, the HPA axis is modified by IL-1β, IL-6, IL-10, 
TNF-α and IFN-α and some studies of peripartum depression have included 
these molecules. Decreased levels of IL-10 during pregnancy have been asso-
ciated with postpartum depressive symptoms [108] and high levels in blood 
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from the cord were associated with negative emotions during pregnancy in 
mothers delivering preterm [189], but the levels of IL-10 postpartum were not 
shown to be associated with postpartum depression [191]. Moreover, combi-
nations of IL-8/IL-10 and cortisol levels have been shown to be possible pre-
dictors of postpartum depression [192]. Treatment of hepatitis C with IFN-α 
has been associated with depressive behavior in non-peripartum women [193], 
but IFN-α levels were not found to be altered in women with antenatal depres-
sion [194]. 

These conflicting results could potentially be due to differences in the 
methods used, in the timing of the sampling, small sample sizes, or the actual 
levels of markers having less of an impact than the big interindividual differ-
ences in the change of the levels across pregnancy and postpartum [106, 195].  

From the immune system to the metabolome 
Outside the peripartum period, the immune system is mainly driven by path-
ogens, such as bacteria, viruses, and parasites. During the last decades, the 
literature on how metabolic processes and metabolites can regulate immuno-
logical functions [196-198], and literature in the area of the gut-brain axis has 
grown, with some theories suggesting that bacteria in the gut have an impact 
on psychological well-being. Numerous research groups have aimed their re-
sources at studying the impact of the microbiota in depression, inflammation 
and peripartum depression. The microbiota is responsible for many of the me-
tabolites that are produced in our bodies [199] and metabolomic profiling 
could potentially be used to distinguish changes in the immune system caused 
by the microbiota or by pregnancy and depression.  

The metabolome 
The metabolome consists of all the small molecules (< 1 kDa) that are pro-
duced in the chemical reactions that occur in the cells. Metabolic profiling is 
a technique to study metabolic pathways and has been used successfully in 
other studies [200]. Ideally, the profile should represent the metabolite/com-
bination of metabolites that differentiate(s) between samples from healthy and 
non-healthy individuals, regardless of other circumstances, such as in diabe-
tes, where high glucose levels are part of the profile of a diabetes patient. 
However, metabolic profiling should be considered hypothesis-generating and 
needs further evaluation. Profiling relies on the number of metabolites and 
intermediates and the pathway analyses, and therefore does not require a large 
sample size [201]. Candidate biomarkers can later be isolated from the profile. 
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The metabolome and depression 
Alterations in the metabolome in depression have not been clearly identified. 
However, lower levels of metabolites such as glycerol, fatty acids, and 
gamma-aminobutyric acid have been reported in patients with depression 
[202]. Decreased levels of branched chain amino acids have been observed in 
patients with major depression [203] and lipid metabolites have been associ-
ated with depression [204].  

The metabolome and pregnancy 
Although fluctuations in levels of metabolites have been observed throughout 
the menstrual cycle [205] and pregnancy requires an increased basal metabo-
lism [206], literature comparing the metabolome in women before, during and 
after a normal pregnancy is scarce. Large differences between the levels of 
metabolites in non-pregnant and early pregnant women, and between early 
pregnant and mid-pregnant (weeks 8–16) women, have been found [207]. 
However, most studies analyze single metabolites or use metabolomics to ad-
dress pregnancy complications such as preeclampsia [208-210], fetal malfor-
mations and chromosomal disorders [211] and risk of being born small for 
gestational age [212].  

The metabolome and peripartum depression 
The literature on metabolic profiling of peripartum depression is slowly grow-
ing. Some results [213] indicate that metabolic profiles can distinguish be-
tween women with and without antenatal depressive symptoms, if they gave 
birth in the summer, but not in the winter. The women with depressive symp-
toms showed profiles with lower levels of branched chain amino acids and 
higher levels of fatty acids and sugars. Another research group found higher 
plasma levels of three triacylglycerol metabolites and lower levels of betaine, 
citrulline, C5 and C5:1 carnitine in antenatal depressive women [214].  

Further, two untargeted metabolic studies of postpartum depression have 
been conducted, both using urinary samples [215, 216]. One of these studies 
[215] found ten metabolites that differed between depressed and healthy con-
trols, with 4-hydroxyhippuric acid, homocysteine, and tyrosine showing the 
largest differences. The second study [216] found 14 upregulated and 8 down-
regulated metabolites in women with postpartum depression, with the most 
altered being formate, succinate, 1-methylhistidine, α-glucose and dimethyla-
mine.  
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Rationale 
Peripartum depression is a common and potentially devastating disease, where 
patients would most likely benefit from early detection and intervention. Evi-
dence is growing for the potential role of the immune system in depression 
outside the peripartum period. Importantly, major changes occur in the im-
mune system during pregnancy. In this context, the investigation of inflam-
mation-related markers for peripartum depression is highly relevant and 
promising. Depression is a multifactorial disease and the immune system is 
very complex and dynamic during pregnancy, complicating the search for 
immunological biomarkers.  

The metabolome is affected by pregnancy, and is linked to the immune 
system, via i.e. the microbiota. Metabolic profiling is considered to be the 
method that best reflects the phenotype. Hence, metabolomic profiling could 
be a method for analyzing the complexity of peripartum depression.  

A biological marker for peripartum depression would facilitate early detec-
tion and increase understanding of pathophysiology and could present targets 
for treatment. Unfortunately, there are no biological markers for peripartum 
depression currently available for use in clinical practice. 
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Aims 

The overall aim of this thesis were to explore inflammatory markers and per-
form metabolic profiling in the peripartum period, in order to discover possi-
ble biomarkers for, as well as to increase the understanding of the pathophys-
iology of peripartum depression. 
 

 
Specific aims of the included studies were: 

 
I. To investigate if any of 92 inflammatory markers assessed in late 

pregnancy, or a combination thereof, could predict depressive 
symptoms postpartum. Further, to examine, in an independent, 
open access sample, whether antenatal methylation levels of 
CpG sites associated with the genes corresponding to the markers 
identified would predict a postpartum depressive episode. 

II. To investigate if the levels of 92 inflammatory markers differed 
in the postpartum period between women with postpartum de-
pressive symptoms and non-depressed controls.  

III. To investigate peripheral markers of inflammation across preg-
nancy and the postpartum period in women on different trajecto-
ries of depressive symptoms or without such symptoms. 

IV. To investigate whether blood plasma metabolic profiles can dis-
tinguish between women with and without postpartum depres-
sive symptoms, using untargeted gas chromatography-mass 
spectrometry metabolomics. 
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Methods 

The BASIC study 
All studies included in this thesis were based primarily on data from the 
BASIC study (Biology, Affect, Stress, Imaging and Cognition [217]). The 
BASIC study was a longitudinal cohort study conducted during 2009–2018, 
at Uppsala University Hospital. The main aim of the study was to investigate 
social and biological parameters in relation to peripartum depression. All 
women undergoing routine ultrasound at the Women’s Clinic at Uppsala Uni-
versity Hospital were invited to participate in the study. Excluded were 
women younger than 18 years of age, women who did not understand Swe-
dish, women with blood-borne infectious diseases, and women with confiden-
tial personal data.  

The participation rate was approximately 21%, with an overrepresentation 
of older mothers, with higher education and fewer pregnancy complications, 
compared with the general Swedish pregnant population.  

All women who gave informed consent to participate in the BASIC study 
received web-based surveys at approximately gestational week 17 and 32 and 
at 6 weeks, 6 months and 12 months postpartum (Figure 1). The surveys in-
cluded questions about background information and current life situation, as 
well as a number of rating scales for psychiatric conditions, such as the Edin-
burgh Postnatal Depression Scale (EPDS) [218]. 

Further, all women undergoing cesarean section at Uppsala University 
Hospital were once again asked to participate in the study. The women who 
agreed to participate were asked to give informed consent and fill out a survey, 
including background information and the EPDS, 1–3 days prior to the cesar-
ean section. The majority of the cesarean sections were performed in gesta-
tional week 38.  

In a sub-study of the BASIC project, selected women were invited to par-
ticipate in a more thorough assessment at the Women’s Clinic research labor-
atory at approximately gestational week 38 and 8 weeks postpartum or both. 
Women were more likely to be invited to the sub-study if they had scored high 
(≥ 12, indicating symptoms of depression) on the EPDS filled out prior to the 
sub-study assessment. A corresponding number of women scoring low on the 
EPDS at the same time points were invited as controls.  

The sub-study aimed to more thoroughly investigate the psychological 
health of the women and to collect biological samples. When included in the 
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sub-study, the women filled out an online survey, including the EPDS, were 
interviewed with the Mini International Neuropsychiatric Interview (MINI) 
and venous blood samples were collected.  

The BASIC study was conducted in accordance with the Declaration of 
Helsinki: Ethical principles for medical research involving human subjects, 
and was approved by the Regional Ethical Review Board in Uppsala (Dnr 
2009/171 with amendments).  
 

Figure 1. The BASIC study timeline. 

Uppsala Biobank for Pregnant Women 
At approximately the same gestational week as recruitment into the BASIC 
study, some of the participants donated blood to the Uppsala Biobank for 
Pregnant Women. Uppsala Biobank is an infrastructure for medical research, 
under the supervisory authority Health and Social Care Inspectorate, and co-
ordinates blood samples collected at Uppsala University and Region Uppsala, 
the county council of Uppsala. All pregnant women are, prior to their routine 
ultrasound at Uppsala University Hospital, invited by personnel on site to do-
nate blood to the biobank. So far, more than 15,000 women have contributed.  

The Uppsala Biobank for Pregnant Women has been approved the Regional 
Ethical Review Board in Uppsala (Dnr 2007/181). 

Psychometric measures 

The Edinburgh Postnatal Depression Scale 
For Studies I, II and IV, the scores on the Swedish version of the Edinburgh 
Postnatal Depression Scale (EPDS) [218] (Supporting information 1) were 
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used as the outcome variable. In the cross-sectional design of Study III, they 
served as an exposure variable. EPDS is a 10-item self-reported screening tool 
used worldwide for peripartum depression, exhibiting a sensitivity of 72% and 
a specificity of 88% in the Swedish context [219]. The items included in the 
scale examine mood over the preceding seven days and are scored from 0–3, 
giving a total maximum of 30 points, with a higher score corresponding to 
more depressive symptoms. The validated cut-off for peripartum depression 
in Sweden is a score of 13 or higher during pregnancy [220] or 12 or higher 
in the postpartum period [221]. These cut-offs were used in Studies I, II and 
IV, while a cut-off of ≥ 12 during both pregnancy and postpartum was used in 
Study III in order to compare across the peripartum period.  

Mini International Neuropsychiatric Interview 
In Studies I, II, and IV, the MINI [222] was used to assess outcome (Support-
ing information 2), in addition to the EPDS. MINI is a structured interview 
developed for diagnosis of a number of psychiatric disorders, whether ongoing 
or previous: major depression, suicidality, bipolar, panic disorder, agorapho-
bia, social phobia, obsessive-compulsive disorder, posttraumatic stress disor-
der, alcohol dependence/abuse, drug dependence/abuse, psychotic disorder, 
anorexia nervosa, bulimia, generalized anxiety disorder and antisocial person-
ality disorder, in accordance with the DSM-IV and the tenth edition of the 
International Statistical Classification of Diseases and Related Health Prob-
lems (ICD-10). The interview was created so that trained laymen would be 
able to use the tool. However, to determine a diagnosis, a physician should 
review and validate the results. MINI has a sensitivity of 95% and a specificity 
of 84% for major depressive disorder [219]. In the sub-study of the BASIC 
study, the validated Swedish version 6.0.0d (2010-07-24) of MINI was used. 
It should be noted that there is no validation for the use of MINI in pregnant 
or postpartum women. 

Biological measures 

Proximity extension assay for inflammatory markers 
For Studies I and II, the relative levels of 92 inflammation-related proteins 
were measured in blood plasma samples from women participating in the sub-
study of the BASIC study and from women who were recruited to the BASIC 
study prior to cesarean section. 

After blood collection, the samples were left in room temperature for a 
maximum of 1 hour before being centrifuged at 1,500 RPM for 10 minutes 
and then stored in -70 °C. Samples were later thawed on ice before being 
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transferred to a 96-well plate and sent to the clinical biomarker facility at SciL-
ifeLab, Uppsala, Sweden, for analysis with the Proseek Multiplex Inflamma-
tion panel 1 (Olink BioScience, Uppsala, Sweden), which is based on a tech-
nology called proximity extension assay (PEA). The markers included in the 
panel (listed with abbreviations and full names in Supporting information 3) 
included growth factors, enzymes and cytokines, such as chemokines, inter-
ferons and interleukins, which have been established as being involved in in-
flammation, as well as some additional explorative markers. The markers are 
involved in processes such as inflammatory responses, apoptosis and cellular 
response to cytokine stimulus (www.olink.com). 

The full PEA procedure has been described previously [194]. In short, the 
technology is based on paired oligonucleotides attached to two different anti-
bodies. If a target protein is present, the two antibodies bind to different bind-
ing sites on the target and thus end up in close proximity to one another. This 
allows the oligonucleotides to hybridize and amplification of the sequence to 
occur. The amplicon can then be detected using quantitative polymerase chain 
reaction. Normalized protein expression (NPX) values are calculated by nor-
malizing Cq values against extension control, interplate control and a correc-
tion factor.  

For Studies I and II, markers that had NPX values lower than the limit of 
detection (LOD) for more than 50% of the women were excluded from the 
statistical analyses. For markers still included, with less than 50% of NPX 
values lower than LOD, the missing values were replaced by LOD/sqrt(2) 
[223]. 

Epigenetic analyses 
To validate the main results for Study I, DNA methylation profiles of postpar-
tum women with and without depressive symptoms, from an openly available 
source (E-GEOD-44132), were analyzed [224]. The DNA methylation pro-
files were generated using the Illumina 450K methylation beadchip kit (WG-
314-1001; Illumina Inc., San Diego, CA, USA) which assesses 450,000 meth-
ylation sites quantitatively across the genome. With the aim to investigate the 
association between changes in methylation patterns and postpartum depres-
sion, 29 methylation sites, within 2,000 base pairs from transcriptional start 
sites of genes coding for the significant inflammatory markers in the main 
analysis, were investigated in blood samples drawn from pregnant women. 
Further, five methylation sites of the gene coding for the significant inflam-
matory marker in sensitivity analysis 1 were investigated.  

