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Abstract

Background

Approximately 10 to 20% of pregnant women worldwide experience perinatal depression
(PND), a depressive episode with onset during pregnancy or after childbirth. We performed
a systematic review to identify, summarize and discuss studies on inflammatory biomarkers
described in relation to PND.

Method

Inclusion criteria defined the selection of observational studies written in English, French,
Spanish or Portuguese, that evaluate analytical levels of inflammatory molecules (protein
levels) in biological fluids in women, with a diagnosis of depression using ICD/DSM diagnos-
tic criteria or depressive symptoms assessed by standardized psychometric instruments,
during pregnancy and/or postpartum. Case reports, experimental studies, reviews, qualita-
tive analysis, meta-analysis, gray literature or replicated data were excluded. Three elec-
tronic databases were used for search (Pubmed, Web of Science and Psychinfo) and
quality assessment of selected studies were performed using the Newcastle-Ottawa Scale.
Data extraction included study design; number of subjects; obstetric information; tools and
timepoints of depression and inflammatory markers assessment.

Results

56 studies (sample size for cross-sectional and case-control studies ranging from 10 to 469;
sample size for longitudinal studies ranging from 26 to 467), where the major aim was to ana-
lyze the association between depression and inflammatory biomarkers during pregnancy
and postpartum period were included in this systematic review. Overall, the findings of our
systematic review lend support to the hypothesis that several inflammatory markers may be
associated with peripartum depressive symptoms. The associations were somewhat
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different looking at pregnancy compared to the delivery time-point and postpartum, and
mainly referred to increased levels of IL-6, IL-8, CRP and TNF-a among depressed.

Discussion

In summary, our systematic review findings provide evidence supporting the hypothesis that
several inflammatory markers may correlate with peripartum depressive symptoms. How-
ever, our work also highlighted notable differences in the timing of biological sampling for
inflammatory markers and in the methodologies used to assess depression during the peri-
natal period. Additionally, variations were observed in how inflammatory biomarkers and
depression were approached, including their classification as exposure or outcome vari-
ables, and the timing of assessments. It is essential for future research to investigate the
influence of biological fluids and the timing of assessments for both inflammatory biomark-
ers and depression to gain a deeper understanding of their association. This comprehensive
exploration is pivotal for elucidating the intricate relationship between inflammation and peri-
natal depression.

Introduction

Pregnancy and postpartum are critical periods for the mental health of the mother, her baby
and the whole family. During the past decades, knowledge regarding the psychobiological
pathways impacting on mental health has expanded substantially, including studies in the peri-
natal setting. Increasing evidence supports the link between psychosocial and biological path-
ways, especially on the role of the immune system in the development of perinatal depression
(PND), both with antenatal (AND) and postpartum onset (PPD) (e.g., [1-4]).

The immune system is a complex network that aims to protect the host from invading
microorganisms and induce wound healing when needed. During an immune response,
human behavior is affected, leading often to increased inactivity and sleepiness, decreased
appetite and social withdrawal, behaviors that also resemble those characteristic of clinical
depression [5,6]. The interplay between the immune functioning and depression has been
explored over the last decades and a bidirectional loop has been described. While inflamma-
tion seems to play a key role in depression’s pathogenesis, at least for a subset of depressed
individuals, it was also been shown that depression, adversity and stress have also been associ-
ated to exaggerated or prolonged inflammatory responses (for a review see [7]). Suggested
mechanisms include increased inflammation peripherally increasing inflammation in the
brain [6,8] through increased permeability of the blood-brain barrier (BBB) [9] and increased
indoleamnie-pyrrole 2,3-dioxygenase (IDO) activity leading to decreased serotonin synthesis,
and thus contributing to depression [10-12].

The dramatic shift in the characteristics of the immune response during pregnancy and
postpartum seem to impact on maternal pregnancy mood [13]. The increase in regulatory T-
cells (Treg) occurring in mid-pregnancy coincide with the period when most women report
increased well-being, and Treg activity has been associated with resilience to stress in animal
studies [14]. The late third trimester and the delivery itself could be characterized as a largely
pro-inflammatory periods [15,16]. Intensification of pro-inflammatory activity in late preg-
nancy co-occurs with an increase in depressive symptoms during this period [17].

