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Abstract

Background

Perinatal maternal stress, which includes both psychological and physiological stress
experienced by healthy women during pregnancy and the postpartum period, is becoming
increasingly prevalent. Infant early exposure to adverse environments such as perinatal
stress has been shown to increase the long-term risk to metabolic, immunologic and
neurobehavioral disorders. Evidence suggests that the human microbiome facilitates the
transmission of maternal factors to infants via the vaginal, gut, and human milk micro-
biomes. The colonization of aberrant microorganisms in the mother’s microbiome, influ-
enced by the microbiome-brain-gut axis, may be transferred to infants during a critical
early developmental period. This transfer may predispose infants to a more inflammatory-
prone microbiome which is associated with dysregulated metabolic process leading to
adverse health outcomes. Given the prevalence and potential impact of perinatal stress
on maternal and infant health, with no systematic mapping or review of the data to date,
the aim of this scoping review is to gather evidence on the relationship between perinatal
maternal stress, and the human milk, maternal, and infant gut microbiomes.

Methods

This is an exploratory mapping scoping review, guided by the Joanna Briggs Institute’s
methodology along with use of the Prisma Scr reporting guideline. A comprehensive
search was conducted using the following databases, CINAHL Complete; MEDLINE; Psy-
cINFO, Web of Science and Scopus with a protocol registered with Open Science Frame-
work DOI 10.17605/OSF.IO/5SRMV.

Results

After screening 1145 papers there were 7 paper that met the inclusion criteria. Statistically
significant associations were found in five of the studies which identify higher abundance
of potentially pathogenic bacteria such as Erwinia, Serratia, T mayombie, Bacteroides with
higher maternal stress, and lower levels of stress linked to potentially beneficial bacteria
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such Lactococcus, Lactobacillus, Akkermansia. However, one study presents conflicting
results where it was reported that higher maternal stress was linked to the prevalence of
more beneficial bacteria.

Conclusion

This review suggests that maternal stress does have an impact on the alteration of abun-
dance and diversity of influential bacteria in the gut microbiome, however, it can affect
colonisation in different ways. These bacterial changes have the capacity to influence long
term health and disease. The review analyses data collection tools and methods, offers
potential reasons for these findings as well as suggestions for future research.

Introduction

Maternal health refers to the wellbeing of women during pregnancy, childbirth and the post-
partum period [1]. The importance of maternal health is multifaceted as it impacts not only
the mothers immediate health but also influences the health and development of children.
Pregnancy and the post-partum period are viewed as a period of transition and adaptation in
which healthy women may be sensitive to the impact of psychosocial stress [2]. Such stress

is reported to result from poor social supports, work/family responsibilities, pregnancy, and
birthing complications [3-5]. Studies across the globe report a prevalence of perinatal mater-
nal stress ranging from 5% to 93% with significant increases reported since Covid-19 [3,5-9].

During this perinatal period, from conception to one year old, healthy mothers are more
likely to have healthy babies, as infants undergo vital growth and development with the for-
mation of their metabolic, endocrine, neural, and immune systems [10]. Children exposed to
perinatal maternal mental health disorders often experience adverse birth outcomes, including
preterm birth, and low birth weight [11,12]. Moreover, researchers are expanding upon Bark-
er’s theory of the Developmental Origins of Health and Disease (DOHaD) to demonstrate that
exposure to environments such as stress during the perinatal period can contribute to long-
term risks to adverse infant outcomes that extend into adulthood. These include metabolic
diseases like obesity, cardiovascular disease, diabetes, along with immunological disease and
neurobehavioral disorders [4,13-29]. Obesity, high blood pressure, and high blood sugar rank
among the top four risk factors for death and disease in developed countries [30], with the
US estimating costs of such chronic conditions at $4.1 trillion in 2022 [31]. Maternal health
therefore is vital for achieving Sustainable Development Goal (SDG) target 3.4, of reducing
premature mortality from non-communicable diseases by one-third by 2030, and contributing
significantly to Goal 3 of ensuring healthy lives and well-being for all [32]. Maternal perina-
tal stress represents a prevalent and modifiable factor that can significantly impact maternal
health, as well as foetal and child development. Therefore, it warrants focused attention in
both research and preventative healthcare efforts.