Luminex assay for cytokine analyses 
For Study III, plasma samples were analyzed for levels of ten cytokines – IL-
1β, IL-4, IL-6, IL-8, IL-10, IL-18, TNF-α, macrophage colony-stimulating 
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factor (M-CSF), vascular endothelial growth factor A (VEGF-A) and frac-
talkine (or chemokine (C-X3-C motif) ligand 1; CX3CL1) – using Bio-Plex 
Pro Human Cytokine Assays, 9-plex (Cytokine Screening Panel 1), and a sin-
gle-plex for fractalkine. Analyses were performed at SciLifeLab, Science for 
Life Laboratory, Solna, Sweden. The method, Luminex, is similar to that of a 
sandwich Enzyme-Linked ImmunoSorbent Assay (ELISA). Antibodies, cou-
pled to magnetic beads, react with the biomarker of interest. The beads are 
then washed to remove unbound antibodies, and a biotinylated detection anti-
body is added, creating a sandwich complex. Lastly, a fluorescent indicator 
(phycoerythrin conjugated with streptavidin) is added to the complex.  

Values below LOD were replaced by the LOD value divided by the square 
root of two [223]. Three out of ten markers (IL-1β, IL-4 and IL-10) had levels 
under the LOD for more than 50% of the participants and were excluded from 
statistical analyses. 

Metabolomics 
For Study IV, venous blood samples were collected and shipped on dry ice to 
the Metabolic Engineering and Systems Biology Laboratory at the Institute 
for Chemical Engineering Sciences (ICEHT), Foundation for Research and 
Technology-Hellas (FORTH/ICE-HT), Patras, Greece, for metabolomic anal-
ysis using gas chromatography-mass spectrometry (GC-MS). The method has 
been described previously [200]. In short, [U-13C]-glucose and ribitol were 
added to each sample as internal standards. Using a Saturn 2200 ion-trap GC-
MS, each sample underwent three measurements, at different derivatization 
times. The peaks were identified and quantified using the commercial Na-
tional Institute of Standards and Technology and an in-house peak library. 
Eighty-five metabolites were identified in at least one of the samples. Results 
were validated, normalized, and filtered in the M-IOLITE software suite 
(http://miolite2.iceht.forth.gr). After metabolite/derivative combination, nor-
malization and filtering, the normalized profiles encompassed 38 metabolites. 

Study populations 

Population Study I  
All non-smoking women with singleton pregnancies included in the BASIC 
study, who participated and donated blood in the sub-study at gestational week 
38 during the years 2010–2014, were included in Study I. Additionally, all 
non-smoking women with singleton pregnancies included in the BASIC study 
prior to cesarean section during the same time period were also included in 
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this study (Figure 2). The sample size estimation was based on previous stud-
ies and the final sample size was 293 women in total. Out of these 293 women, 
63 were classified as having depressive symptoms according to the EPDS 
(score ≥ 12) filled out at postpartum week 6 or 8, or according to the MINI 
interview. 

Further, openly available epigenetic data sets from 50 pregnant women 
were used for epigenetic analyses. Out of these 50 women, 23 had been clas-
sified as depressed according to a psychiatric interview following DSM-5 cri-
teria, at postpartum week 4.  

 

Figure 2. Design Study I.  

Population Study II 
All non-smoking women with singleton pregnancies, who were not on corti-
sone medication and were included in the BASIC study, participating and do-
nating blood in the sub-study at 8 weeks postpartum during the years 2010–
2014, were included in Study II (Figure 3). Again, the sample size estimation 
was based on previous studies and the final sample size was 169 women in 
total. Of these 169 women, 62 were classified as having depressive symptoms 
according to the EPDS (score ≥ 12) filled out at postpartum week 6 or 8, or 
according to the MINI, or because they were on antidepressant medication.  
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Figure 3. Design Study II.  
 

Population Study III 
Study III comprised women who were included in the BASIC study, who 
filled out the EPDS at least once during pregnancy and once postpartum, and 
who donated two or more blood samples at any of the following four time 
points: 1. at routine ultrasound, to the Uppsala Biobank for Pregnant Women; 
2. in pregnancy at the gestational week 38 sub-study/prior to cesarean section; 
3. at delivery; or 4. in the sub-study at postpartum week 8 (Figure 4). Excluded 
were women reporting taking antibiotics and glucocorticoids at the time of 
blood sampling. The final sample size was 131 peripartum women and 386 
blood samples, in total. The 131 women included were categorized into four 
different trajectory groups based on the EPDS filled out during pregnancy and 
postpartum. The trajectory groups were: 1. no depressive symptoms (EPDS < 
12 at both pregnancy and postpartum and no antidepressants, n = 65); 2. ante-
partum depressive symptoms (EPDS ≥ 12 or SSRI during pregnancy, but not 
postpartum, n = 19); 3. postpartum depressive symptoms (EPDS ≥ 12 or SSRI 
postpartum, but not during pregnancy, n = 17); and 4. persistent depressive 
symptoms (EPDS ≥ 12 or SSRI at both pregnancy and postpartum, n = 30) 

Further, samples from 53 well-characterized, non-pregnant controls, who 
had donated blood in the luteal phase of the menstrual cycle, were included. 

 
 

Figure 4. Design Study III.  
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Population Study IV 
Women included in the BASIC study, who participated in the sub-study at 8 
weeks postpartum, were included in this study (Figure 5). With the purpose of 
getting a well-defined population, women were selected based on strict inclu-
sion criteria: a) 26–39 years of age, b) body mass index (BMI) between 20.0 
kg/m2 and 29.9 kg/m2, c) non-smokers prior to and during pregnancy and at 
time of blood sampling, d) parity ≤ 4, e) glucose levels < 6.8 mmol/L during 
pregnancy, f) no medication except antidepressants (for cases) or levothyrox-
ine at time of invitation and sample collection, g) breastfeeding, h) no preg-
nancy complications including diabetes, i) no twin pregnancies, j) blood loss 
during delivery < 1,000 ml, and k) no unhealed lacerations at 10 weeks post-
partum. All women were overnight fasting and all samples were collected in 
the morning. Sample size estimation was based on previous metabolic profil-
ing studies with well-defined groups, and the final sample size was 24 women 
in total. Out of these 24 women, 12 were classified as having depressive symp-
toms according to the EPDS (score ≥ 12) filled out at postpartum week 6 or 8, 
or according to the MINI, or because they were on antidepressant medication. 
 

Figure 5. Design Study IV.  

Statistics 

Statistical analyses Study I 
All analyses were performed in R statistics, version 3.3.0. Descriptive anal-
yses were performed using independent t-tests, chi-squared tests or Mann-
Whitney U-tests. 

For analyses of inflammatory markers as exposure and symptoms of post-
partum depression as outcome, Mann-Whitney U-tests, Mann-Whitney U-
tests with Bonferroni correction, crude logistic regressions, adjusted logistic 
regressions, logistic regressions with Bonferroni correction, adjusted logistic 
regressions with Bonferroni correction, Least Absolute Shrinkage and Selec-
tion Operator (LASSO) logistic regressions [225] and elastic net were per-
formed.  

In the adjusted regression, age at time of delivery, BMI at time of enrolment 
in maternal healthcare, education, infant gender, history of depression, use of 
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SSRIs in late pregnancy, inflammatory or autoimmune diseases, days from 
blood sampling to delivery and fasting status at the time of blood sampling 
were considered as possible confounders and were included in the models. 

Further, an inflammation summary variable was constructed by transform-
ing the NPX values into z-scores, from -3 to +3. The average value of z-scored 
NPX was calculated for each woman and once again transformed into a z-
score for interpretation purpose.  

The analyses were then repeated with the inflammation summary variable 
as the exposure and symptoms of postpartum depression as outcome using 
crude logistic regressions, adjusted logistic regressions and LASSO regression 
with least angle regression chosen as penalization. 

The procedure was repeated for sensitivity analysis 1, where only women 
without depressive symptoms during pregnancy were included and for sensi-
tivity analysis 2, where only women with no history of depression were in-
cluded.  

For both epigenetic analyses (main and sensitivity, excluding women with 
antenatal depression), independent samples t-tests were performed to find dif-
ferences in DNA methylation between women developing depressive symp-
toms postpartum and non-depressed controls.  

Statistical analyses Study II 
Analyses were performed using IBM Statistical Package for the Social Sci-
ences (SPSS) statistics, version 24, and R statistics, version 3.3.0. 

Descriptive analyses were performed using chi-squared tests, Mann-Whit-
ney U-tests and independent t-tests.  

Possible confounders were chosen using the 10% cut-off method [226]. 
The method revealed age, history of depression, MINI diagnosis anxiety, 
blood pressure medication, premature birth, employment, delivery mode, 
asthma/allergy medication, nonsteroidal anti-inflammatory drugs, levothyrox-
ine and history of manic or hypomanic episode/psychosis according to the 
MINI, as possible confounders. Further, breastfeeding was considered a pos-
sible mediator and models both including and excluding breastfeeding as a 
confounder were used.  

Analyses of the main aim, with the level of inflammatory marker postpar-
tum as exposure and symptoms of postpartum depression as outcome, were 
performed using crude logistic regression, adjusted logistic regression exclud-
ing breastfeeding as confounder, adjusted logistic regression including breast-
feeding as confounder and adjusted LASSO logistic regression.  

A sensitivity analysis, where the women were categorized based on when 
the symptoms of depression had their onset, was performed, using the signif-
icant markers in the adjusted LASSO logistic regression as exposures in the 
logistic regression analysis.  



 34 

Statistical analyses Study III 
Analyses were performed using IBM SPSS statistics version 27. Descriptive 
statistics were analyzed using chi-squared tests for categorical variables and 
analysis of variance and Kruskal-Wallis tests, as appropriate. Graphs present-
ing median levels of each cytokine across time were plotted for each trajectory 
group, as well as a reference line for the non-pregnant controls.  

Distributions of cytokine levels between participants were assessed using 
histograms and tests for skewness and kurtosis. Correlations of cytokine levels 
across time points were assessed using Spearman’s correlation. Due to the 
non-normal distribution of the residuals, as well as correlation across time 
points, generalized linear mixed models, fitted with gamma distribution and 
log-link function were applied. Cytokine levels were set as dependent varia-
bles, and time point and trajectory group as well as an interaction term be-
tween time point and trajectory group were set as fixed variables. The inter-
cept of each woman was set as random effect. Lastly, the model was adjusted 
for the covariates age, pre-pregnancy BMI and educational level. 

Statistical analyses Study IV 
Background characteristics were analyzed using IBM SPSS statistics version 
26. For univariate analyses, Student’s t-tests and Mann-Whitney U-tests were 
applied for continuous variables, as appropriate, while the chi-squared test was 
applied for categorical variables.  

For the primary analysis, hierarchical clustering and principal component 
analysis were used to identify women with similar metabolic profiles. Meta-
bolic clusters were color-coded. Further, significance analysis for microarrays 
(SAM) was used to explore the metabolites found in the different groups. 
Analyses were performed with missing values not imputed and were based on 
the standardized metabolomic dataset. The standardized relative peak area 
(stRPA) of a metabolite M in the profile j, RPA , was calculated as follows:  

 RPA = RPA − RPASD  

 RPA  is the RPA of metabolite M in profile j, RPA  is the mean RPA of 
metabolite M, and SD  is its standard deviation in all profiles.  

In SAM, the threshold of significance was selected as the largest for the 
false discovery rate (FDR) median to stay < 10%. If the threshold of signifi-
cance gave an FDR median > 10%, the significance threshold that gave the 
smallest FDR median was selected.  

To explore metabolites that distinguished between possible subgroups 
within the groups, sensitivity analyses, excluding individuals who were very 
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metabolically diverse in comparison to the rest of the group, were carried out 
using SAM algorithms. Selection of the significance threshold was the same 
as that described for the primary analysis. 
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Results 

Results Study I 
In the crude analyses with Mann-Whitney U-tests, significantly higher NPX 
levels during pregnancy were observed in 40 markers among non-depressed 
controls compared with women who developed postpartum depressive symp-
toms. The differences for five of the markers – STAM-BP, Axin-1, ADA, 
ST1A1 and IL-10 – were significant after controlling the Mann-Whitney U-
tests for multiple testing with Bonferroni correction.  

When analyzed with crude logistic regression, 37 markers were signifi-
cantly higher during pregnancy in non-depressed controls compared with in 
women who developed depressive symptoms postpartum. Eight of the mark-
ers – STAM-BP, Axin1, ADA, ST1A1, SIRT2, CASP8, IL-10 and MCP-2 – 
were significantly higher after adjusted logistic regressions. Three markers, 
STAM-BP, Axin-1 and ADA, were still significant after Bonferroni-corrected 
crude logistic regression, but no marker was significant in the adjusted logistic 
regression after Bonferroni correction. One marker, STAM-BP, was signifi-
cant in the LASSO logistic regression, but not in the elastic net. 

The inflammation summary variable was ranked as the second best varia-
ble, after history of depression, in predicting depressive symptoms postpar-
tum.  

In sensitivity analysis 1, where only women without depressive symptoms 
during pregnancy were included, ten markers were significantly higher and 
one marker was significantly lower during pregnancy in non-depressed con-
trols compared with in women who developed postpartum depressive symp-
toms. The marker ADA was significant after controlling for multiple testing 
with Bonferroni correction. No marker was significant in the LASSO or elas-
tic net analyses.  

In sensitivity analysis 2, where only women with no history of depression 
were included, 15 markers were significantly higher during pregnancy in non-
depressed controls compared with in women who developed postpartum de-
pressive symptoms. No marker was significant after controlling for multiple 
testing with Bonferroni correction or in the LASSO or elastic net analyses.  

In the main epigenetic analysis, two CpG sites (cg23102386; cg15812873), 
associated with STAM-BP and ST1A1, were hypomethylated in the group of 
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women developing postpartum depression compared with in healthy postpar-
tum women. In the sensitivity analysis, where women with antenatal depres-
sion were excluded, no individual CpG site was differentially methylated. 

Results Study II 
Significantly higher NPX levels for eight markers were found postpartum in 
women with depressive symptoms compared with in non-depressed controls 
in the crude logistic regression analyses. Six markers were significantly higher 
in the adjusted logistic regression when not including breastfeeding as a con-
founder, while four markers were significantly higher in the adjusted logistic 
regression when including breastfeeding as a confounder. Five markers –
TRANCE, HGF, IL-18, FGF-23 and CXCL1 – were significant in the LASSO 
regression.  