After childbirth, the body needs to reduce pro-inflammatory activity, and a decrease of
many inflammatory markers has been noted from the third trimester to the postpartum
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[18,19]. For many women, this period is characterized by additional bodily changes associated
with wound healing and breast-feeding onset that could also impact on immune actions. Fur-
thermore, sleep disturbances that are common perinatally, are also known to induce a pro-
inflammatory state [20] affecting depression risk. The early postpartum period has been char-
acterized by a drop in Treg, and an immune response characterized by T helper 1 (Thl) or
Macrophages type 1 has been described [21]. While these changes in the immune system
might be universal for the postpartum period, they are associated with an increased risk of
depression during the postpartum period in some individuals (e.g., [4,22,23]). Why only some
individuals experience mood symptoms in the perinatal period might be due to differences in
the sensitivity to those changes in both hormonal as well as inflammatory marker levels. Stud-
ies have also suggested that dysregulation of cytokine production may contribute to mood dis-
orders in the perinatal period (reviewed in [24-26]). It is interesting that the level of the
inflammatory response across pregnancy and childbirth could vary according to personality
[27], mental health during pregnancy [28] and previous traumatic exposures [29].

Several reviews have been already conducted aiming to explore immune system functioning
and the role of inflammation in depression during pregnancy [24]. A previous systematic
review on postpartum depression included 25 articles [30]. Their most robust finding was that
levels of CRP in late pregnancy could predict postpartum depression. A substantial increase in
the literature in this domain was observed during the past few years, and many new studies on
this topic have been published, especially with more focus to depression with antenatal onset.
In parallel, new techniques for biomarker analyses have developed further. A recent meta-anal-
ysis of inflammatory markers for major depression, showed robust results of increase of several
pro-inflammatory markers in depressed individuals [31]. Nevertheless, some studies on other
specific inflammatory biomarkers in the perinatal setting show conflicting results. A recent
review of literature has suggested that distinct and changing inflammatory profiles throughout
pregnancy and postpartum could exist, which makes the study of depression-related alter-
ations in these periods highly complex [13]. Another very recent systematic review [32] alerts
in relation to the lack of clarity regarding a consistent immune profile, especially based on the
analysis of circulating peripheral cytokines. In fact, despite a significant number of studies
assessing potential immunological markers of perinatal depression, it does not appear that lev-
els of any individual pro- or anti-inflammatory marker is a useful predictor of perinatal
depression, especially considering the evidence for interactions between depression and
maternal psychosocial factors [32,33]. Despite the growing evidence in the field of immune
related biomarkers in PND and PPD, clinical applications for biomarkers for depression pre-
diction or treatment during these periods are lacking in clinical practice.

Our systematic review endeavors to thoroughly investigate the relationship between inflam-
mation and depression throughout the perinatal period. This includes an extended and in-
depth analysis of studies exploring how this association varies depending on when it is assessed
(pregnancy, postpartum or from pregnancy to postpartum). Furthermore, we aim to delve
into longitudinal studies to not only investigate cross-sectional between inflammation and
perinatal depression but also to elucidate possible bidirectional effects between them. By com-
prehensively examining these factors, we aim to provide valuable insights into the complex
interplay between inflammation and perinatal depression, contributing to a better understand-
ing of this critical aspect of maternal and infant health.

Methods

This study followed the recommendations outlined in the Preferred Reporting Items for Sys-
tematic Review and Meta-Analysis (PRISMA) guidelines [34,35] and has been registered on
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PROSPERO (Registration ID: CRD42020210080). Protocol details are available at https://
www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=210080.

Search strategy

An initial article search was conducted on July 3", 2020, through three electronic databases
(Pubmed, Web of Science and PsychInfo) to identify English, Portuguese, French and Span-
ish-language human studies unrestricted by year of publication (for search terms see S1
Table). On February 23", 2022, a new search was conducted using the same search formula
and filters (except for the Filter “Journal Article” in Pubmed that is no longer available) to
determine new entries. After duplicates removal, the unique entries from this new search were
identified by table comparison.

Duplicate detection was performed by two independent reviewers (ASF and MM) on two dif-
ferent platforms (Endnote and Rayyan) using manual review by ordering articles by title, authors,
pages, journal. Finally, the authors met to reach accordance on the final number of duplicates.

Studies selection

Original quantitative studies that evaluate the levels of inflammatory molecules in women with
a diagnosis of depression or depressive symptomatology conducted in women during preg-
nancy and/or at the postpartum period (up to one year after delivery) were eligible for this sys-
tematic review. Two authors (ASF and MM) screened the titles and abstracts of articles from
the primary search independently against inclusion and exclusion criteria:

Inclusion criteria:

« Written in English or French or Spanish or Portuguese
« Observational studies

o Depression assessed using ICD/DSM diagnostic criteria either through diagnostic interview
or expert opinion. Alternatively, depressive symptomatology assessed using standardized
psychometric instruments

o Inflammatory molecules measurement (protein levels) in biologic fluids using analytical
techniques

Exclusion criteria:

o Case reports or experimental studies or reviews or qualitative analysis or meta-analysis or
gray literature

o Replicated data

The full text of qualifying articles was then assessed against the same standard by different
pairs of authors (ASF&MS; AC&ARM; BE&RCG; AS&MM). Any discrepancies were resolved
first through discussion amongst the pair, and if a consensus could still not be reached, by con-
ferring with other group members.