Over the past two decades, researchers have studied the mechanism of foetal programming
on health and disease. In the last decade, there has been a specific focus on how perinatal
mood disorders, including maternal stress, may transmit risk to infants, with building evi-
dence of the involvement of the gut microbiome in this process [24,33,34]. The gut microbi-
ome is made up of trillions of bacteria, fungi, and other microbes, it plays an essential role in
health and is involved in priming and maintaining gut, immune and metabolic health [35-37].
Psychological stress can influence the maternal gut and human milk microbiome structure
via the microbiome-brain-gut axis, a communication pathway allowing microbes and their
products to impact brain function and vice versa. It has been almost a decade since data from
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animal models have linked prenatal stress exposure to changes in the hypothalamic-pituitary-
adrenal axis (HPA), brain-gut axis functioning, and gut dysbiosis or imbalance in the off-
spring [38-41]. These alterations had lasting effects on metabolism, cognition, and behaviour
in mice [38,39,42-44]. Recent evidence identifies that the immature human gut microbiome
is modulated by many influencing factors such as maternal health, human milk, mode of
delivery, antibiotics [45-50]. The data shows that these variables can change the mother’s
microbiome community, which can then transfer an abnormal microbiome community to the
infant, predisposing them to an obesogenic, pro-inflammatory gut microbiome. Changes in
microbial communities also focus on alpha diversity referring to the richness of the bacteria
in the microbiome, and beta diversity which looks at the amount of differentiation within the
bacterial community [51]. This transmission of faecal, vaginal and human milk microbiota
from mother to infant is a process known in the literature as vertical programming [52].
Human milk has been referred to as “mother natures prototyped probiotic food” (McGuire
and McGuire, 2015.p.g 1), with the human milk oligosaccharides (HMOs) in human milk pro-
moting the growth of probiotic type bacteria such as Bifidobacterium [53]. Disputing previous
theories that human milk was sterile, the evidence reports that the human milk microbiome is
populated with bacteria, fungi, virus, and yeast essential for the present and future health of an
infant [54-56]. However, recent evidence identifies the human milk microbiome is susceptible
to maternal factors of body mass index, diet, mode of delivery, general health, and lactation
stage, that can also influence the microbial seeding of an infant [45,57-59]. Despite this, much
of the research to date has focused on the influencing factors on many other components of
human milk such as cortisol, immune factors, and macro nutrients in human milk [60-67],
Recent research has advanced understanding of the gut microbiome’s role in health and
disease, including factors influencing maternal and infant gut microbiomes and the human
milk microbiome. However, limited studies examine the impact of maternal perinatal stress
on these microbiomes. Initial screening reveals less than ten experimental studies over nine
years resulting in overall mixed findings [70]. To date, there has been no systematic effort to
map or review evidence within these concepts, therefore a scoping review is timely and war-
ranted. Arksey and O’Malley’s seminal work describes a scoping review as valuable for explor-
ing the extent, range, and nature of research, as well as identifying gaps in the evidence base
[71] The review aims to address the following question: What is known about the impact of
perinatal maternal stress on the maternal and infant gut and human milk microbiomes? The
objectives are to identify a) the methods and tools used by which stress and the microbiome(s)
are measured; b) the impact of perinatal stress on specific taxa in the microbiome(s): c) the
impact of perinatal stress on microbiome(s) diversity; d) any gaps in the evidence.

Materials and methods
Study design

This scoping review was conducted following the guidelines for scoping reviews described by
the JBI Manual for Evidence Synthesis and Preferred Reporting Items for Systematic Reviews
and Meta-analyses extension for Scoping review (PRISMA-ScR) [72,73]. The 27 item check-
list was incorporated throughout the review and detailed in (S1 File 1). The protocol for this
scoping review is registered with open science framework DOI 10.17605/OSEIO/5SRMV and
published with PLOS one following a peer review process [74].

Search strategy

A three-step search strategy process was followed as recommended for JBI reviews. An initial
limited search of PubMed and CINAHL was undertaken to analyse the text words, keywords
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and index terms contained in the titles and abstracts. This informed the development of

a second search strategy using all identified keywords and index terms across all included
databases. Synonyms and interchangeable terms for these keywords were also identified. The
keywords and search terms were peer reviewed and approved by a university librarian using
the Peer Review of Electronic Search Strategy guidance (PRESS) [75] (S1 File 2). Thirdly, the
reference list of all identified articles was searched for additional studies.