When separating the women with postpartum depressive symptoms into 
groups based on symptom onset, three out of five significant markers in 
LASSO (TRANCE, HGF and IL-18) were significantly higher in the group of 
women who had pregnancy onset of depressive symptoms compared with 
non-depressed controls. Trends in the same direction were found when com-
paring women with postpartum onset of depressive symptoms and non-de-
pressed controls, although these trends were not significant. No differences 
were found when comparing the group of women with pregnancy onset and 
the group of women with postpartum onset of depressive symptoms.  

Results Study III 
The levels of all cytokines were correlated between time points and between 
the different cytokines. All markers but VEGF-A, showed an increase during 
pregnancy. Values of IL-6, M-CSF, IL-18 and VEGF-A were all back to levels 
of non-pregnant women at the postpartum time point, while fractalkine, TNF 
and IL-8 were still higher.  

Analyses of the cytokine levels in the four trajectory groups across the per-
ipartum period using generalized lineal mixed models showed significant 
main effects of time point on the levels of all markers. VEGF-A presented 
significant main effects of perinatal depressive symptom trajectory group, and 
post-hoc tests showed lower levels of VEGF-A in women with only antenatal 
and women with only postpartum depressive symptom in comparison to 
women with persistent depressive symptoms, as well as lower levels for 
women with postpartum depressive symptoms in comparison to non-de-
pressed. No interaction effects were shown.  
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Results Study IV 
Hierarchical clustering indicated differences between the metabolic profiles 
of the controls and of women with postpartum depressive symptoms that could 
discriminate between most of them. However, there were distinct sub-groups 
within the postpartum depressive symptoms sample.  

The first sub-group showed a high abundance of metabolites in the cluster 
including amino acids (threonine, serine, ornithine/arginine, valine, leucine, 
isoleucine, lysine) and aminomalonic acid, combined with lower abundance 
of metabolites in the cluster including threonate, sorbitol, glutamate, uric acid, 
glyoxylate, gluconate, glycerate, and erythronate, in comparison with the 
healthy controls.  

The second sub-group did not show any difference in the cluster including 
amino acids and aminomalonic acid, and (unlike the first cluster) had a higher 
abundance of metabolites in the cluster, including threonate, sorbitol, gluta-
mate, uric acid, glyoxylate, gluconate, glycerate, and erythronate. Further, 
higher abundances of metabolites in the cluster including cholesterol, linoleic 
acid, stearate, myristate, putative lauric acid, 2-hydroxybutanoic acid and 
glycerol, and in the cluster including urea, erythritol, 4-hydroxybutanoic acid 
and glucose, were seen in the second sub-group in comparison with controls.  

The levels of five metabolites – glycerol, threonine, 2-hydroxybutanoic 
acid, erythritol, and phenylalanine – were significantly higher in women with 
depressive symptoms in comparison to non-depressed controls in both the 
main analysis and the sensitivity analyses.  
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Discussion 

The studies included in this thesis aimed to examine inflammatory markers 
and the metabolome in the peripartum period, in order to explore possible bi-
omarkers and promote a better understanding of the pathophysiology of peri-
partum depression. 

Study I identified a novel potential predictor of postpartum depression, 
STAM-BP, and two CpG sites associated with STAM-BP and ST1A1 that 
were differently methylated in women developing postpartum depression. Un-
fortunately, the effect sizes observed for STAM-BP were small thus the po-
tential utility of STAM-BP as a predictive tool on its own is inadequate, but 
STAM-BP might be used in combination with other known risk factors. 
STAM-BP is a zinc-metalloprotease, requiring zinc (which has a protective 
role against oxidative stress [227]) for its catalytic mechanism. One marker, 
ADA (that activates T-cells), was after adjustments for multiple testing, found 
to be lower among women with postpartum onset of depressive symptoms, 
but no significantly methylated CpG sites were identified and no significant 
association of ADA levels and postpartum onset of depression were found in 
the LASSO regression.   

Study II revealed five mainly pro-inflammatory biomarkers (TRANCE, 
HGF, IL-18, FGF-23 and CXCL1) to be elevated in women with depressive 
symptoms postpartum, in line with other studies of inflammatory markers and 
major depression [119-122]. Some of the markers (HGF, IL-18 and FGF-23) 
are associated with protective regenerative processes and have been found to 
be decreased in severe forms of depression [228, 229]. High levels of IL-18 
(involved in the activation of the IDO enzyme and NK cells [61]), and 
CXCL1 (detected by neutrophils), have been associated with acute stress sit-
uations and milder depression states [230-233]. As the analysis controlled for 
risk factors for more severe forms of depression [234], the research group in 
Study II hypothesized that the expression of the markers found, might differ 
in patients with a longer history of disease, and that the elevated levels of  
markers in women with postpartum depressive symptoms in Study II might 
reflect a stress response. Once again, the effect sizes observed were small, and 
none of these markers could be used as a diagnostic tool for postpartum de-
pression on its own. In the sensitivity analysis, three of these five markers 
(TRANCE, HGF and IL-18) were significantly elevated in women with preg-
nancy onset peripartum depression. However, the trends were the same when 
including only women with postpartum onset of depressive symptoms, while 
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no differences were found when comparing the two depressed groups (preg-
nancy versus postpartum onset).  

The results of the sensitivity analyses in Studies I and II could indicate that 
inflammation as a risk factor might be more important in women developing 
depression already during pregnancy; however, the diverse results might also 
be explained by inadequate power in the postpartum onset depressed groups, 
as the trends were the same. The susceptibility of women to immunological 
changes in the transition from pregnancy to postpartum may, however, apply 
only to a subgroup of women, while others may be more sensitive to the dras-
tic drop in levels of sex hormones postpartum [235]. Some women might be 
mainly affected by the decrease in levels of cortisol due to the loss of the pla-
centa [236], while others might be affected by changes in levels of oxytocin 
[237]. Therefore, this differential susceptibility of women might indicate a 
lack of a unique immunological profile in the transition from pregnancy to 
postpartum, complicating the attempts of developing a distinct biomarker.

Twenty-three markers, several of which were considered to exert anti-in-
flammatory actions, have previously been identified as being lower in women 
with depressive symptoms during pregnancy [194]. Speculatively, women 
with depressive symptoms during pregnancy might have a dysregulation in 
the shift from M1 to M2 macrophage phase, leading to a weaker upregulation 
of the anti-inflammatory response. Further, the elevated levels of the pro-in-
flammatory response in women with postpartum depressive symptoms shown 
in Study II might be due to a dysregulation of dampening of the pro-inflam-
matory response after delivery. In further speculations, this dysregulation 
might be due to a weaker response to the anti-inflammatory effects of the cor-
tisol peak after delivery in women with depressive symptoms.  

Study III clearly visualized the enormous changes of the immune system 
across the peripartum period, in accordance with previously reported findings 
[106, 238]. The changes observed further emphasized the importance of stand-
ardizing the timing of blood sampling in immunological research of peripar-
tum populations. Further, group differences were observed for VEGF-A with 
women presenting depressive symptoms only antenatally and only postpartum 
showing lower levels throughout the study course than women presenting per-
sistent depressive symptoms and non-depressed. These results indicated an 
adverse response of the immune system in the groups of women with antenatal 
and postpartum depressive symptom, but not in persistently depressive 
women, compared with non-depressed controls. VEGF-A has previously been 
shown to be expressed in the placenta and to have an impact on regulatory T 
cells [239]. While persistent depressed women has been characterized as 
slightly different from women with antenatal and postpartum depressive 
symptoms [12, 240, 241], one could hypothesize that a greater portion of 
women with persistent depressive symptoms consists of women entering preg-
nancy with an existing long-term depression. This long-term depression could 
have led to the women being more used to the inflammatory effects of the 
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depression. Hence, the immune systems of women with persisting depressive 
symptoms might be more similar to those of non-depressed women during 
pregnancy. Furthermore, fluctuation of cytokine levels were unaffected by de-
pression trajectory, however, these results need to be further validated with 
larger samples, as some of the groups were small, but are in line with other 
studies where no alterations in fluctuations of cytokines between groups of 
depressed and non-depressed perinatal women were observed, across time 
[108]. 

The exploratory metabolomic analyses of Study IV identified five metabo-
lites as significantly different between groups in all analyses, all of which were 
related to oxidative stress, which could indicate an activation of the 
kynurenine pathway [127]. The results further indicated different groups of 
women with postpartum depressive symptoms, in agreement with previous 
studies [11-13]. One group presented what could be consider a favorable met-
abolic profile, with exception for the ornithine/arginine to urea ratio that indi-
cated a urea cycle abnormality suggesting a kidney function dysregulation. A 
high discriminatory power of these metabolites (at least for metabolites with 
a false discovery rate equal to zero) increased confidence in the findings re-
garding this subgroup. However, this group only included four samples, and 
the results need to be further validated in larger cohorts. The other group pre-
sented what could be considered an unfavorable metabolic profile commonly 
found in patients with metabolic syndrome. The false discovery rate for this 
group was high, indicating variance within the group. Although the sample 
sizes were small, metabolomics have been shown to have discriminatory 
power even in the context of a small sample, if the two sample groups com-
pared are well-defined [201]. The results further indicated the need for defini-
tion of postpartum depression subgroups, where metabolomics might be used 
to help define these groups. 

Study ethics 
Though the study participants gave informed consent to participate in the 
BASIC study, and again when entering the sub-study, there are some ethical 
aspects to consider. For example, both the surveys answered in the context of 
BASIC and the MINI contained questions regarding multiple aspects of life, 
both positive and negative ones. Therefore, some of the participating women 
had to remember and re-experience tragic events of their past. The participants 
were always given the opportunity to contact the research team and meet with 
a physician in order to discuss possible negative feelings and consequences. 

All the surveys included information on the contact telephone number to 
the BASIC study personnel and the surveys were checked weekly by the re-
search team for thoughts of self-harm on the EPDS. If thoughts of self-harm 
were present, an email was sent to the participant encouraging her to send her 
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phone number for a brief phone call. During the phone call, the participant, in 
addition to receiving advice for self-help, was recommended to seek profes-
sional help.  

Further, all participants included in the laboratory assessments received 
written information about peripartum depression, contact information and in-
formation about where to seek professional help. If a participant presented 
severe depressive symptoms during the sub-study, she was referred for further 
controls and consultation if desired, and continuous e-mail contact was kept 
until the participant came into contact with professionals. Lastly, the sub-study 
included invasive blood sampling. However, blood sampling was voluntary 
and the amount of blood collected was small. 

Strengths and limitations 

The BASIC study 
The BASIC study, with its population-based design, included over 6,000 preg-
nant women followed prospectively through online surveys from gestational 
week 17 to one year postpartum, limiting the risk of recall bias. However, the 
BASIC study was characterized by possible selection bias, with a higher pro-
portion of women with a history of depression participating in the study. This 
could affect the results if theories of a “scar effect” in the immune system from 
previous depressive episodes are valid [8, 242]. Attempts to exclude women 
with previous depression were made in sensitivity analysis 2 in Study I, re-
vealing no considerable differences.  

It should be noted that the BASIC study had a rather low participation rate. 
The women were asked to participate via a letter sent home before their rou-
tine ultrasound and were asked to fill out the consent form and send it back. 
This required an active effort and could potentially lead to a healthy volunteer 
bias, possibly balanced by the high participation rates of women with previous 
depression, mentioned above. Further, women included in the BASIC study 
had higher educational level than the underlying population. Education can be 
seen as a proxy for socioeconomic status and inflammation is correlated with 
stress [146] and BMI [243], both of which are related to socioeconomic status. 
It is important to consider the above in relation to the generalizability of the 
results.  

Moreover, as one of the inclusion criteria for the BASIC study was the 
ability to understand the Swedish language, women who had recently arrived 
in Sweden were most likely not included. This selection bias might have led 
to the analysis of a more homogeneous group of women, as there are differ-
ences in inflammatory markers between persons of different race [244], and 
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immigrant populations have been reported to be particularly vulnerable to de-
pressive symptoms during the peripartum period [245].  

Another strength is of the BASIC-study is the availability of a lot of differ-
ent variables, which made adjustments for possible confounding and media-
tors possible. However, it is possible that some confounding factors are not 
included in the study data, which could create confounding biases. 

Psychometric measures 
Throughout this thesis, depressive status has been defined primarily by the use 
of the EPDS [218]. Importantly, the EPDS is a self-screening tool for depres-
sive symptoms, and does not provide a clinical diagnosis. Further, the EPDS 
also captures women with a comorbidity of anxiety, which has not been ex-
tensively explored in this thesis, despite its importance. Comorbidity is com-
monly undetected both in research and in psychiatric care settings [246], 
which is unfortunate as it might correspond to a different pathophysiology. 

Furthermore, the MINI used in the sub-studies was not available for all 
participants and the categorization into the depressive symptom group was in 
such cases based on the EPDS score. However, the MINI is not validated for 
use in pregnant and postpartum women. It could be speculated that a newly 
delivered mother would find it hard to separate actual depressive symptoms 
from other symptoms relevant to a new mother in the postpartum period, such 
as loss of interest, weight loss, and sleep disturbances. 

Proximity extension assay for inflammatory markers 
Some of the strengths of the included studies are the novel high sensitivity of 
the PEA method in combination with the large number of markers analyzed 
in Studies I and II. However, the results from analyzing the markers are pre-
sented as NPX values rather than as actual levels of protein expressed, making 
the results difficult to compare to those from other studies. Unfortunately, 
many markers previously studied for peripartum depression were excluded 
from statistical analyses due to NPX values under the LOD value. In both 
Studies I and II, inflammation was used as exposure and depression as out-
come. However, it should be noted that the possibility of reverse causation 
cannot be excluded [247]. Understanding the individual importance of mark-
ers for inflammatory processes is difficult, since different markers seem to 
have pro- and anti-inflammatory capacities in different contexts (an example 
is IL-6 [248]). Further, a pro-inflammatory response could be positive and 
even necessary under certain circumstances (for example to overcome infec-
tions), but may have a very detrimental effect in other circumstances (autoim-
mune diseases with chronic activation). The same holds true for anti-inflam-
matory responses [249]. As pregnancy seems to have different inflammatory 
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phases [54] and large fluctuations in immunological markers, as shown in 
Study III, the timing of blood sampling is probably crucial. 