Data extraction

The following data was extracted from each selected study: country of origin; study design;
number of subjects; socio-economic status/ethnicity; obstetric information, namely delivery
mode; assessment of depression: instrument(s) and timepoint(s) and inflammatory protein
markers: biological fluid, hour of collection, timepoint(s), dosage assessment technique,
inflammatory markers and results.
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Quality assessment

Following PRISMA guidelines, the quality assessment of selected studies (RCG&MM) and the
data extraction were conducted independently by two authors. At the end, the complete data
extraction table was revised to uniformization. Different versions of the Newcastle-Ottawa
Scale (NOS) were used to assess the methodological quality of selected studies, namely case-
control and cohort studies [36,37]. A ’star system’ has been developed in which a study is
judged on three broad perspectives: the selection of the study groups; the comparability of the
groups; and the ascertainment of either the exposure or outcome of interest for case-control or
cohort studies respectively with a maximum score of 9 points [37]. An adapted form of NOS
for cohort studies was used for quality assessment of the cross-sectional studies with a maxi-
mum score of 10 points [38]. All the inter-rater agreements between authors were verified
prior to resolving disagreements.

Results

A total of 3527 relevant references were initially identified in an electronic search of three data-
bases: Pubmed, Web of Science and PsychInfo. All 806 duplicated references were removed,
and 2721 articles remained. The titles and abstracts of the identified references were screened,
and 2594 non-relevant references were excluded. The full text of the 127 remaining studies
was then screened, and 44 studies met one or more exclusion criteria. At the final stage, 83
studies were included in the review. A flow diagram of the search selection for the included
studies is presented in Fig 1.

From the 83 studies included in the qualitative analysis 27 were studies in which the associ-
ation between depression and inflammatory markers wasn "t the principal aim but since this
derived data was available, we performed data extraction from these studies and presented
them in the S2 Table.

For the accomplishment of the aims of this systematic review we have focused on the 56
studies where the major aim was to analyze the association between depression and inflamma-
tory biomarkers during pregnancy and the postpartum period. Considering the study design
used, 8 studies (3 of which with prospective analysis) used a case-control design, 20 studies a
cross-sectional, and 27 a cohort analysis design. Thirty-one studies involved repeated assess-
ment time points and longitudinal analyses both during pregnancy (4 studies) and from preg-
nancy to postpartum (27 studies).

The studies included originate from different countries and research settings, while the
involved participants present with markedly different sociodemographic and clinical features
(e.g., with and without psychosocial risks). Further, depression was assessed with different
methods, from self-reported questionnaires for assessing depressive symptoms, depressive
mood, depressive symptomatology or clinical interviews for diagnosing depressive disorders.
Lastly, inflammation-related molecules were assessed with very different techniques and in
several biological fluids, mostly in serum (30 studies) and plasma (22 studies), but also in
blood (one study), breast milk (two studies), urine (one study), CSF (two studies) and PBMC
cells (two studies).

Due to this diversity, results are presented in two steps. Firstly, cross-sectional, and case-
control studies on inflammatory biomarkers and depression are presented according to the
period involved (pregnancy or postpartum) (for details see Table 1) involving a sample size
range between 10-469. Secondly, longitudinal studies are presented, with a sample size rang-
ing from 26 to 467, with a note on whether the original study included predictive analyses (for
details see Table 2). A summary table is provided as S3 Table.
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Identification

Screening

Identification of studies via databases and registers

Records identified from:
Databases (n = 3527)
Pubmed (n = 1477)

Psycinfo (n = 348)
Web of Science cc (n = 1702)

Records removed before
screening:
Duplicate records removed
(n = 806)

A 4

Records screened
(n = 2721)

Records excluded manually
(n = 2594)

Y

Reports sought for retrieval
(n=127)

A4

Reports not retrieved
(n=1)

Reports assessed for eligibility
(n=126)

Included

Studies included in review
(n=83)

Reports excluded:
Wrong population (n = 5)
Missing data between
variables of interest (n = 24)
No inflammatory protein
levels (n =9)
Not biological fluid (n = 1)
Wrong article type (protocol

article) (n = 1)
Wrong exposure/outcome (n
=3)

Fig 1. Flow diagram of the search selection for the included studies.