Multiple top up searches in the literature were completed within each research con-
cept to broaden the results within the concepts (See S1 Table 1). The search strategy
included the Boolean terms “OR”/“AND,” Medical Subject Headings (MeSH), CINAHL
headings and truncation “*”. Varied combinations of search terms and MESH terms that
were unique to each database were used in this search strategy. The following databases
and search engines were included: CINAHL Complete (EBSCO), Psych Info (EBSCO),
Pubmed, Web of Science and Scopus. The final date of all databases searched was 30"

May 2024. There was a restriction of the final analysis to articles published in English as a
matter of convenience and to avoid interpretative errors in attempted translation. We rec-
ognize the potential for language bias; therefore, the initial search included articles written
in any language to quantify the extent of non-English literature excluded from our analysis
and there were none.

Study selection: eligibility criteria

The inclusion and exclusion criteria matched the population, concepts and context framework

recommended by the Johanna Briggs Institute (JBI) can be viewed in Table 1 [72].
Population. Mothers and infants are the focus of the population as there is

a substantial body of evidence indicating that maternal factors are influencing a

6 months and those formula fed were excluded as both factors can bring their own changes

in the microbiome [77].

Table 1. Inclusion and Exclusion Criteria.

Inclusion Criteria Exclusion Criteria
Population: | Mothers « Mothers from conception up to 6 months post-natal « Mothers who are more than 6 months post- natal.
Infants « Infants from birth to 6 months old who are exclusively « Infants older than 6 months. Preterm infants
breastfeeding. « Infants born with birth defects/anomalies
« Infants who combination feed or formula feed.
Concepts: Maternal stress o Studies reported on maternal stress identified by blood sampling « Studies reporting on other mental health disorders such
or self-assessment tools. as depression, anxiety, bipolar, psychosis.
o Studies reporting on maternal stress and anxiety will be included if
data on stress can be extrapolated as a single variable.

Gut Microbiome |+ Studies reporting on gut microbiome as key outcome of mothers « Studies focused on neurodevelopmental/ neurocogni-
or infants in the above ages with laboratory analysis and sequenc- tive or allergic diseases as key outcomes along with gut
ing of faecal microbiome. microbiome.

« Studies evaluating probiotic treatments.
« Non-Human studies

Human milk « Studies focused on human milk microbiome (HMM) of the « Studies conducted with animals or non-human subjects.

microbiome breastfeeding mother. Studies including discussion on all compo- o Studies evaluating probiotic treatments.
sition of breast milk included if data can be extracted regarding o Studies focused on other components of Human milk
the human milk microbiome. with no reference to the Human milk microbiome.

Context Perinatal period |+ Studies focus on mother from conception to 6 months o Studies that include maternal or infant data outside this
o Studies focusing on babies up to 6 months old who are exclusively specific perinatal period
breastfeeding.

https://doi.org/10.1371/journal.pone.0318237.1001
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Key concepts. The review focuses on maternal stress and its impact on the maternal
and infant gut and/or human milk microbiome. It examines the growing evidence of how
exposure to stressful environments affects these microbiomes [25,78-80].

Context. The context is in perinatal period as much work has been done on the
importance of the foundation of health in the first 1000 days from conception to two years
where neural, immune and metabolic function are laying foundations for infant health
[10,81-83]. The evidence suggests this is the most critical window for future health. Fig 1
outlines the Concept map of the PCC Framework for this study.

This review includes primary research with quantitative, qualitative and mixed methods
studies. Secondary analyses, like systematic reviews, were considered if they met the other
inclusion/exclusion criteria however none were found. Case reports, book chapters, guide-
lines, commentaries, editorials, letters to editors, and narrative reviews are excluded as these
sources do not directly address the review question and pose challenges in data extraction.
Limits were applied for papers from 2014 to present and those with English language.

Grey literature lacks rigorous peer review along with risk of bias and reliability concerns
[84]. In the absence of ample published research, excluding grey literature ensures higher
quality, minimizes bias, and maintains objectivity in the review process. The below Table 2
identifies final Eligibility Criteria for types of evidence to be included
Following the five database searches, all identified citations were collated and imported into
Covidence with duplicates removed. Five primary reviewers (NR, HM, LP, SOM, PLW)
independently screened all papers (n =1154) in 3 stages: title screening, abstract screening,

Perinatal Maternal

stress
Human milk Maternal Gut
microbiome microbiome
Infant gut
microbiome

Fig 1. Concept Map underlining the PCC.

https://doi.org/10.1371/journal.pone.0318237.9001
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Table 2. Final Eligibility Criteria.
Included Excluded

Primary Research:

Experimental and Observational Studies:
o Quasi- experimental

o Cobhort studies

« Case control

o Cross sectional

« Case series
Qualitative studies

Secondary research: Secondary Research:
« Systematic reviews and meta- analysis o Narrative reviews
Years of Publication 2013-2024 Before 2013

Grey literature or unpublished literature including case
reports, book chapters, guidelines, commentaries, editori-
als, letters to the editors.