Luminex cytokine analyses 
While Luminex assays, analyzing very low concentrations, provide a dynamic 
range much broader than classic ELISAs, the interpretation and comparison 
to other studies using classic ultra-sensitive immunoassays are not straightfor-
ward, as differences have been observed between these methods.  

Metabolomic analyses 
The GC-MC approach used monitors mainly the primary metabolism. While 
metabolomic analyses are thought to be the biological method that best re-
flects the phenotype, results are hard to interpret. An increased concentration 
of a metabolite can reflect an increase in the production of the metabolite or a 
decrease in the activity of enzymes that degrade the metabolite. Metabolomics 
further requires a well-characterized population, where variations in con-
founding factors are limited [250], which decreases the generalizability of the 
results. Hence, metabolic profiling should be considered to be mainly hypoth-
esis-generating and requires further validation, especially for biomarker iden-
tification. 

Future perspectives 
Future studies of markers of peripartum depression are needed. Identification 
of a possible biological marker would give insights in the pathophysiology of 
peripartum depression and could lead to the development of medications tar-
geting the underlying cause of depression rather than the symptoms. Further, 
a biological marker could help in early identification of women at risk of per-
ipartum depression who would benefit from preventive efforts. 

As peripartum depression is a complex disease, most probably affected by 
more than biological factors, the understanding of the pathophysiology and 
the search for a predictive marker might require even more advanced detection 
methods [251]. Ideally, an algorithm could be applied in which biological fac-
tors could be combined with psychosocial, pregnancy-related, delivery-related 
and early postpartum-related factors. New innovative methods, taking ad-
vantage of today’s technology with digital phenotyping and artificial intelli-
gence, could be the future for detection of high-risk women. Furthermore, a 
combination of different -omics techniques could be necessary, as alterations 
at one biological level might be compensated at another. 

Multiple reasons could underlie the inconsistency of results, the vague sig-
nificant associations found, and the lack of a definitive biological marker for 
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peripartum depression. Perhaps, the definitive biomarker has not yet been 
studied. The inconsistency could also be due to differences in methods used, 
in the timing of sampling, or to the relatively small sample sizes. However, 
the lack of a definitive marker could also be a consequence of peripartum de-
pression being a heterogeneous disease in need of subgroup symptom deline-
ations [11-13]. Major depression in general, is a heterogeneous syndrome, 
with different phenotypes, as well as different outcomes and trajectories [252], 
and as differences in characteristics have been observed between peripartum 
women with depressive symptoms, concerning when the symptoms debut, 
these subgroups of peripartum depressed women might need to be further cat-
egorized based on symptom onset [12]. Symptom offset subcategorization 
might be necessary in research as well, as the pathophysiology may differ be-
tween such groups. Further, phenotypes of peripartum depression could po-
tentially be defined, where depression accompanied with physical illness, de-
pression with anxiety traits, depression with suicidality traits, and depression 
with anger traits, could be some of them.  

Furthermore, we might need to reconsider peripartum depression as a spec-
ifier of major depression [1]. As mentioned in [171], a specifier based on tim-
ing instead of on symptoms is questionable. Is it reasonable, when several of 
the criteria for depression at other times in life (such as changes of appe-
tite/weight and sleep disturbance), cannot be taken into account during the 
peripartum period [14]? This would require a new and better diagnostic tool, 
where pregnancy and postpartum circumstances are taken into consideration.  

If subgroups were well defined, and a better diagnosis tool were available, 
the pathophysiology of each of the subgroups would be easier to study. That 
would hopefully lead to detection of discriminatory biological markers that 
could identify high-risk women in need of preventive efforts.  
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Conclusion 

The results of the studies included in this thesis demonstrated the important 
role of changes in the immune system during the peripartum period in the de-
velopment of peripartum depression. Although no marker with adequate dis-
criminative ability was identified as a candidate for a predictive or diagnostic 
tool on its own, the results suggested significant differences in several im-
mune-related biomarkers that could be useful in more advanced risk stratifi-
cation or diagnostic algorithms incorporating known risk factors and other bi-
omarkers. Moreover, the timing of sampling for biomarkers seemed crucially 
important during the peripartum period. Further, the metabolomic analyses 
indicated subgroups among the depressed women. Future studies should thus 
aim to define subgroups of peripartum depression and further validate the 
markers described in this thesis in larger samples. Hopefully, this thesis has 
added a small piece to the complex puzzle of peripartum depression. 
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Summary in Swedish 

Förlossningsdepression är en sjukdom som drabbar ungefär var tionde barna-
födande kvinna. Konsekvenserna kan vara allvarliga och drabbar inte bara 
mamman, utan även bebisen, den andra föräldern och samhället i stort. Idag 
finns dock ingen biologisk markör som kan förutsäga förlossningsdepression 
eller förklara patofysiologin bakom tillståndet.  

Graviditet är sammanlänkat med stora förändringar i immunsystemet, då 
den gravida kroppen ska kunna klara av att stå emot patogener och samtidigt 
inte stöta bort det delvis främmande fostret. För depression i allmänhet finns 
en klarlagd koppling mellan immunsystemet och depression, där flera studier 
tyder på en ökning i proinflammatoriska markörer hos deprimerade personer. 
Immunsystemet är länkat till den mikrobiota som finns i kroppen och flera 
studier visar en association mellan mikrobiotan i magen och välmående. Sam-
tidigt är mikrobiotan ansvarig för en stor del av de metaboliter som produceras 
i kroppen.  

Därför har den här avhandlingen haft som mål att undersöka immunsystem-
relaterade molekyler samt metabolomet, med syfte att finna en biomarkör eller 
en kombination av biomarkörer för tidig detektion samt ökad förståelse av 
förlossningsdepression. 

Materialet i alla studierna kommer från den longitudinella kohortstudien 
Biology, Affect, Stress, Imaging, and Cognition (BASIC). Depressiva symp-
tom mättes framför allt med självskattningsskalan Edinburgh Postnatal De-
pression Scale (EPDS).  

Delstudierna I och II undersökte explorativt om någon av 92 inflammat-
ionsmarkörer ur en Proximity Extension Proseek Multiplex-panel kunde för-
utsäga (I) eller förklara (II) depressiva symptom postpartum. Delstudie III un-
dersökte, med Luminex Bio-Plex Pro Human Cytokine Assays, skillnader i 
förändringarna av nivåerna av sju cytokiner mellan fyra olika tillfällen under 
graviditet och postpartum hos olika grupper av kvinnor som hade depressiva 
symptom (a) antenatalt, (b) postpartum, (c) genomgående eller (d) aldrig. 
Delstudie IV jämförde metaboliska profiler hos postpartumkvinnor med och 
utan depressiva symptom, genom gaskromatografi–masspektrometri meta-
bolomics.  

Sammanfattningsvis hittades ingen markör som var tillräckligt distinkt för 
att kunna förutsäga eller förklara förlossningsdepression, men ett fåtal markö-
rer som har potential att kunna användas i mer avancerade algoritmer där fler 
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riskfaktorer tas i beaktande. Mina resultat visar också tecken på en stor för-
ändring av immunsystemet över den perinatala perioden, vilket åskådliggör 
vikten av vid vilken tidpunkt blodprovstagning görs i studier som analyserar 
immunsystemet i en perinatal population. Vidare visades, med hjälp av meta-
boliska profiler, olika grupper av deprimerade kvinnor postpartum, vilket stö-
der teorier om att portpartumdepression är en heterogen sjukdom som bör de-
las in i subgrupper. Framtida studier bör validera de markörer som beskrivs i 
denna avhandling i större kohorter samt syfta till att definiera undergrupper av 
peripartumdepression. 



 49

Acknowledgments 

This work was carried out at the Department of Women’s and Children’s 
Health, Uppsala University. I would like to express my deepest gratitude to 
everyone who made it possible. A special thanks to: 

 
All the women participating in the BASIC study. Thank you for your en-
gagement and time dedicated to the study. 

 
Alkistis Skalkidou, Professor at the Department of Women’s and Children’s 
Health, Uppsala University, and my main supervisor, for teaching me so 
much, and always believing in me.  
  
Emma Fransson, Assistant professor at the Department of Women’s and 
Children’s Health, Uppsala University and at the Centre for Translational Mi-
crobiome Research, Department of Microbiology, Tumor and Cell Biology, 
Karolinska Institute, Stockholm, Sweden, and co-supervisor. My PhD years 
would not have been the same without you. You have supported me in my 
research and also personally.  
 
Fotis Papadopoulos, Associate Professor at the Department of Neuroscience, 
Uppsala University, and co-supervisor, for your support and your friendly per-
sonality. 

 
Inger Sundström-Poromaa, Head of the department, Professor at the De-
partment of Women’s and Children’s Health, Uppsala University, and co-su-
pervisor, for making things less complicated with your straightforward ap-
proach. 
 
Agneta Skoog Svanberg, former Head of the department and Professor at the 
Department of Women’s and Children’s Health, Uppsala University for giv-
ing me the possibility to perform my doctoral studies at the department. 
 
Richard White, co-author and statistician, for your excellent work, and for 
guiding me through the statistical methods. 
 



 50 

Maria Klapa, Head of the Metabolic Engineering and Systems Biology La-
boratory at FORTH/ICE-HT, Patras, Greece, and co-author, for your enthusi-
astic explanations of the metabolomic results. 
 
Natasa Kollia, statistician and data manager, for all your patience in manage-
ment of the BASIC study and for your accuracy in guiding me in both data 
management and statistical analyses. 
 
Matts Olovsson, Professor at the Department of Women's and Children's 
Health, and examiner, for your smart and personal inputs toward a successful 
dissertation and for always treating everyone as an equal. 
 
Kjell Alving, Principal for the department’s research education, for your en-
gagement, and for you wanting the best for the students.  
 
Marianne Kördel, Lena Moby, Sara Nyback, and Ida Enskär, for your 
positive spirit at the laboratory, always helping me out.  
 
The former and present administrative staff at the Department of Women’s 
and Children’s Health, including Martin Selinus, Jessica Sandervig, Malin 
Ghanem, Isabel Barrios Bjurlén and many more.  
 
Past and present colleagues including Cathrine Axfors, Åsa Edvinsson, 
Charlotte Hellgren, Eva Davey, Helena Kaihola, Sam Memarzadeh, Tryfonas 
Pitsillos, Frida Viirman, Carolina Wikström, Elisabet Hansson, Linn Flygare 
Wallén, Ulf Elofsson, Maria Grandahl, Allison Eriksson, Ayesha Mae Bilal, 
Mengyu Zhong, Karin Gidén, and many more, for making my days at work 
even better. 
  
Theodora Kunovac Kallak, and Susanne Lager, for your support and for 
always treating me as one of you.  
 
Hanna Henriksson, for being my partner in crime during most of my PhD.  
 
Diem Nguyen for your fantastic support during the last part of my PhD.  
 
My family and friends, you know who you are. 
 
My grandpa, Östen, for your genuine interest in my work, and for being the 
one in my family who have read it voluntarily. 

 
My mother- and father-in-law, Gunilla and Mikael, and my brother-in-law 
Jesper and his Julia, for being so supportive, when it comes to both my PhD 
and my family. 



 51

My mother and father, for your love, for giving me the best childhood imag-
inable, and for always allowing me to choose my own path and make my own 
mistakes. I love you. 
  
My siblings, Anna, Jesper, and Sara, for supporting me, and for criticizing 
me. Thank you for letting me have one area where I can shine with expertise. 
You are all so smart.  
 
My husband Patrik, for always being there for me. You laugh with me when 
I am happy. You lift me up when I am feeling low. You are absolutely perfect. 
Thank you for everything you have given me. I love you. 

 
And most importantly, to my oldest daughter Amanda, my son Benjamin, 
and my youngest daughter Isabella, for reminding me of what is important in 
life, and for teaching me the meaning of unconditional love. I love you. 



 52 

References 

1. DSM-5, Diagnostic and Statistical Manual of Mental Disorders DSM-5. 
2013, American psychiatrics Association: Washington, DC. 

2. Woody, C.A., et al., A systematic review and meta-regression of the 
prevalence and incidence of perinatal depression. J Affect Disord, 2017. 
219: p. 86-92. 

3. Swedish Agency for Health Technology Assessment and Assessment of 
Social Services SBU. Förebyggande av postpartumdepression – Psykosocial 
och psykologisk profylax mot depression efter förlossningen. 2014  [cited 
2018 02-09]; Available from: http://www.sbu.se/sv/publikationer/sbu-
kommentar/forebyggande-av-postpartum-depression/. 

4. Goodman, J.H. and L. Tyer-Viola, Detection, treatment, and referral of 
perinatal depression and anxiety by obstetrical providers. J Womens Health 
(Larchmt), 2010. 19(3): p. 477-90. 

5. Josefsson, A. and G. Sydsjo, A follow-up study of postpartum depressed 
women: Recurrent maternal depressive symptoms and child behavior after 
four years. Arch Womens Ment Health, 2007. 10(4): p. 141-5. 

6. Milgrom, J., et al., Antenatal risk factors for postnatal depression: a large 
prospective study. J Affect Disord, 2008. 108(1-2): p. 147-57. 

7. O'Hara, M.W., Postpartum depression: what we know. J Clin Psychol, 2009. 
65(12): p. 1258-69. 

8. Silverman, M.E., et al., The risk factors for postpartum depression: A 
population-based study. Depress Anxiety, 2017. 34(2): p. 178-87. 

9. Josefsson, A., et al., Obstetric, somatic, and demographic risk factors for 
postpartum depressive symptoms. Obstet Gynecol, 2002. 99(2): p. 223-8. 

10. Skalkidou, A., et al., Biological aspects of postpartum depression. Womens 
Health (Lond), 2012. 8(6): p. 659-72. 

11. Putnam, K.T., et al., Clinical phenotypes of perinatal depression and time of 
symptom onset: analysis of data from an international consortium. Lancet 
Psychiatry, 2017. 4(6): p. 477-85. 

12. Wikman, A., et al., Characteristics of women with different perinatal 
depression trajectories. J Neurosci Res, 2020. 98(7): p. 1268-82. 

13. Paul, S. and E.J. Corwin, Identifying clusters from multidimensional 
symptom trajectories in postpartum women. Res Nurs Health, 2019. 42(2): 
p. 119-127. 