https://doi.org/10.1371/journal.pone.0280612.9001

Quality assessment

Two researchers analyzed 56 articles for quality assessment. The inter-rater reliability between
authors was analyzed calculating the agreement percentage (84%) and Cohen’s kappa
(K =0.777), significance p-value < .001. In general, independently of the study design, studies
with high quality (higher or equal to 8 points) are scarce. As can be seen in Table 1, the quality
of the fourteen studies (4 case-control and 10 cross-sectional) that have assessed the associa-
tion between depression and inflammatory biomarkers during pregnancy ranged between 6
and 8 points (M = 6.54; SD = 0.66); and the eleven studies assessing this association during
postpartum ranging between 2 and 9 points (M = 6.73; SD = 1.26), with a study without quality
assessment due to lack of information (conference paper). Regarding the longitudinal studies,
the quality of the four studies that have been implemented during pregnancy ranged between

5 and 8 points (M = 6.5; SD = 1.00), the 22 studies developed between pregnancy and postpar-
tum ranged between 4 and 8 points (M = 6.27; SD = 0.84) and the five studies that were devel-
oped during the postpartum period have ranged between 6 and 8 points (M = 6.4; SD = 0.64).
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Associations between inflammatory biomarkers and depression during
pregnancy and during the postpartum period

Antenatal depression. Fourteen studies (4 case-control and 10 cross-sectional) exclu-
sively assessed the association between depression and inflammatory biomarkers during preg-
nancy. Most of these studies were implemented during the 2nd and 3rd trimesters and used
self-reported questionnaires to measure depressive symptoms / symptomatology (both using
continuous scores and cut-off points) or depressive mood [93]. Additional studies also
included diagnosis of depression to define the depressed group [39,45,47,94-97].

Most of the studies (11/14) found an association between inflammatory biomarkers and
depression status. In general, when significant associations were found, higher levels of mostly
pro-inflammatory markers (namely, CRP- 1 in 3 studies that have assessed this biomarker,
IFN-y/IL-4 ratio—1 in 4 studies, IL-1B- 2 in 5 studies, IL-1R - in the only study that assessed
this molecule, IL-5-1 in 2 studies, IL-6-2 in 10 studies, IL-8-1 in 3 studies, IL-9—in the only
study that have assessed this molecule, IL-12-1 in 3 studies, IL-13-1 in 2 studies, IL-23—in the
only study that have assessed this molecule, IL-33—in the only study that assessed this mole-
cule and TNF-o~ 2 in 10 studies) were associated to higher depressive symptomatology or
observed in depressed groups. For example, groups with higher depression symptoms demon-
strated significantly higher circulating CRP levels [67] in comparison with those with lower
depression symptom scores. Increased levels of CRP were also observed in a group with
depression and trauma, in comparison to healthy pregnant volunteers [94]. Additionally, a
positive correlation between CES-D scores and IL-1 [98] was found, as well as higher IL-1B in
the CSF showing a significant association with increases odds of PND [96]. Among other
markers investigated, positive correlations were also found between IFN- vy /IL-4 ratio, IL-5,
IL-9,IL-12 and IL-13 and EPDS scores [99]. IL-1RA levels were significantly higher in women
with high scores for depressive symptoms (CES-D>20) in comparison with women having
scores less than 20 [100]. Higher cerebrospinal fluid IL-1b, IL-23 and IL-33 concentrations at
pre-cesarean time were significantly associated with increased odds of perinatal depression
[96]. Higher levels of TNF-o in depressed pregnant women were found when compared to
controls in three studies [47,67,95]. Nevertheless, these findings were not similar across all
studies. Focusing on the inflammatory biomarkers most often studied (IL-6, IL-10, IL-1§ and
TNF-o) inconsistent results were obtained. IL-6 was assessed in 10 of the 14 studies that
explored the association between depression and inflammatory biomarkers during pregnancy,
but only in two was found a significant positive association [95,98]. The same was observed for
IL-1B, with no significant associations with depression in two studies [39,50], positive associa-
tions with depression symptoms or higher levels in individuals with increased odds of PND in
two studies [96,98], respectively, and negative correlations with POMS-D continuous total
sum score in one study [93]. For TNF-o, found at higher levels in depressed women [47,95],
negative correlations were observed with POMS-D continuous total sum scores [93] and no
significant associations with depressive symptoms or diagnosis of depression in seven studies
[39,50,94,96,98,99,101]. None of the studies that have explored the association between IL-10
and depression found significant results [39,47,93,96,98,99]. Moreover, three studies had no
significant associations between any of the investigated inflammatory biomarkers (IL-6, IL-10,
CRP, IL-1B, TNF-a, and ERVWE]1) and depression [39,97,101] (Table 1); one of them showing
marginal p-values for higher CES-D scores as a predictor for higher levels of IL-6 and TNF- o
[101].