English Non English
https://doi.org/10.1371/journal.pone.0318237.1002

and full-text screening. Conflicts at any stage were discussed with 4 primary reviewers NR
HM SOM LP at online meeting with agreement by all required to exclude at all stages. The

full text of selected citations (n = 35) was assessed in detail against the inclusion criteria by
NR HM SOM LP. Reasons for exclusion of sources of evidence at full text that did meet the
inclusion criteria was recorded. Exclusion at the full text stage required the agreement of 5 pri-
mary researchers NR HM LP SOM PLW at an online meeting and resulted in 7 studies. The
results of the search are presented in a Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flow diagram [72] (Fig 2).

Data extraction

Data were extracted from the remaining 7 papers included in the scoping review by two
independent reviewers for each study from the team NR HM LP SOM PLW), using a data
extraction tool developed by the reviewer NR on Covidence (S1 File 3). Expert’s recommend
the review team to trial the extraction form on two or three sources to ensure all relevant
results are extracted and to improve transparency and consistency [71,85-87], therefore a
pilot test was completed by a second reviewer HM with no issues noted and allowed extraction
to proceed. There was a separate meeting with two of the team NR SOM to ensure all statisti-
cal tests were correctly documented and key findings displayed for the 7 papers.

Results

The electronic search strategy yielded a total of 1154 papers with 7 papers remaining post full
text screening with inclusion and exclusion criteria applied in the population, concepts and
context. The 7 papers aligned to the concept of perinatal stress and the maternal and infant
gut microbiome only. Results from key findings from extracted data are presented in Table 3.

Study characteristics

The 7 studies came from various global locations, there were three completed in the US
[70,88], two in the Netherlands [89,90] with one in Finland [91], and one in Ecuador in South
America [92]. Studies had wide ranging sample sizes from 25 participants to 446. Six of the
seven studies had a sample size of less than 100 with a study by Aatsinki [91] having the larg-
est sample of 446. The publication years ranged from 2015-2023. Two of the studies aimed
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Scopus (n = 634)
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CINAHL (n = 51)
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Web of Science (n = 26)
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References from other sources (n =10)
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Fig 2. PRISMA flowchart.
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Wrong outcomes (n = 3)
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Wrong study design (n = 2)
Samples not analysed yet (n = 1)
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I Included studies ongoing (n = 0)

| Studies awaiting classification (n = 0)
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https://doi.org/10.1371/journal.pone.0318237.g002
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to investigate the association of perinatal maternal stress and the maternal gut microbiome
composition, with a maternal sample only (coded with italics and bold in Table 3) [89,93]. The
other five studies aimed to investigate the relationship between perinatal maternal stress and

the studies used a cross sectional design with one a longitudinal design [90].

Data collection

Perinatal maternal stress. The first objective of the review was to identify the methods
and tools used to examine stress and the microbiome. Five of the studies report to examine
maternal stress in the aim [70,88-91], however only two of the seven studies investigated
stress as a standalone variable [70,88]. The remaining studies measured depression [91,92,95],
and/or anxiety [90,91,95] along with stress, however these studies were included in this
review as the data on stress could be extrapolated for results and discussion. Zijlimans [90]
and Jahnke [92] were the only two studies to include post-natal maternal stress, all other
studies focused on prenatal stress. There was a variety of self-assessment tools used, the most
common being Cohen’s perceived stress scale (PSS — 14) which was used in five of the studies
[88,90,92-95]. Two of the studies used an unaltered version of the PSS - 14 tools prenatally
[70,95], with Zijlmans [88] being the only study to using it postnatally. While Penalver et
al. [87] used the PSS tool it was reduced to a ten-item tool. Two studies use an “Everyday
problem checklist”, the remaining study by Aatsinki et al [91] uses the Daily hassles negative
subscale [96]. Four of the studies added these stress measurement tools to a variety of other
tools to also capture anxiety, depression and pregnancy related anxiety. The most commonly
used tools included The State-Trait Anxiety Inventory (STAI), Pregnancy-Related Anxiety
Questionnaire-Revised (PRAQ-R), and Edinburgh post-natal scale EPDS [89,91,92,95].
Three of the studies used subjective self-assessment questionnaires as the data collections tool
[70,89,95], while the other four studies also measured objective stress measurements such as
hair cortisol [91], serum cytokines [88], saliva samples of cortisol [90,92]. With regards to
Post-natal time timing of assessments was 1 and 2 months [90,92].