14. Kammerer, M., et al., Symptoms associated with the DSM IV diagnosis of 
depression in pregnancy and post partum. Arch Womens Ment Health, 2009. 
12(3): p. 135-41. 

15. Zoega, H., et al., Use of SSRI and SNRI antidepressants during pregnancy: 
A population-based study from Denmark, Iceland, Norway and Sweden. 
PLoS One, 2015. 10(12): p. e0144474. 

16. Gressier, F., et al., Postpartum electroconvulsive therapy: a systematic 
review and case report. Gen Hosp Psychiatry, 2015. 37(4): p. 310-4. 



 53

17. Focht, A. and C.H. Kellner, Electroconvulsive therapy (ECT) in the 
treatment of postpartum psychosis. J ECT, 2012. 28(1): p. 31-3. 

18. Esscher, A., et al., Suicides during pregnancy and 1 year postpartum in 
Sweden, 1980-2007. Br J Psychiatry, 2016. 208(5): p. 462-9. 

19. Bränn, E., et al., Who do we miss when screening for postpartum depression? 
A population-based study in a Swedish region. J. Affect. Disord., 2021. 287: 
p. 165-73. 

20. Miller, L.J., Postpartum depression. JAMA, 2002. 287(6): p. 762-5. 
21. Slomian, J., et al., Consequences of maternal postpartum depression: A 

systematic review of maternal and infant outcomes. Womens Health (Lond), 
2019. 15: p. 1745506519844044. 

22. Niemi, M., et al., Symptoms of antenatal common mental disorders, preterm 
birth and low birthweight: a prospective cohort study in a semi-rural district 
of Vietnam. Trop Med Int Health, 2013. 18(6): p. 687-95. 

23. Agnafors, S., et al., Effect of gene, environment and maternal depressive 
symptoms on pre-adolescence behavior problems - a longitudinal study. 
Child Adolesc Psychiatry Ment Health, 2013. 7(1): p. 10. 

24. Agnafors, S., et al., Symptoms of depression postpartum and 12 years later-
associations to child mental health at 12 years of age. Matern Child Health 
J, 2013. 17(3): p. 405-14. 

25. Beydoun, H. and A.F. Saftlas, Physical and mental health outcomes of 
prenatal maternal stress in human and animal studies: a review of recent 
evidence. Paediatr Perinat Epidemiol, 2008. 22(5): p. 438-66. 

26. Zijlmans, M.A., et al., Maternal prenatal stress is associated with the infant 
intestinal microbiota. Psychoneuroendocrinology, 2015. 53: p. 233-45. 

27. Paulson, J.F. and S.D. Bazemore, Prenatal and postpartum depression in 
fathers and its association with maternal depression: a meta-analysis. 
JAMA, 2010. 303(19): p. 1961-9. 

28. Bauer, A., M. Knapp, and M. Parsonage, Lifetime costs of perinatal anxiety 
and depression. J Affect Disord, 2016. 192: p. 83-90. 

29. Klier, C.M., et al., The role of estrogen and progesterone in depression after 
birth. J Psychiatr Res, 2007. 41(3-4): p. 273-9. 

30. Harris, B., et al., The hormonal environment of post-natal depression. Br J 
Psychiatry, 1989. 154: p. 660-7. 

31. Ahokas, A., et al., Estrogen deficiency in severe postpartum depression: 
successful treatment with sublingual physiologic 17beta-estradiol: a 
preliminary study. J Clin Psychiatry, 2001. 62(5): p. 332-6. 

32. Mehta, D., et al., Early predictive biomarkers for postpartum depression 
point to a role for estrogen receptor signaling. Psychol Med, 2014. 44(11): 
p. 2309-22. 

33. Osborne, L., et al., Replication of epigenetic postpartum depression 
biomarkers and variation with hormone levels. Neuropsychopharmacology, 
2016. 41(6): p. 1648-58. 

34. Watkins, S., et al., Early breastfeeding experiences and postpartum 
depression. Obstet Gynecol, 2011. 118(2 Pt 1): p. 214-221. 

35. Ystrom, E., Breastfeeding cessation and symptoms of anxiety and 
depression: a longitudinal cohort study. BMC Pregnancy Childbirth, 2012. 
12: p. 36. 

36. Haga, S.M., et al., A longitudinal study of postpartum depressive symptoms: 
multilevel growth curve analyses of emotion regulation strategies, 
breastfeeding self-efficacy, and social support. Arch Womens Ment Health, 
2012. 15(3): p. 175-84. 



 54 

37. Sanjuan, J., et al., Mood changes after delivery: role of the serotonin 
transporter gene. Br J Psychiatry, 2008. 193(5): p. 383-8. 

38. Doornbos, B., et al., The development of peripartum depressive symptoms is 
associated with gene polymorphisms of MAOA, 5-HTT and COMT. Prog 
Neuropsychopharmacol Biol Psychiatry, 2009. 33(7): p. 1250-4. 

39. Parry, B.L., et al., Plasma melatonin circadian rhythm disturbances during 
pregnancy and postpartum in depressed women and women with personal 
or family histories of depression. Am J Psychiatry, 2008. 165(12): p. 1551-
8. 

40. Jewell, J.S., et al., Prevalence of self-reported postpartum depression 
specific to season and latitude of birth: evaluating the PRAMS data. Matern 
Child Health J, 2010. 14(2): p. 261-7. 

41. Henriksson, H.E., et al., Seasonal patterns in self-reported peripartum 
depressive symptoms. Eur Psychiatry, 2017. 43: p. 99-108. 

42. Murphy, P.K., et al., An exploratory study of postpartum depression and 
vitamin D. J Am Psychiatr Nurses Assoc, 2010. 16(3): p. 170-7. 

43. Amini, S., S. Jafarirad, and R. Amani, Postpartum depression and vitamin 
D: A systematic review. Crit Rev Food Sci Nutr, 2019. 59(9): p. 1514-20. 

44. Accortt, E.E., et al., Lower prenatal vitamin D status and postpartum 
depressive symptomatology in African American women: Preliminary 
evidence for moderation by inflammatory cytokines. Arch Womens Ment 
Health, 2016. 19(2): p. 373-83. 

45. Christian, L.M., et al., Associations of postpartum sleep, stress, and 
depressive symptoms with LPS-stimulated cytokine production among 
African American and White women. J Neuroimmunol, 2018. 316: p. 98-106. 

46. Okun, M.L., et al., Changes in sleep quality, but not hormones predict time 
to postpartum depression recurrence. J Affect Disord, 2011. 130(3): p. 378-
84. 

47. Okun, M.L., et al., Disturbed sleep and inflammatory cytokines in depressed 
and nondepressed pregnant women: an exploratory analysis of pregnancy 
outcomes. Psychosom Med, 2013. 75(7): p. 670-81. 

48. Harris, B., et al., Transient post-partum thyroid dysfunction and postnatal 
depression. J Affect Disord, 1989. 17(3): p. 243-9. 

49. Lucas, A., et al., Postpartum thyroid dysfunction and postpartum depression: 
are they two linked disorders? Clin Endocrinol (Oxf), 2001. 55(6): p. 809-
14. 

50. Pop, V.J., et al., Postpartum thyroid dysfunction and depression in an 
unselected population. N Engl J Med, 1991. 324(25): p. 1815-6. 

51. Albacar, G., et al., Thyroid function 48h after delivery as a marker for 
subsequent postpartum depression. Psychoneuroendocrinology, 2010. 35(5): 
p. 738-42. 

52. Skalkidou, A., et al., Risk of postpartum depression in association with 
serum leptin and interleukin-6 levels at delivery: a nested case-control study 
within the UPPSAT cohort. Psychoneuroendocrinology, 2009. 34(9): p. 
1329-37. 

53. Osimo, E.F., et al., Inflammatory markers in depression: A meta-analysis of 
mean differences and variability in 5,166 patients and 5,083 controls. Brain 
Behav Immun, 2020. 87: p. 901-9. 

54. Mor, G., et al., Inflammation and pregnancy: the role of the immune system 
at the implantation site. Ann N Y Acad Sci, 2011. 1221: p. 80-7. 

55. Kolaczkowska, E. and P. Kubes, Neutrophil recruitment and function in 
health and inflammation. Nat Rev Immunol, 2013. 13(3): p. 159-75. 



 55

56. Mills, C.D., et al., M-1/M-2 macrophages and the Th1/Th2 paradigm. J 
Immunol, 2000. 164(12): p. 6166-73. 

57. Stein, M., et al., Interleukin 4 potently enhances murine macrophage 
mannose receptor activity: a marker of alternative immunologic 
macrophage activation. J Exp Med, 1992. 176(1): p. 287-92. 

58. Goerdt, S. and C.E. Orfanos, Other functions, other genes: alternative 
activation of antigen-presenting cells. Immunity, 1999. 10(2): p. 137-42. 

59. Mantovani, A., et al., Macrophage plasticity and polarization in tissue repair 
and remodelling. J Pathol, 2013. 229(2): p. 176-85. 

60. Martinez, F.O. and S. Gordon, The M1 and M2 paradigm of macrophage 
activation: time for reassessment. F1000Prime Rep, 2014. 6: p. 13. 

61. Cooper, M.A., T.A. Fehniger, and M.A. Caligiuri, The biology of human 
natural killer-cell subsets. Trends Immunol, 2001. 22(11): p. 633-40. 

62. Fauriat, C., et al., Regulation of human NK-cell cytokine and chemokine 
production by target cell recognition. Blood, 2010. 115(11): p. 2167-76. 

63. Elhanati, Y., et al., Inferring processes underlying B-cell repertoire diversity. 
Philos Trans R Soc Lond B Biol Sci, 2015. 370(1676). 

64. Alberts, B., A. Johnson, and J. Lewis, B Cells and Antibodies., in Molecular 
Biology of the Cell. 2002. 

65. Forthal, D.N., Functions of antibodies. Microbiol Spectr, 2014. 2(4): p. AID-
0019-2014. 

66. Lund, F.E., Cytokine-producing B lymphocytes-key regulators of immunity. 
Curr Opin Immunol, 2008. 20(3): p. 332-8. 

67. Mosmann, T.R., et al., Two types of murine helper T cell clone. I. Definition 
according to profiles of lymphokine activities and secreted proteins. J 
Immunol, 1986. 136(7): p. 2348-57. 

68. Romagnani, S., Biology of human TH1 and TH2 cells. J Clin Immunol, 1995. 
15(3): p. 121-9. 

69. Ikarashi, Y., et al., Mouse NK1.1+ cytotoxic T cells can be generated by IL-
2 exposure from lymphocytes which express an intermediate level of T cell 
receptor. Immunol Lett, 1998. 61(2-3): p. 165-73. 

70. Read, S., V. Malmstrom, and F. Powrie, Cytotoxic T lymphocyte-associated 
antigen 4 plays an essential role in the function of CD25(+)CD4(+) 
regulatory cells that control intestinal inflammation. J Exp Med, 2000. 
192(2): p. 295-302. 

71. Collison, L.W., et al., The inhibitory cytokine IL-35 contributes to regulatory 
T-cell function. Nature, 2007. 450(7169): p. 566-9. 

72. Annacker, O., et al., Interleukin-10 in the regulation of T cell-induced colitis. 
J Autoimmun, 2003. 20(4): p. 277-9. 

73. Liao, C.M., M.I. Zimmer, and C.R. Wang, The functions of type I and type 
II natural killer T cells in inflammatory bowel diseases. Inflamm Bowel Dis, 
2013. 19(6): p. 1330-8. 

74. La Rocca, C., et al., The immunology of pregnancy: regulatory T cells 
control maternal immune tolerance toward the fetus. Immunol Lett, 2014. 
162(1 Pt A): p. 41-8. 

75. Robinson, D.P. and S.L. Klein, Pregnancy and pregnancy-associated 
hormones alter immune responses and disease pathogenesis. Hormones and 
behavior, 2012. 62(3): p. 263-71. 

76. Luppi, P., How immune mechanisms are affected by pregnancy. Vaccine, 
2003. 21(24): p. 3352-7. 

77. Raghupathy, R., Th1-type immunity is incompatible with successful 
pregnancy. Immunol Today, 1997. 18(10): p. 478-82. 



 56 

78. Mjosberg, J., et al., FOXP3+ regulatory T cells and T helper 1, T helper 2, 
and T helper 17 cells in human early pregnancy decidua. Biol Reprod, 2010. 
82(4): p. 698-705. 

79. Strom, T.B., et al., The Th1/Th2 paradigm and the allograft response. Curr 
Opin Immunol, 1996. 8(5): p. 688-93. 

80. Zenclussen, A.C., Regulatory T cells in pregnancy. Springer Semin 
Immunopathol, 2006. 28(1): p. 31-9. 

81. Graca, L., S.P. Cobbold, and H. Waldmann, Identification of regulatory T 
cells in tolerated allografts. J Exp Med, 2002. 195(12): p. 1641-6. 

82. Hannan, N.J., J. Evans, and L.A. Salamonsen, Alternate roles for immune 
regulators: establishing endometrial receptivity for implantation. Expert 
Rev Clin Immunol, 2011. 7(6): p. 789-802. 

83. Brown, M.B., et al., M1/M2 macrophage polarity in normal and complicated 
pregnancy. Front Immunol, 2014. 5: p. 606. 

84. Kumpel, B.M. and M.S. Manoussaka, Placental immunology and maternal 
alloimmune responses. Vox Sang, 2012. 102(1): p. 2-12. 

85. Brewster, J.A., et al., Gestational effects on host inflammatory response in 
normal and pre-eclamptic pregnancies. Eur J Obstet Gynecol Reprod Biol, 
2008. 140(1): p. 21-6. 

86. Dubicke, A., et al., Pro-inflammatory and anti-inflammatory cytokines in 
human preterm and term cervical ripening. J Reprod Immunol, 2010. 84(2): 
p. 176-85. 

87. Malmstrom, E., et al., The importance of fibroblasts in remodelling of the 
human uterine cervix during pregnancy and parturition. Mol Hum Reprod, 
2007. 13(5): p. 333-41. 

88. Sennstrom, M.B., et al., Human cervical ripening, an inflammatory process 
mediated by cytokines. Mol Hum Reprod, 2000. 6(4): p. 375-81. 

89. Romano, M., et al., Postpartum period: three distinct but continuous phases. 
J Prenat Med, 2010. 4(2): p. 22-5. 

90. Dunn, A.B., et al., Perineal injury during childbirth increases risk of 
postpartum depressive symptoms and inflammatory markers. J Midwifery 
Womens Health, 2015. 60(4): p. 428-36. 