In contrast with most of the studies in which a concrete small number of inflammatory pro-
teins levels were determined, one study performed an immunoassay of a panel of 92 inflamma-
tory proteins. Lower levels of 23 mostly anti-inflammatory proteins were found in women
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with antenatal depression (top three: TRAIL, CSF-1, CX3CL1) and women on SSRI treatment
(top three: CSF-1, CEGF-A, IL-15RA) in comparison with controls [45] (Table 1).

In respect to markers representing the tryptophan kynurenine pathway, e.g. tryptophan
(TRP) and/or kynurenine (KYN) and/or the ratio KYN/TRP were assessed in ten studies: two
during pregnancy [67,102]; seven involving both pregnancy and postpartum [3,69,81,82,103—
105]; and one at postpartum [106]. Findings point out some mixed results, considering the
assessment time point considered and the statistical associations studied. In general, higher
Kyn and Kyn/Trp ratio was found in depressed groups compared to controls, both during
pregnancy [3,69] and at postpartum [104]. However, these results are not consistent, with no
significant associations being found between KYN and KYN/TRP and depressive symptoms
[82] or even describing the association in the opposite direction [105]. Concerning TRP, find-
ings showed no associations between TRP levels and prenatal depression [82,105].

Among other markers investigated, most indicated a pro-inflammatory immune response
in association with depressive symptoms, across the perinatal period; increase of LPS [107]
and neopterin levels were found [108] whereas no differences were found for ERVWE] levels
(Human Endogenous Retrovirus WEnvC7-1 Envelope Protein) between women affected by
PND and healthy controls [97].

Postpartum depression. The methodological diversity of the eleven studies assessing the
association between inflammatory biomarkers and depression during postpartum is even
larger than in the studies implemented during pregnancy. The time frame varied between one
week and 12 months postpartum, but most studies were conducted between 4-12 weeks post-
partum. Depressive symptoms or symptomatology was analyzed in four studies [106,109-
111], depressive mood in three studies [57,112,113], and diagnosis of depression in five studies.
A diversity of inflammatory biomarkers assessed was also found, namely IFN-y, IL-1a, IL-18,
IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL12, IL-13, IL-17, IL-18, TGF-B2, TNF-o. and other inflam-
mation-related molecules.

Most of the studies (9/11) found an association between inflammation and depression post-
partum, except two studies [113,114]. Increased levels of IL-6 were associated with higher
depressive symptomatology in two different studies [106,109] (assessed with EPDS, SCID-5
and CES-D), although this protein was assessed in five studies. Both [106,109] were cross-sec-
tional studies with the time point of assessment around 8 weeks postpartum. IL-8 levels were
also assessed in five studies and found to be positively associated with depression symptoms in
4 different studies all with a cross-sectional design [28,106,109,115]. The study of Fransson, E
and colleagues [28], interestingly assessed how depression during late pregnancy affects
inflammation around childbirth; this association was only in the group of women with prema-
ture delivery (representing 42% of the total sample); the other 3 studies included later periods
of assessment.

TNF-alpha, measured in four studies, was also shown to be significantly and positively asso-
ciated with depression in one study [109], negatively associated with depressive symptoms

when CpG-induced TNF-alpha was measured [111] and with no significant associations
observed in the other two studies [106,115]. Specifically in the study from Christian et al. [109]
the association between TNF-alpha and depressive mood (CES-D) was only found in a sample
of African American women assessed between the 7 and 10 postpartum weeks.

Increased levels of other immunological mediators have also shown to be associated with
depressive symptomatology, namely IL-2 [115], TGF-beta2 [110] and IgG [116]. On the other
hand, negative associations were described in 3 studies. Two found serum INF-gamma levels
to be negatively associated with depressive symptomatology between the 4-6 weeks postpar-
tum [57,112]. Also in a cross-sectional study, Gruenberg and collaborators have shown
decreased induced-levels INF-gamma and several other cytokines, such as I1-8, TNF-alpha, IL-
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4, IL-5, IL-10 and IL-13, obtained from peripheral blood mononuclear cells associated with
EPDS scores above 12 [111]. It is important to note that this study congregates data from
women participating at 12, 24 and 36 months postpartum, so considering, albeit in a minority,
participants who were assessed beyond the 12 months after birth. Decreased levels of IL-2 have
also been reported to be associated with increased risk for depressive symptomatology [106].

A lower ratio of KYN and of KYN/TRP ratio is observed during the postpartum period to
that during pregnancy [69] and an increase in the K/T quotient over the postpartum period
[104] was found in depressed group compared to controls. KYN levels and KYN/TRP ratio
were found to be related with EPDS scores during postnatal period [69], and KYN/TRP ratio
with the changes in EPDS from pregnancy to 12 months postpartum [105]. Lastly, one study
reported lower CC16 (considered anti-inflammatory) in women with postpartum depression
[72].