Gut microbiome. The presence and abundance of bacterial taxa in the gut microbiome
timepoints for the maternal gut microbiome was reported by Hechler et al [88] at a mean
of 33.9 weeks, Penalver et al [91] indicates trimester 2 and 3 (week 13-41). The infant gut
microbiome sampling ranged from 0 to 5.5 hours post-delivery [94], 1 month [69], 2 months
[91], 2.5 months [90] to 9 timepoints in the first 110 days [89]. Alpha and beta diversity was

Taxonomic level and types. Microbiome bacteria are often reported in taxonomic ranks
ranging from less specific phylum groups to more specific species of bacteria. Across all
of the studies the gut microbiome was composed of similar bacterial taxonomic groups.
Common phyla included Proteobacteria [89,92,95], Actinobacteria [90,92,95], Bacteroidetes
[91,92,95] Firmicutes [91,92,95], Verrucomicrobi [91], Lactic acid, Clostridia [90]. Specific
genus level was identified in some studies such as Erwinia, Serratia and Haemophilus [90,91],
Lactobacillus [70,89,90], Lactococcus [70,90] Pervotella timonensis [88], Akkermansia [70,92],
Bifidobacterium [88,91]), Eubacterium and oscillospira [89] and clostridium [92]. This
grouping of bacteria identified are important when focusing on potential implications on
health.

Perinatal maternal stress and specific taxa in the gut microbiome. Another objective
of this review was to explore the evidence on the impact of perinatal maternal stress on
the bacterial taxa in the microbiome. Out of the seven studies five of the studies found that
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perinatal maternal stress had a significant association with bacterial abundance in maternal
gut microbiome [88] or the infant gut microbiome [70,90,91], therefore it is evident that
perinatal maternal stress can alter the maternal and infant gut microbiome. Across the studies
common increases or decreases in possible influential phlya and genus to health were reported
in association to perinatal maternal stress However, there was some variability in these
findings.

With regard to self- reported subjective questionnaires data alone, three out of seven
studies identified a significant impact on bacteria taxa in the microbiome, one being a
maternal gut microbiome analysis [88], while the other two were infant gut microbiome
samples [69,91]. In the study by Penalver et al. (2023), PSS positively associated with species
Bacteroides uniformis (p <0.05) and Terrisporobacter mayombei (p <0.01). Higher levels of
PS also had a reported lower abundance of Akkermansia a reported probiotic (Correlation
co-efficient 12 = -4). [99]. Aatinski et al. [98] indicated a positive association with maternal
stress and genera Erwinia, Serratia, haemophilus (F < 0.01)(potentially pathogenic). Weiss et
al [70] investigated 56 maternal and infant dyads using PSS and infant microbiome at 1 month
of age. They reported a greater abundance of bacteria such as Lactobacillus (11.55 effect size
(ES), p<.001), Lactococcus (8.88 (ES), p<.01) and Bifidobacterium (6.62 (ES), p<.01) in
infants exposed to more stress. With significantly higher in abundance of pathogenic bacteria
named as Erysipelotrichaceae (25.62(ES), p <.001),Eggerthella (23.74 (ES), p <.001), Bacteroi-
des (22.57 (ES), p<.001), Bacteroides (22.46 (ES),p <.001), Ruminococcus (9.66 (ES), p<.01),
Enterobacteriaceae (2.63 (ES), p<.05) and Enterococcus (3.66, p <.05)) for the infants whose
mothers were less stressed.

Four studies combined self-report data with objective measures to assess stress, identifying
new significant relationships [88,91,94,97]. Penalver et al. [88] used serum cytokine analysis
to explore immune reactions along with self-reported stress. It was identified that Bacteroides
negatively associated with CXCL11 (-0.02 coefficient) and positively with PSS, connecting
immune factors and self-report measures. Aatinski et al. [99] reported increased hair cortisol
(HCC) was related to decreased Lactobacillus (FDR < 0.01) however self-report symptoms
had no associations to the HCC. One of the earliest and most well-known studies combines
self-report data with maternal salivary cortisol samples to produce a cumulative stress effect
[94]. This longitudinal study with 3 data collection timepoints reports a high cumulative stress
group with higher abundance of pathogenic Escherichia, Serratia, Haemophilus Enterobacter-
end of the microbiota gradient, with 853% (p <0.05) at 28 days, 1244% (p <0.01) @ 80 days,
and 699% @110 days higher abundances. Infants in low cumulative stress displayed higher
abundance of beneficial microbe’s lactobacillus, Lactococcus, aerococcus, @377% (p < 0.05)