91. Mullington, J.M., et al., Sleep loss and inflammation. Best Pract Res Clin 
Endocrinol Metab, 2010. 24(5): p. 775-84. 

92. Yuan, L., et al., Oxytocin inhibits lipopolysaccharide-induced inflammation 
in microglial cells and attenuates microglial activation in 
lipopolysaccharide-treated mice. J Neuroinflammation, 2016. 13(1): p. 77. 

93. Tsigos, C. and G.P. Chrousos, Hypothalamic-pituitary-adrenal axis, 
neuroendocrine factors and stress. J Psychosom Res, 2002. 53(4): p. 865-
71. 

94. Nezi, M., G. Mastorakos, and Z. Mouslech, Corticotropin releasing hormone 
and the immune/inflammatory response, in Endotext, K.R. Feingold, et al., 
Editors. 2000, MDText.com, Inc.: South Dartmouth (MA). 

95. Straub, R.H., The complex role of estrogens in inflammation. Endocr Rev, 
2007. 28(5): p. 521-74. 

96. Chrousos, G.P., D.J. Torpy, and P.W. Gold, Interactions between the 
hypothalamic-pituitary-adrenal axis and the female reproductive system: 
clinical implications. Ann Intern Med, 1998. 129(3): p. 229-40. 

97. Elenkov, I.J., et al., IL-12, TNF-alpha, and hormonal changes during late 
pregnancy and early postpartum: implications for autoimmune disease 
activity during these times. J Clin Endocrinol Metab, 2001. 86(10): p. 4933-
8. 



 57

98. Xiong, Y.H., Z. Yuan, and L. He, Effects of estrogen on CD4(+) CD25(+) 
regulatory T cell in peripheral blood during pregnancy. Asian Pac J Trop 
Med, 2013. 6(9): p. 748-52. 

99. Lima, J., et al., Regulatory T cells show dynamic behavior during late 
pregnancy, delivery, and the postpartum period. Reprod Sci, 2017. 24(7): p. 
1025-32. 

100. Wegienka, G., et al., Within-woman change in regulatory T cells from 
pregnancy to the postpartum period. J Reprod Immunol, 2011. 88(1): p. 58-
65. 

101. Yoshii, A., et al., Role of uterine contraction in regeneration of the murine 
postpartum endometrium. Biol Reprod, 2014. 91(2): p. 32. 

102. Shynlova, O., et al., Myometrial immune cells contribute to term parturition, 
preterm labour and post-partum involution in mice. J Cell Mol Med, 2013. 
17(1): p. 90-102. 

103. Haim, A., et al., A survey of neuroimmune changes in pregnant and 
postpartum female rats. Brain Behav Immun, 2017. 59: p. 67-78. 

104. Posillico, C.K. and J.M. Schwarz, An investigation into the effects of 
antenatal stressors on the postpartum neuroimmune profile and depressive-
like behaviors. Behav Brain Res, 2016. 298(Pt B): p. 218-28. 

105. Sherer, M.L., C.K. Posillico, and J.M. Schwarz, An examination of changes 
in maternal neuroimmune function during pregnancy and the postpartum 
period. Brain Behav Immun, 2017. 66: p. 201-9. 

106. Christian, L.M. and K. Porter, Longitudinal changes in serum 
proinflammatory markers across pregnancy and postpartum: effects of 
maternal body mass index. Cytokine, 2014. 70(2): p. 134-40. 

107. Gillespie, S.L., K. Porter, and L.M. Christian, Adaptation of the 
inflammatory immune response across pregnancy and postpartum in Black 
and White women. J Reprod Immunol, 2016. 114: p. 27-31. 

108. Simpson, W., et al., Relationship between inflammatory biomarkers and 
depressive symptoms during late pregnancy and the early postpartum 
period: a longitudinal study. Braz J Psychiatry, 2016. 38(3): p. 190-6. 

109. Carp, H.J., P.L. Meroni, and Y. Shoenfeld, Autoantibodies as predictors of 
pregnancy complications. Rheumatology (Oxford), 2008. 47 Suppl 3: p. iii6-
8. 

110. Taylor, P.V. and K.W. Hancock, Antigenicity of trophoblast and possible 
antigen-masking effects during pregnancy. Immunology, 1975. 28(5): p. 
973-82. 

111. Beard, R.W., et al., Protective antibodies and spontaneous abortion. Lancet, 
1983. 2(8358): p. 1090. 

112. Johnson, P.M., et al., Immunogenetic studies of recurrent spontaneous 
abortions in humans. Exp Clin Immunogenet, 1985. 2(2): p. 77-83. 

113. Vives, J., A. Gelabert, and R. Castillo, HLA antibodies and period of 
gestation: decline in frequency of positive sera during last trimester. Tissue 
Antigens, 1976. 7(4): p. 209-12. 

114. Zenclussen, A.C., et al., Asymmetric antibodies and pregnancy. Am J Reprod 
Immunol, 2001. 45(5): p. 289-94. 

115. Gutierrez, G., et al., Asymmetric antibodies: a protective arm in pregnancy. 
Chem Immunol Allergy, 2005. 89: p. 158-68. 

116. Lash, G.E., S.C. Robson, and J.N. Bulmer, Review: Functional role of 
uterine natural killer (uNK) cells in human early pregnancy decidua. 
Placenta, 2010. 31 Suppl: p. S87-92. 



 58 

117. Saito, S., Cytokine cross-talk between mother and the embryo/placenta. J 
Reprod Immunol, 2001. 52(1-2): p. 15-33. 

118. Raison, C., The effects of hepatitis C and its treatment on mental health. 
Focus, 2006. 21(5): p. 4-6. 

119. Dowlati, Y., et al., A meta-analysis of cytokines in major depression. Biol 
Psychiatry, 2010. 67(5): p. 446-57. 

120. Howren, M.B., D.M. Lamkin, and J. Suls, Associations of depression with 
C-reactive protein, IL-1, and IL-6: a meta-analysis. Psychosom Med, 2009. 
71(2): p. 171-86. 

121. Kohler, C.A., et al., Peripheral cytokine and chemokine alterations in 
depression: a meta-analysis of 82 studies. Acta Psychiatr Scand, 2017. 
135(5): p. 373-87. 

122. Liu, Y., R.C. Ho, and A. Mak, Interleukin (IL)-6, tumour necrosis factor 
alpha (TNF-alpha) and soluble interleukin-2 receptors (sIL-2R) are elevated 
in patients with major depressive disorder: a meta-analysis and meta-
regression. J Affect Disord, 2012. 139(3): p. 230-9. 

123. Enache, D., C.M. Pariante, and V. Mondelli, Markers of central 
inflammation in major depressive disorder: A systematic review and meta-
analysis of studies examining cerebrospinal fluid, positron emission 
tomography and post-mortem brain tissue. Brain Behav Immun, 2019. 81: p. 
24-40. 

124. Udenfriend, S., et al., Biogenesis and metabolism of 5-hydroxyindole 
compounds. J Biol Chem, 1956. 219(1): p. 335-44. 

125. Birdsall, T.C., 5-Hydroxytryptophan: a clinically-effective serotonin 
precursor. Altern Med Rev, 1998. 3(4): p. 271-80. 

126. Saito, K., et al., Mechanism of delayed increases in kynurenine pathway 
metabolism in damaged brain regions following transient cerebral ischemia. 
J Neurochem, 1993. 60(1): p. 180-92. 

127. Allison, D.J. and D.S. Ditor, The common inflammatory etiology of 
depression and cognitive impairment: a therapeutic target. J 
Neuroinflammation, 2014. 11: p. 151. 

128. Wichers, M.C., et al., IDO and interferon-alpha-induced depressive 
symptoms: a shift in hypothesis from tryptophan depletion to neurotoxicity. 
Mol Psychiatry, 2005. 10(6): p. 538-44. 

129. Wichers, M.C. and M. Maes, The role of indoleamine 2,3-dioxygenase (IDO) 
in the pathophysiology of interferon-alpha-induced depression. J Psychiatry 
Neurosci, 2004. 29(1): p. 11-7. 

130. Mo, X., et al., Serum indoleamine 2,3-dioxygenase and kynurenine 
aminotransferase enzyme activity in patients with ischemic stroke. J Clin 
Neurosci, 2014. 21(3): p. 482-6. 

131. Bradley, K.A., et al., The role of the kynurenine pathway in suicidality in 
adolescent major depressive disorder. Psychiatry Res, 2015. 227(2-3): p. 
206-12. 

132. Souza, L.C., et al., Activation of brain indoleamine-2,3-dioxygenase 
contributes to depressive-like behavior induced by an 
intracerebroventricular injection of streptozotocin in mice. Neurochem Res, 
2017. 42(10): p. 2982-95. 

133. Quak, J., et al., Does tryptophan degradation along the kynurenine pathway 
mediate the association between pro-inflammatory immune activity and 
depressive symptoms? Psychoneuroendocrinology, 2014. 45: p. 202-10. 

134. Schrocksnadel, K., et al., Tryptophan degradation during and after 
gestation. Adv Exp Med Biol, 2003. 527: p. 77-83. 



 59

135. Sedlmayr, P., A. Blaschitz, and R. Stocker, The role of placental tryptophan 
catabolism. Front Immunol, 2014. 5: p. 230. 

136. Meyer, J.H., et al., Brain monoamine oxidase A binding in major depressive 
disorder: relationship to selective serotonin reuptake inhibitor treatment, 
recovery, and recurrence. Arch Gen Psychiatry, 2009. 66(12): p. 1304-12. 

137. Sacher, J., et al., Monoamine oxidase A inhibitor occupancy during treatment 
of major depressive episodes with moclobemide or St. John's wort: an [11C]-
harmine PET study. J Psychiatry Neurosci, 2011. 36(6): p. 375-82. 

138. Bhattacharjee, A., et al., IL-4 and IL-13 employ discrete signaling pathways 
for target gene expression in alternatively activated 
monocytes/macrophages. Free Radic Biol Med, 2013. 54: p. 1-16. 

139. Chaitidis, P., et al., Th2 response of human peripheral monocytes involves 
isoform-specific induction of monoamine oxidase-A. J Immunol, 2004. 
173(8): p. 4821-7. 

140. Sacher, J., et al., Elevated brain monoamine oxidase A binding in the early 
postpartum period. Arch Gen Psychiatry, 2010. 67(5): p. 468-74. 

141. Barnes, P.J., Anti-inflammatory actions of glucocorticoids: molecular 
mechanisms. Clin Sci (Lond), 1998. 94(6): p. 557-72. 

142. Vandevyver, S., et al., New insights into the anti-inflammatory mechanisms 
of glucocorticoids: an emerging role for glucocorticoid-receptor-mediated 
transactivation. Endocrinology, 2013. 154(3): p. 993-1007. 

143. Dickerson, S.S., et al., Social-evaluative threat and proinflammatory 
cytokine regulation: an experimental laboratory investigation. Psychol Sci, 
2009. 20(10): p. 1237-44. 

144. Avitsur, R., J.L. Stark, and J.F. Sheridan, Social stress induces 
glucocorticoid resistance in subordinate animals. Horm Behav, 2001. 39(4): 
p. 247-57. 

145. Rohleder, N., et al., Sex differences in glucocorticoid sensitivity of 
proinflammatory cytokine production after psychosocial stress. Psychosom 
Med, 2001. 63(6): p. 966-72. 

146. Slavich, G.M. and M.R. Irwin, From stress to inflammation and major 
depressive disorder: a social signal transduction theory of depression. 
Psychol Bull, 2014. 140(3): p. 774-815. 

147. Turnbull, A.V. and C.L. Rivier, Regulation of the hypothalamic-pituitary-
adrenal axis by cytokines: actions and mechanisms of action. Physiol Rev, 
1999. 79(1): p. 1-71. 

148. Saphier, D., Neuroendocrine effects of interferon-alpha in the rat. Adv Exp 
Med Biol, 1995. 373: p. 209-18. 

149. van der Meer, M.J., et al., Acute stimulation of the hypothalamic-pituitary-
adrenal axis by IL-1 beta, TNF alpha and IL-6: a dose response study. J 
Endocrinol Invest, 1996. 19(3): p. 175-82. 

150. Smith, E.M., et al., IL-10 as a mediator in the HPA axis and brain. J 
Neuroimmunol, 1999. 100(1-2): p. 140-8. 

151. Murphy, B.E., Steroids and depression. J Steroid Biochem Mol Biol, 1991. 
38(5): p. 537-59. 

152. Gillespie, C.F. and C.B. Nemeroff, Hypercortisolemia and depression. 
Psychosom Med, 2005. 67 Suppl 1: p. S26-8. 

153. Malek, H., et al., Dynamics of the HPA axis and inflammatory cytokines: 
Insights from mathematical modeling. Comput Biol Med, 2015. 67: p. 1-12. 

154. Kim, Y.K. and E. Won, The influence of stress on neuroinflammation and 
alterations in brain structure and function in major depressive disorder. 
Behav Brain Res, 2017. 329: p. 6-11. 



 60 

155. Capuron, L. and A.H. Miller, Immune system to brain signaling: 
neuropsychopharmacological implications. Pharmacol Ther, 2011. 130(2): 
p. 226-38. 

156. Thomson, M., The physiological roles of placental corticotropin releasing 
hormone in pregnancy and childbirth. J Physiol Biochem, 2013. 69(3): p. 
559-73. 

157. Cyranowski, J.M., et al., Adolescent onset of the gender difference in lifetime 
rates of major depression: a theoretical model. Arch Gen Psychiatry, 2000. 
57(1): p. 21-7. 

158. Weissman, M.M., et al., Cross-national epidemiology of major depression 
and bipolar disorder. Jama, 1996. 276(4): p. 293-9. 

159. Klein, S.L., Sex influences immune responses to viruses, and efficacy of 
prophylaxis and treatments for viral diseases. Bioessays, 2012. 34(12): p. 
1050-9. 

160. Channappanavar, R., et al., Sex-based differences in susceptibility to severe 
acute respiratory syndrome coronavirus infection. J Immunol, 2017. 
198(10): p. 4046-53. 

161. Ngo, S.T., F.J. Steyn, and P.A. McCombe, Gender differences in 
autoimmune disease. Front Neuroendocrinol, 2014. 35(3): p. 347-69. 