Longitudinal studies, some including predictive approaches. Of the 31 longitudinal
studies investigating the association between inflammatory biomarkers and depression over
time, 4 were focused on the pregnancy period, five on the postpartum period and 22 across
both pregnancy and postpartum. Various biomarkers were used for the investigations of asso-
ciation with depressive symptoms measured longitudinally (namely, 3HK and 3HAA, AA,
CC16, CRP, GM-CSF, IFN-y, IL-1B, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-6R, IL-7, IL-8, IL-10, IL-
12,1L-13,IL-17, KA, KYN, leptin, LIF-R, LPS, MCP/CCL2, MCP-1, MIP-1a, MIP-1, sgp130,
TNF-o and TRP), although the most common findings regarded CRP, IL-6, TNF-alpha, KYN
and TRP.

The longitudinal prospective studies developed during pregnancy are consistent in pointing
out higher CRP [66,67,117] and TNF-a. [67,117] in highly depressed groups.

Focusing on postpartum longitudinal prospective studies, a study [118] demonstrated that
IL-6 and TNF-o levels at birth were predictors of symptomatology at 1 and 6 weeks postpar-
tum. This result was also corroborated by study [119], which also found IL-6 levels at delivery
(within 48h) as an independent predictor of depressive symptoms assessed 6 months postpar-
tum. Increased levels of other immunological mediators have shown to be associated with
depressive symptomatology, namely CXCL1, FGF-23, HGF, IL-18, TRANCE [91], IL-1beta
[89] and CRP [120].

Among the studies focusing C-reactive protein (CRP), three showed higher CRP levels in in
association to prepartum depression and lower CRP levels in postpartum depression in the
same two studies [81,82] (sample overlap) and [80]. The reports for TNF-o showed significant
results in 4 studies. Although three of them showed lower TNF-a in PPD group [121] or in
association with lower EPDS scores [74,75], another study displays a higher TNF-o: at 8-12
gestational weeks in depressed subjects vs. a healthy group, even when BMI, age and race were
controlled for [77]. Decreased levels of inflammatory markers were found in a depressive
symptoms group vs. controls after adjusting for multiple testing, where women with PPD pre-
sented higher plasma levels for five inflammatory markers: CXCL1, FGF-23, HGF, IL-18 and
TRANCE [22]. The opposite was nevertheless true for the panel of 23 molecules considered in
a study [122], where higher levels of inflammatory biomarkers were found in depressed group
vs. controls; here, a different slope of change for cytokines (IL-6, CCL3, IL-15, G-CSF) was
reported between depressed and non-depressed women. In turn, considering the 17 molecules
assessed in the study [83] only MIP-1p showed a positive correlation with depressive
symptoms.

Of the 22 longitudinal studies across pregnancy and the postpartum period, eight examined
the potential predictive role of either inflammatory markers in the later depressive symptoms,
or of depressive symptoms in predicting later inflammation profiles. One study showed higher
depressive symptoms as a predictor for higher levels of IL-6 at mid gestation period, as well as
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a significant association between increase in depressive symptoms from early to mid-gestation
and IL-6 levels [64]. In the same study, higher depressive symptoms at early or mid-gestation
predict higher CRP levels at midgestational period [64]. Further, another study showed that
lower IL-6 levels in the 3rd trimester predicted higher EPDS scores postpartum [85]. In
another study, family history of depression, third semester cortisol AUC, and third semester
IL8/IL10 predicted symptoms of PPD [89]. Moreover, increased IL-6 levels were found in
depressed groups vs. controls at 24-28 gestational weeks [77], both before and after delivery
[123]. Additionally, higher IL-6 levels were associated with higher prenatal [3,87] and postnatal
EPDS scores [87], as well as with changes in EPDS across pregnancy [87,124]. Lower prenatal
Kyn levels were associated with greater depressive symptoms in late pregnancy, with prenatal
Trp levels and Kyn/Trp ration moderating the association between IL-6 levels both antenatally
and postpartum [87]. One study found that cytokines and tryptophan metabolites predicted
depression during pregnancy and that IL-1f and IL-6 levels were associated with severity of
depression symptoms during pregnancy and postpartum [3]. Centering in the longitudinal
studies implemented during the postpartum period, the study conducted by Boufidou [118]
showed that the TNF-alpha levels assessed in the CSF during labor significantly predicted
increased depression symptoms at either 1st and 6th weeks postpartum, while serum CSF was
only associated with the symptomatology at the 1st week postpartum.