162. Peretz, J., et al., Estrogenic compounds reduce influenza A virus replication 
in primary human nasal epithelial cells derived from female, but not male, 
donors. Am J Physiol Lung Cell Mol Physiol, 2016. 310(5): p. L415-25. 

163. Robinson, D.P., et al., 17β-estradiol protects females against influenza by 
recruiting neutrophils and increasing virus-specific CD8 T cell responses in 
the lungs. Journal of virology, 2014. 88(9): p. 4711-20. 

164. Libert, C., L. Dejager, and I. Pinheiro, The X chromosome in immune 
functions: when a chromosome makes the difference. Nature Reviews 
Immunology, 2010. 10(8): p. 594-604. 

165. Hall, O.J. and S.L. Klein, Progesterone-based compounds affect immune 
responses and susceptibility to infections at diverse mucosal sites. Mucosal 
Immunology, 2017. 10(5): p. 1097-107. 

166. Saito, K. and H. Cui, Emerging roles of estrogen-related receptors in the 
brain: Potential interactions with estrogen signaling. Int J Mol Sci, 2018. 
19(4). 

167. Guennoun, R., Progesterone in the brain: Hormone, neurosteroid and 
neuroprotectant. Int J Mol Sci, 2020. 21(15). 

168. Douma, S.L., et al., Estrogen-related mood disorders: reproductive life cycle 
factors. ANS Adv Nurs Sci, 2005. 28(4): p. 364-75. 

169. Kanda, N., T. Tsuchida, and K. Tamaki, Testosterone inhibits 
immunoglobulin production by human peripheral blood mononuclear cells. 
Clinical and experimental immunology, 1996. 106(2): p. 410-15. 

170. Zarrouf, F.A., et al., Testosterone and depression: systematic review and 
meta-analysis. J Psychiatr Pract, 2009. 15(4): p. 289-305. 

171. Silverman, M.E., et al., Is depression more likely following childbirth? A 
population-based study. Arch Womens Ment Health, 2019. 22(2): p. 253-58. 

172. Piccinni, M.P., et al., How pregnancy can affect autoimmune diseases 
progression? Clin Mol Allergy, 2016. 14: p. 11. 

173. Badawy, A.A., The tryptophan utilization concept in pregnancy. Obstet 
Gynecol Sci, 2014. 57(4): p. 249-59. 

174. Tricklebank, M.D., F.J. Pickard, and S.W. de Souza, Free and bound 
tryptophan in human plasma during the perinatal period. Acta Paediatr 
Scand, 1979. 68(2): p. 199-204. 



 61

175. Duan, K.M., et al., The role of tryptophan metabolism in postpartum 
depression. Metab Brain Dis, 2018. 33(3): p. 647-60. 

176. Christian, L.M., et al., Depressive symptoms are associated with elevated 
serum proinflammatory cytokines among pregnant women. Brain Behav 
Immun, 2009. 23(6): p. 750-4. 

177. Cassidy-Bushrow, A.E., et al., Association of depressive symptoms with 
inflammatory biomarkers among pregnant African-American women. J 
Reprod Immunol, 2012. 94(2): p. 202-9. 

178. Azar, R. and D. Mercer, Mild depressive symptoms are associated with 
elevated C-reactive protein and proinflammatory cytokine levels during 
early to midgestation: a prospective pilot study. J Womens Health 
(Larchmt), 2013. 22(4): p. 385-9. 

179. Blackmore, E.R., et al., Psychiatric symptoms and proinflammatory 
cytokines in pregnancy. Psychosom Med, 2011. 73(8): p. 656-63. 

180. Boufidou, F., et al., CSF and plasma cytokines at delivery and postpartum 
mood disturbances. J Affect Disord, 2009. 115(1-2): p. 287-92. 

181. Achtyes, E., et al., Inflammation and kynurenine pathway dysregulation in 
post-partum women with severe and suicidal depression. Brain Behav 
Immun, 2020. 83: p. 239-47. 

182. Liu, H., et al., Elevated levels of Hs-CRP and IL-6 after delivery are 
associated with depression during the 6 months post partum. Psychiatry Res, 
2016. 243: p. 43-8. 

183. Scrandis, D.A., et al., Prepartum depressive symptoms correlate positively 
with C-reactive protein levels and negatively with tryptophan levels: A 
preliminary report. Int J Child Health Hum Dev, 2008. 1(2): p. 167-74. 

184. Corwin, E.J., N. Johnston, and L. Pugh, Symptoms of postpartum depression 
associated with elevated levels of interleukin-1 beta during the first month 
postpartum. Biol Res Nurs, 2008. 10(2): p. 128-33. 

185. Buglione-Corbett, R., et al., Expression of inflammatory markers in women 
with perinatal depressive symptoms. Arch Womens Ment Health, 2018. 
21(6): p. 671-79. 

186. Chang, J.P., et al., Polyunsaturated fatty acids and inflammatory markers in 
major depressive episodes during pregnancy. Prog Neuropsychopharmacol 
Biol Psychiatry, 2018. 80(Pt C): p. 273-78. 

187. Karlsson, L., et al., Cytokine profile and maternal depression and anxiety 
symptoms in mid-pregnancy-the FinnBrain Birth Cohort Study. Arch 
Womens Ment Health, 2017. 20(1): p. 39-48. 

188. Groer, M.W. and K. Morgan, Immune, health and endocrine characteristics 
of depressed postpartum mothers. Psychoneuroendocrinology, 2007. 32(2): 
p. 133-139. 

189. Fransson, E., et al., Negative emotions and cytokines in maternal and cord 
serum at preterm birth. Am J Reprod Immunol, 2012. 67(6): p. 506-14. 

190. Leff Gelman, P., et al., The cytokine profile of women with severe anxiety 
and depression during pregnancy. BMC Psychiatry, 2019. 19(1): p. 104. 

191. Groer, M.W. and M.W. Davis, Cytokines, infections, stress, and dysphoric 
moods in breastfeeders and formula feeders. J Obstet Gynecol Neonatal 
Nurs, 2006. 35(5): p. 599-607. 

192. Corwin, E.J., et al., Bidirectional psychoneuroimmune interactions in the 
early postpartum period influence risk of postpartum depression. Brain 
Behav Immun, 2015. 49: p. 86-93. 



 62 

193. Lotrich, F.E., Major depression during interferon-alpha treatment: 
vulnerability and prevention. Dialogues Clin Neurosci, 2009. 11(4): p. 417-
25. 

194. Edvinsson, A., et al., Lower inflammatory markers in women with antenatal 
depression brings the M1/M2 balance into focus from a new direction. 
Psychoneuroendocrinology, 2017. 80: p. 15-25. 

195. Osborne, L.M., et al., Innate immune activation and depressive and anxious 
symptoms across the peripartum: An exploratory study. 
Psychoneuroendocrinology, 2019. 99: p. 80-86. 

196. Mills, E.L., et al., Succinate dehydrogenase supports metabolic repurposing 
of mitochondria to drive inflammatory macrophages. Cell, 2016. 167(2): p. 
457-470.e13. 

197. Lampropoulou, V., et al., Itaconate links inhibition of succinate 
dehydrogenase with macrophage metabolic remodeling and regulation of 
inflammation. Cell Metab, 2016. 24(1): p. 158-66. 

198. Geiger, R., et al., L-arginine modulates T cell metabolism and enhances 
survival and anti-tumor activity. Cell, 2016. 167(3): p. 829-842.e13. 

199. Levy, M., E. Blacher, and E. Elinav, Microbiome, metabolites and host 
immunity. Curr Opin Microbiol, 2017. 35: p. 8-15. 

200. Gkourogianni, A., et al., Plasma metabolomic profiling suggests early 
indications for predisposition to latent insulin resistance in children 
conceived by ICSI. PLoS One, 2014. 9(4): p. e94001. 

201. Billoir, E., V. Navratil, and B.J. Blaise, Sample size calculation in metabolic 
phenotyping studies. Briefings in Bioinformatics, 2015. 16(5): p. 813-19. 

202. Paige, L.A., et al., A preliminary metabolomic analysis of older adults with 
and without depression. Int J Geriatr Psychiatry, 2007. 22(5): p. 418-23. 

203. Baranyi, A., et al., Branched-chain amino acids as new biomarkers of major 
depression - A novel neurobiology of mood disorder. PLoS One, 2016. 11(8): 
p. e0160542. 

204. Bot, M., et al., Metabolomics profile in depression: A pooled analysis of 230 
metabolic markers in 5283 cases with depression and 10,145 controls. Biol 
Psychiatry, 2020. 87(5): p. 409-18. 

205. Draper, C.F., et al., Menstrual cycle rhythmicity: metabolic patterns in 
healthy women. Sci Rep, 2018. 8(1): p. 14568. 

206. Prentice, A.M., et al., Energy requirements of pregnant and lactating women. 
Eur J Clin Nutr, 1996. 50 Suppl 1: p. S82-110; discussion S10-1. 

207. Handelman, S.K., et al., The plasma metabolome of women in early 
pregnancy differs from that of non-pregnant women. PloS one, 2019. 14(11): 
p. e0224682-e0224682. 

208. Kenny, L.C., et al., Robust early pregnancy prediction of later preeclampsia 
using metabolomic biomarkers. Hypertension, 2010. 56(4): p. 741-9. 

209. Bahado-Singh, R.O., et al., Metabolomics and first-trimester prediction of 
early-onset preeclampsia. J Matern Fetal Neonatal Med, 2012. 25(10): p. 
1840-7. 

210. Odibo, A.O., et al., First-trimester prediction of preeclampsia using 
metabolomic biomarkers: a discovery phase study. Prenat Diagn, 2011. 
31(10): p. 990-4. 

211. Diaz, S.O., et al., Metabolic biomarkers of prenatal disorders: an 
exploratory NMR metabonomics study of second trimester maternal urine 
and blood plasma. J Proteome Res, 2011. 10(8): p. 3732-42. 



 63

212. Horgan, R.P., et al., Metabolic profiling uncovers a phenotypic signature of 
small for gestational age in early pregnancy. J Proteome Res, 2011. 10(8): 
p. 3660-73. 

213. Henriksson, H.E., et al., Blood plasma metabolic profiling of pregnant 
women with antenatal depressive symptoms. Transl Psychiatry, 2019. 9(1): 
p. 204. 

214. Mitro, S.D., et al., Metabolomic markers of antepartum depression and 
suicidal ideation. J Affect Disord, 2020. 262: p. 422-28. 

215. Zhang, L., et al., A preliminary study of uric metabolomic alteration for 
postpartum depression based on liquid chromatography coupled to 
quadrupole time-of-flight mass spectrometry. Dis Markers, 2019. 2019: p. 
4264803. 

216. Lin, L., X.M. Chen, and R.H. Liu, Novel urinary metabolite signature for 
diagnosing postpartum depression. Neuropsychiatr Dis Treat, 2017. 13: p. 
1263-70. 

217. Axfors, C., et al., Cohort profile: the Biology, Affect, Stress, Imaging and 
Cognition (BASIC) study on perinatal depression in a population-based 
Swedish cohort. BMJ Open, 2019. 9(10): p. e031514. 

218. Cox, J.L., J.M. Holden, and R. Sagovsky, Detection of postnatal depression. 
Development of the 10-item Edinburgh Postnatal Depression Scale. Br J 
Psychiatry, 1987. 150: p. 782-6. 

219. Swedish Agency for Health Technology Assessment and Assessment of 
Social Services SBU, Diagnostik och uppföljning av förstämningssyndrom. 
En systematisk litteraturöversikt. 2012. 

220. Rubertsson, C., et al., The Swedish validation of Edinburgh Postnatal 
Depression Scale (EPDS) during pregnancy. Nord J Psychiatry, 2011. 65(6): 
p. 414-8. 

221. Wickberg, B. and C.P. Hwang, The Edinburgh Postnatal Depression Scale: 
validation on a Swedish community sample, in Acta Psychiatr Scand. 1996. 
p. 181-4. 

222. Sheehan, D.V., et al., The Mini-International Neuropsychiatric Interview 
(M.I.N.I.): the development and validation of a structured diagnostic 
psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry, 1998. 59 
Suppl 20: p. 22-33;quiz 34-57. 

223. National Center for Health Statistics. 2011–2012 Data Documentation, 
Codebook, and Frequencies. 2013; Available from: 
http://wwwn.cdc.gov/nchs/nhanes/2011-2012/PP_G.htm. 

224. Guintivano, J., et al., Antenatal prediction of postpartum depression with 
blood DNA methylation biomarkers. Mol Psychiatry, 2014. 19(5): p. 560-7. 

225. Lockhart, R., et al., A significance test for the Lasso. Ann Stat, 2014. 42(2): 
p. 413-68. 

226. Mickey, R.M. and S. Greenland, The impact of confounder selection criteria 
on effect estimation. Am J Epidemiol, 1989. 129(1): p. 125-37. 

227. Marreiro, D.D., et al., Zinc and oxidative stress: Current mechanisms. 
Antioxidants (Basel), 2017. 6(2). 

228. Russo, A.J., Decreased serum hepatocyte growth factor (HGF) in 
individuals with depression correlates with severity of disease. Biomark 
Insights, 2010. 5: p. 63-7. 

229. Bossu, P., et al., Hippocampal volume and depressive symptoms are linked 
to serum IL-18 in schizophrenia. Neurol Neuroimmunol Neuroinflamm, 
2015. 2(4): p. e111. 



 64 

230. Arnold, S.E., et al., Plasma biomarkers of depressive symptoms in older 
adults. Transl Psychiatry, 2012. 2: p. e65. 

231. Yang, L., et al., The serum interleukin-18 is a potential marker for 
development of post-stroke depression. Neurol Res, 2010. 32(4): p. 340-6. 

232. Sawicki, C.M., et al., The development of a reactive brain endothelium after 
psychosocial stress. Brain, Behavior, and Immunity, 2015. 49: p. e43. 

233. Girotti, M., J.J. Donegan, and D.A. Morilak, Chronic intermittent cold stress 
sensitizes neuro-immune reactivity in the rat brain. 
Psychoneuroendocrinology, 2011. 36(8): p. 1164-74. 

234. Hawton, K., et al., Risk factors for suicide in individuals with depression: a 
systematic review. J Affect Disord, 2013. 147(1-3): p. 17-28. 

235. Schiller, C.E., S. Meltzer-Brody, and D.R. Rubinow, The role of 
reproductive hormones in postpartum depression. CNS Spectr, 2015. 20(1): 
p. 48-59. 

236. Kammerer, M., A. Taylor, and V. Glover, The HPA axis and perinatal 
depression: a hypothesis. Arch Womens Ment Health, 2006. 9(4): p. 187-96. 

237. Kim, S., et al., Oxytocin and postpartum depression: delivering on what's 
known and what's not. Brain Res, 2014. 1580: p. 219-32. 

238. Robinson, D.P. and S.L. Klein, Pregnancy and pregnancy-associated 
hormones alter immune responses and disease pathogenesis. Horm Behav, 
2012. 62(3): p. 263-71. 

239. Terme, M., et al., VEGFA-VEGFR pathway blockade inhibits tumor-induced 
regulatory T-cell proliferation in colorectal cancer. Cancer Res, 2013. 
73(2): p. 539-49. 

240. Jacques, N., et al., Trajectories of maternal depressive symptoms from the 
antenatal period to 24-months postnatal follow-up: findings from the 2015 
Pelotas birth cohort. BMC Psychiatry, 2020. 20(1): p. 233. 

241. Mora, P.A., et al., Distinct trajectories of perinatal depressive 
symptomatology: evidence from growth mixture modeling. Am J Epidemiol, 
2009. 169(1): p. 24-32. 

242. Cooper, P.J. and L. Murray, Course and recurrence of postnatal depression. 
Evidence for the specificity of the diagnostic concept. Br J Psychiatry, 1995. 
166(2): p. 191-5. 

243. Larsson, A., et al., The body mass index (BMI) is significantly correlated 
with levels of cytokines and chemokines in cerebrospinal fluid. Cytokine, 
2015. 76(2): p. 514-18. 

244. Hoffmann, S.C., et al., Ethnicity greatly influences cytokine gene 
polymorphism distribution. Am J Transplant, 2002. 2(6): p. 560-7. 

245. Falah-Hassani, K., et al., Prevalence of postpartum depression among 
immigrant women: A systematic review and meta-analysis. J Psychiatr Res, 
2015. 70: p. 67-82. 

246. Asp, M., et al., Recognition of personality disorder and anxiety disorder 
comorbidity in patients treated for depression in secondary psychiatric care. 
PloS one, 2020. 15(1): p. e0227364-e0227364. 

247. Kiecolt-Glaser, J.K., H.M. Derry, and C.P. Fagundes, Inflammation: 
depression fans the flames and feasts on the heat. Am J Psychiatry, 2015. 
172(11): p. 1075-91. 

248. Scheller, J., et al., The pro- and anti-inflammatory properties of the cytokine 
interleukin-6. Biochim Biophys Acta, 2011. 1813(5): p. 878-88. 

249. Esch, T. and G. Stefano, Proinflammation: A common denominator or 
initiator of different pathophysiological disease processes. Med Sci Monit, 
2002. 8(5): p. HY1-9. 



 65

250. Johnson, C.H. and F.J. Gonzalez, Challenges and opportunities of 
metabolomics. J Cell Physiol, 2012. 227(8): p. 2975-81. 

251. Andersson, S., et al., Predicting women with depressive symptoms 
postpartum with machine learning methods. Sci Rep, 2021. 11(1): p. 7877. 

252. Goldberg, D., The heterogeneity of "major depression". World psychiatry : 
official journal of the World Psychiatric Association (WPA), 2011. 10(3): p. 
226-228. 



 66 

Supporting information 

1. The Swedish version of Edinburgh Postnatal 
Depression Scale (EPDS) 
Eftersom du nyligen har fått barn, skulle vi vilja veta hur du mår. Var snäll 
och stryk under det svar, som bäst stämmer överens med hur du känt dig de 
senaste 7 dagarna, inte bara hur du mår idag. Här är ett exempel, som redan är 
ifyllt:  

 
Jag har känt mig lycklig:  

Ja, hela tiden  
Ja, för det mesta  
Nej, inte särskilt ofta  
Nej, inte alls  

 
Detta betyder: “Jag har känt mig lycklig mest hela tiden under veckan som har 
gått”. Var snäll och fyll i de andra frågorna på samma sätt.  

 
Under de senaste 7 dagarna  
1. Jag har kunnat skratta och se tillvaron från den ljusa sidan:  

Lika bra som vanligt  
Nästan lika bra som vanligt  
Mycket mindre än vanligt  
Inte alls  

 
2. Jag har glatt mig åt saker som ska hända:  

Lika mycket som vanligt  
Något mindre än vanligt  
Mycket mindre än vanligt  
Inte alls  

 
3. Jag har lagt skulden på mig själv onödigt mycket när något har gått snett:  

Ja, för det mesta  
Ja, ibland  
Nej, inte så ofta   
Nej, inte alls  
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4. Jag har känt mig rädd och orolig utan egentlig anledning:  
Nej, inte alls  
Nej, knappast alls  
Ja, ibland  
Ja, mycket ofta  

 
5. Jag har känt mig skrämd eller panikslagen utan speciell anledning:  

Ja, mycket ofta  
Ja, ibland  
Nej, ganska sällan  
Nej, inte alls  

 
6. Det har kört ihop sig för mig och blivit för mycket:  

Ja, mesta tiden har jag inte kunnat ta itu med något alls  
Ja, ibland har jag inte kunnat ta itu med saker lika bra som vanligt  
Nej, för det mesta har jag kunnat ta itu med saker ganska bra  
Nej, jag har kunnat ta itu med saker precis som vanligt  

 
7. Jag har känt mig så olycklig att jag har haft svårt att sova:  

Ja, för det mesta  
Ja, rätt ofta  
Nej, sällan  
Nej, aldrig  

 
8. Jag har känt mig ledsen och nere:  

Ja, för det mesta  
Ja, ganska ofta  
Nej, sällan  
Nej, aldrig  

 
9. Jag har känt mig så olycklig att jag har gråtit:  

Ja, nästan jämt  
Ja, ganska ofta  
Bara någon gång  
Nej, aldrig  

 
10. Tankar på att göra mig själv illa har förekommit:  

Ja, rätt så ofta  
Ja, då och då  
Knappast alls  
Aldrig  

 
Cox, J.L., J.M. Holden, and R. Sagovsky, Detection of postnatal depression. Development of 
the 10-item Edinburgh Postnatal Depression Scale. Br J Psychiatry, 1987. 150: p. 782-6. 
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2. The Mini International Neuropsychiatric Interview 
(MINI). Examples from section A. Depression 
A. EGENTLIG DEPRESSIONSEPISOD 
 
A1. a. Har du någonsin varit ihållande deprimerad eller nere under större delen 

av dagen, nästan varje dag under 2 veckor? 
b. Under de senaste 2 veckorna, har du varit ihållande deprimerad eller nere 
under större delen av dagen, nästan varje dag? 
 

A2. a. Har du någonsin tappat intresse för det mesta omkring dig eller inte 
kunnat ha riktigt nöje av sådant du vanligen brukar tycka om under minst 
2 veckor? 
b. Har du under de senaste 2 veckorna tappat intresse för det mesta om-

kring dig eller inte kunnat ha riktigt nöje av sådant du vanligen brukar tycka 
om? 
 

A3. Under de senaste 2 veckorna när du kände dig deprimerad eller ointresse-
rad 
a. Hade du minskad eller ökad aptit nästan varje dag? Minskade eller  
ökade du oavsiktligt i vikt (d.v.s. med ± 5 % av kroppsvikten, eller ± 3,5 
kg för en person som väger 70 kg, på en månad)? 
b. Hade du problem med sömnen nästan varje natt (svårt att somna in, vak-
nade upp mitt i natten, vaknade alldeles för tidigt på morgonen eller sov 
alldeles för mycket)? 
c. Pratade eller rörde du dig långsammare än vanligt eller var du rastlös 
eller hade svårt att sitta stilla nästan varje dag? 
d. Kände du dig trött eller kraftlös nästan varje dag? 
e. Kände du dig värdelös eller hade skuldkänslor nästan varje dag? 
f. Hade du svårt att koncentrera dig eller fatta beslut nästan varje dag? 
g. Funderade du ofta på att göra dig själv illa, hade du tankar på att ta ditt 
liv eller önskade att du var död? Försökte du ta ditt liv, eller planerade för 
det? 
 

A4. Orsakade dessa symptom påtagliga problem för dig hemma, i arbetet, so-
cialt, i skolan eller på något annat viktigt vis? 

 
A5. Mellan 2 depressionsepisoder, hade du någonsin ett fritt intervall om 

minst 2 månader utan någon påtaglig depression eller förlust av glädjeäm-
nen? 

 
A6. Hur många depressionsepisoder har du haft under ditt liv?____ 
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3. Inflammatory markers studied 
Table 1. List of inflammatory markers included in the Proseek multiplex In-
flammation panel with abbreviations, Uniprot identities and full names.  
 
 

Name Uniprot Full name 

4E-BP1 Q13541 Eukaryotic translation initiation factor 4E-binding protein 1 

ADA P00813 Adenosine deaminase 

ARTN Q5T4W7 Artemin 

AXIN1 O15169 Axin-1 

BDNF P23560 Brain-derived neurotrophic factor 

Beta-NGF P01138 Beta-nerve growth factor 

CASP-8 Q14790 Caspase-8 

CCL11 P51671 Eotaxin 

CCL19 Q99731 C-C motif chemokine 19 

CCL20 P78556 C-C motif chemokine 20 

CCL23 P55773 C-C motif chemokine 23 

CCL25 O15444 C-C motif chemokine 25 

CCL28 Q9NRJ3 C-C motif chemokine 28 

CCL4 P13236 C-C motif chemokine 4 

CD244 Q9BZW8 Natural killer cell receptor 2B4 

CD40 P25942 Tumor necrosis factor receptor superfamily member 5 

CD5 P06127 T-cell surface glycoprotein CD5 

CD6 P30203 T-cell differentiation antigen CD6 

CDCP1 Q9H5V8 CUB domain-containing protein 1 

CSF-1 P09603 Macrophage colony-stimulating factor 1 

CST5 P28325 Cystatin-D 

CX3CL1 P78423 Fractalkine 

CXCL1 P09341 Growth-regulated alpha protein 

CXCL5 P42830 C-X-C motif chemokine 5 

CXCL6 P80162 C-X-C motif chemokine 6 

CXCL9 Q07325 C-X-C motif chemokine 9 

CXCL10 P02778 C-X-C motif chemokine 10 

CXCL11 O14625 C-X-C motif chemokine 11 

DNER Q8NFT8 Delta and Notch-like epidermal growth factor-related receptor 

EN-RAGE P80511 Extracellular newly identified RAGE-binding protein 

FGF-19 O95750 Fibroblast growth factor 19 

FGF-21 Q9NSA1 Fibroblast growth factor 21 



 70 

FGF-23 Q9GZV9 Fibroblast growth factor 23 

FGF-5 P12034 Fibroblast growth factor 5 

Flt3L P49771 Fms-related tyrosine kinase 3 ligand 

hGDNF P39905 Glial cell line-derived neurotrophic factor 

HGF P08581 Hepatocyte growth factor  

IFN-γ P01579 Interferon gamma  

IL-1α P01583 Interleukin-1 alpha 

IL-2 P60568 Interleukin-2 

IL-2Rβ P14784 Interleukin-2 receptor subunit beta 

IL-4 P05112 Interleukin-4 

IL-5 P05113 Interleukin-5 

IL-6 P05231 Interleukin-6 

IL-7 P13232 Interleukin-7 

IL-8 P10145 Interleukin 8 

IL-10 P22301 Interleukin-10 

IL-10Rα Q13651 Interleukin-10 receptor subunit alpha 

IL-10Rβ Q08334 Interleukin-10 receptor subunit beta 

IL-12β P29460 Interleukin-12 subunit beta 

IL-13 P35225 Interleukin-13 

IL-15Rα Q13261 Interleukin-15 receptor subunit alpha 

IL-17A Q16552 Interleukin-17A 

IL-17C Q9P0M4 Interleukin-17C 

IL-18 Q14116 Interleukin-18 

IL-18R1 Q13478 Interleukin-18 receptor 1 

IL-20 Q9NYY1 Interleukin-20 

IL-20Rα Q9UHF4 Interleukin-20 receptor subunit alpha 

IL-22 Rα1 Q8N6P7 Interleukin-22 receptor subunit alpha-1 

IL-24 Q13007 Interleukin-24 

IL-33 O95760 Interleukin-33 

LAPTGF-β-1 P01137 Latency-associated peptide Transforming growth factor beta-1 

LIF P15018 Leukemia inhibitory factor 

LIF-R P42702 Leukemia inhibitory factor receptor 

MCP-1 P13500 C-C motif chemokine 2 

MCP-2 P80075 C-C motif chemokine 8 

MCP-3 P80098 Monocyte chemotactic protein-3 

MCP-4 Q99616 C-C motif chemokine 13 

MIP-1 alpha P10147 C-C motif chemokine 3 

MMP-1 P03956 Interstitial collagenase 

MMP-10 P09238 Stromelysin-2 
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NRTN Q99748 Neurturin 

NT-3 P20783 Neurotrophin-3 

OPG O00300 Tumor necrosis factor receptor superfamily member 11B 

OSM P13725 Oncostatin-M 

PD-L1 Q9NZQ7 Programmed cell death 1 ligand 1 

SCF P21583 Stem cell factor 

SIRT2 Q8IXJ6 NAD-dependent protein deacetylase sirtuin-2 

SLAMF1 Q96QJ2 Signaling lymphocytic activation molecule family member 1  

ST1A1 P50225 Sulfotransferase 1A1 

STAM-PB O95630 STAM-binding protein 

TGF-α P01135 Transforming growth factor alpha 

TNF P01375 Tumor necrosis factor 

TNFβ P01374 TNF-beta 

TNFRSF9 Q07011 Tumor necrosis factor receptor superfamily member 9 

TNFSF14 O43557 Tumor necrosis factor ligand superfamily member 14 

TRAIL P50591 TNF-related apoptosis-inducing ligand 

TRANCE O14788  TNF-related activation-induced cytokine 

TSLP Q9HC73 Cytokine receptor-like factor 2 

TWEAK O43508 Tumor necrosis factor (Ligand) superfamily, member 12 

uPA P00749 Urokinase-type plasminogen activator 

VEGF-A P15692 Vascular endothelial growth factor A 
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