Discussion

The present systematic review explored the association between a variety of inflammatory
markers and depression, in different time points from pregnancy to postpartum period.
Despite the large volume of available evidence stemming from 83 studies, a combined quanti-
tative synthesis of all eligible studies was not feasible owing to the large variability in inflamma-
tory markers assessed, the different study designs (cross-sectional, case-control and
longitudinal studies), the different windows of exposure or outcome assessment, and the meth-
ods used for assessment for both depression and inflammatory markers, making it difficult to
identify a single factor that can explain the inconsistencies among studies results.

Most studies assessed cross-sectional associations, while some few tried to assess the predic-
tive potential of inflammatory markers for depression at later time-points, or of depressive
symptoms to predict later inflammatory states. Despite the high number of molecules consid-
ered in the different studies, not many prominent and consistent associations between inflam-
matory markers and peripartum depressive symptoms were detected, which is in line with the
main conclusion of a recent systematic review, stating that despite the substantial evidence
implicating dysregulated immune activity in perinatal depression, there is a little clarity
regarding a consistent immune profile, especially based on analysis of circulating peripheral
cytokines [32]. One could speculate, based on some published findings, that there might be dif-
ferent subtypes of depression in the perinatal period [125,126], which might contribute to
these inconsistent findings in different settings. Importantly, associations were somewhat dif-
ferent when focusing at pregnancy compared to the delivery time-point and postpartum, and
mainly referred to increased levels of IL-6, IL-8, CRP and TNF-o. among depressed. Evidence
on the association of other inflammatory markers and PPD remains more inconclusive and
replication studies are needed, especially considering the low quality of the studies included in
this systematic review.

Inflammatory markers are a very broad family of heterogeneous components, which have
long been reported to play a significant role in the pathogenic pathways of several neurological
and psychiatric diseases [127,128]. In addition, several molecules known to be activated in the
inflammatory milieu or, on the other hand, having a role as inducers of an inflammatory
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response, are molecules of great interest on the molecular mechanisms of depression and
other psychiatric diseases.

Congruent with previous studies on non-pregnant women with depressive symptoms
[82,129-131]; the most consistent finding of the present study was the significant association
between elevated CRP levels and depressive symptoms during pregnancy. Pro-inflammatory
markers, such as TNF-o,, IL-1beta and IL-6 are released as response to stress or tissue damage,
and they in turn induce the release of acute phase proteins, i.e. CRP, into the plasma. The
molecular pathways through which these cytokines can impact on the development of depres-
sive symptoms involves the dysregulation of neurotransmitter synaptic availability of mono-
amines such as serotonin, noradrenaline, and dopamine, as well as the metabolism of various
amino acids such as tyrosine, tryptophan, phenylalanine, and glutamate [132]. Tryptophan
(TRP) metabolism plays an important role in the mechanisms associated with the gut-brain
axis [133]. Specifically, the kynurenine pathway (KP) is responsible for more than 90% of TRP
catabolism throughout the body, with indoleamine 2,3-dioxygenase (IDO), the key metabolic
enzyme, being activated in the inflammatory environment, leading to the downstream produc-
tion of a variety of neuroactive compounds. The remainder of TRP is metabolized to serotonin
and indole [134]. In parallel, dysregulation of TRP metabolites such as serotonin, quinolinic
acid (QUIN), and kynurenic acid (KA) has been linked to depressive behavior in animal mod-
els as well as in humans. Specifically, IL-1B and TNF-a may be responsible for the induction of
P38 mitogen-activated protein kinase (MAPK), which in turn can increase the expression and
function of serotonin reuptake pumps, resulting in decreased serotonin synaptic availability
and subsequently in depressive-like behavior in experimental animal studies [135]. Another
biological mechanism that may underlie the association between inflammation and PPD onset
includes the release of reactive oxygen or nitrogen species which in turn can decrease the avail-
ability of tetrahydrobiopterin (BH4), a key enzyme co-factor in monoamine synthesis [136].

The present review also highlights the large heterogeneity of results regarding the role of
different inflammatory markers in depression during different time periods. This can be at
least partly explained by the window of exposure; compared to delivery and postpartum, preg-
nancy is a period of large HPA-axis and sex-steroid hormone changes, which may explain the
robust findings of the identified studies focusing on inflammatory markers during pregnancy
[137]. An earlier clinical trial [123] reported that the levels of IL-6 and its receptor (IL-6R)
were significantly higher during early pregnancy than before delivery, and women who devel-
oped depressive symptoms in the early puerperium had significantly higher serum IL-6 and
IL-6R concentrations than those without. However, the diversity of methodological designs
between these studies, in terms of biological fluid, timing of sampling, even the week of sam-
pling, the different study designs (cross-sectional versus longitudinal, population-based vs.
case-control, etc.), the ways to assess depression—depressive symptomatology vs. diagnosis -,
as well as the different power of each study and diversity of ethnicities among the study popu-
lations does not allow us to consistently explain the variations observed in the results, and
future studies are suggested in order to deeply explore the influence of these aspects on the
association between inflammation and perinatal depression.

An important finding of the present review was the inclusion of longitudinal studies which
assessed the role of inflammatory markers as predictive markers in depressive symptoms
onset. In particular, six studies assessed biomarkers at some time during pregnancy in relation
to depression during postpartum, showing a potential predictive role of TNF-a and IL-6 in the
diagnosis of PPD [3,68,74,75,123,138]. Moreover, three studies with longitudinal design
explored the predictive role of inflammatory markers assessed during delivery in relation to
depression during postpartum [90,91,118]. These results are congruent with a recent review
reporting the predictive value of proinflammatory cytokines in the diagnosis of PPD during
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postpartum [139]. In general, although longitudinal studies suggest that the relationship
between depression and inflammation is characterized by complex bidirectional associations,
existing, prospective, longitudinal research designs are still poorly equipped to investigate the
dynamic interplay of depression and inflammation that unfolds over a relatively short time
period [33].

Critical appraisal: Strengths and limitations

The present study acknowledges that the systematic review of PPD epidemiology, especially on
the role of inflammatory markers in PPD onset, is a rather challenging field of research mainly
due to the large heterogeneity of available evidence and several inherent limitations of the indi-
vidual studies. First, the definition of exposure and outcome among inflammation and depres-
sion is not always straight-forward. Further, the large heterogeneity in assessment of the
inflammatory markers is perhaps the most important methodological limitation of the studies.
Markers of inflammation are a heterogeneous group of very different active components. The
studies have often focused on different molecules, biological fluids and have even used differ-
ent methods for their identification and quantification. In addition, the identified studies
assessed the role of inflammatory markers in different time points, namely during pregnancy,
delivery and postpartum, thus not readily allowing a quantitative synthesis of the results in the
context of a meta-analysis. Further, even depression was assessed differently, with some studies
using self-reports measures that often capture perinatal distress and not depression, while oth-
ers used clinical instruments used in psychiatric settings to set a diagnosis of major depression.
This might account for some of the inconsistencies in results between the studies.

Among other limitations, we excluded from this systematic review results of inflammatory
markers related to quantification of immune cells as well as physical properties such as eryth-
rocyte sedimentation rate (ESR). Moreover, mRNA and epigenetic studies were also excluded,
as this work focused on protein level markers. In addition, it would be essential to account for
confounding from medication/pharmacological treatment as well as from potential co-expo-
sure to multiple markers or even other molecules and hormones, to delineate unbiased associ-
ations, but this has not been possible in the overwhelming majority of evidence assessed
herein.

Nonetheless, beyond these limitations, the present study followed a strict pre-registered
protocol and systematically reviewed all available evidence regarding the association between
different inflammatory markers at the protein level and peripartum depressive symptoms. In
trying to synthesize the available evidence, we also grouped the results by window of exposure
and type of study, in line with previous literature suggesting that associations are different
depending on whether the assessments were carried out during pregnancy or postpartum; as
well as into identified studies where inflammatory markers were tested for their predictive
potential, contributing to a more nuanced understanding of the bidirectional loop between
immune system function and depression during the perinatal period.

Conclusions and practical clinical implications

The present systematic review summarized the current evidence on the association of inflam-
matory markers and depressive symptoms during the peripartum period. Beyond potential
limitations and biases, the findings of the present work provide evidence of increased pro-
inflammatory markers among women with depressive symptoms. Based on the knowledge
gained by the present work, we recommend future meta-analytic works to focus on the bio-
markers CRP, IL-6, IL-8, IL-10, IL-1B, TNF-a, IFN-y and the tryptophan kynurenine pathway
to evaluate the direction and the strength of the association between the inflammatory
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response and prenatal depression. Further, special attention should be given to the timing of
evaluating the inflammatory response and depression symptoms, the methodology of assessing
depression (self-reporting vs. diagnostic instruments), and methodology for analyzing bio-
markers (biological fluid and dosage assessment technique). It is essential for future research
to also investigate the impact of biological fluids analyzed, as well as the possible moderating
role of other variables. Lastly, the longitudinal assessment for both inflammatory biomarkers
and depression is crucial in order, to gain a deeper understanding of their complex association.
Addressing these methodological challenges will facilitate precision medicine approaches, and
thus the development of more effective interventions and support mechanisms for individuals
and families affected by perinatal depression.
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