28 days, 305% (p<0.01) at 80 days(p <0.01) respectfully [94]. The daily hassles scale used
identifies the greatest impact of total changes with 11% variation of the totally different micro-
biota (p=0.01) [90]. Jahnke et al. [97] found significant associations with maternal and infant
salivary cortisol and not with self-report of stress. Morning cortisol and cortisol awakening
response (CAR) was tested for HPA axis dysregulation as a mediator of stress response. High
infant basal cortisol at 3 days post-partum was associated with lower Actinobacteria (p <0.01),
Bifidobacterium (P,0.01) and higher Enterobacteriacae (p = 0.03) [97]. Low maternal CAR
prepartum associated with lower abundance of Bacteroides (p = 0.01), post-partum low
maternal CAR was associated higher Veillonella (p=0.01) [97].

Two studies found no significant impact of self-reported maternal stress on the maternal
gut microbiome [89], and infant gut [97]. Hechler et al. [89] found no significant associa-
tions between maternal stress measured with “everyday problem checklist and maternal gut
phylum or genus level microbiota (p = 1.0). Associations were found with general anxiety and
maternal microbiota at genus level (r =.71, p = 0.04) with lower anxiety recording a higher
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abundance of Eubacterium and Oscillopsia (P <0.05) Jahnke et al. also did not report any sta-
tistical significance on self-report data. Hu et al. [100] did not analyse a comparison between
stress and the taxa but instead observed the abundance of the taxa in the samples and com-
pleted statistical analysis of the diversity instead, therefore has no statistical results relating to
taxa.

Perinatal maternal stress on diversity of the microbiome.

The seven studies included in this review all measured diversity of the microbiome how-
ever results were inconsistent. Two of the studies measured the diversity against other scales
when stress returned insignificant results, Hu et al. (2019) used general anxiety and Hechler
(2019) used pregnancy related anxiety as a measured variable instead of stress therefore results
are not included in this review. Two more of the studies found no significant association with
perinatal stress. Aatsinki et al. [90] investigated both alpha and beta diversity and reported
none of scales identified any significant associations with diversity of a 2.5 month old infant
(FDR > 0.97). Similarly, Penalver et al. (2023 found no significant differences in alpha and
beta diversity or votility with perceived stress scale on the maternal microbiome (no p value
given).

Three studies did show an association, Ziljmans et al [91] reports a significant association
with greater alpha diversity in the infant microbiome in high stress group from 7 to 80 days
(no p value provided). Recently, Weiss et al. [90] recorded prenatal stress was also significantly
associated with greater alpha diversity in the microbiome of a one month infant (Simpson
Diversity index p=0.02). Finally, although Jahnke et al. [70] identified a significant association
between post-partum stress and diversity, this time lower alpha diversity was reported in the
infant stool at 2 months of age (p=0.01)

Discussion

To the best of our knowledge, this is the first scoping review to map the evidence regarding
perinatal maternal stress, maternal and infant gut and human milk microbiomes. Two studies
were identified that researched the impact of perinatal maternal stress on the maternal gut
microbiome and five studies that focused on perinatal maternal stress and the infant gut
microbiome; however, no studies focused on perinatal maternal stress and the human milk
microbiome. Five of the studies reported a significant association between perinatal maternal
association [86,94]. The studies were undertaken in Northern Europe and the US suggesting
that the research evidence is dominated by developed countries, thus indicating that gaps
exist in microbiome studies from a global perspective [101]. Recent population studies show
significant microbiome divergence across lifestyle, race, and ethnicity [100,102,103]. These
variations are influenced by host genetics and cultural/behavioural factors like diet, hygiene,
sanitation, and environment [103]. Therefore, considering race or ethnicity during data col-
lection is crucial for microbiome analysis.

The included studies were heterogeneous in relation to stress measurement tools and
assessment timepoints which may influence the variation in some of the study’s findings.
There is growing researcher interest on the influence of stress in health and disease, how-
ever stress is a complex variable to measure in health research [104-107]. The traditional
definition of stress in psychology comes from Lazarus and Folkman’s stress and coping
theory, which proposes that stress occurs when individuals perceive environmental demands
as exceeding their capacity to manage or adapt, depending on their supports or resilience
[108,109]. Therefore, it is a multidimensional construct that comprises of exposure to events,
perceptions of stress and physiological responses [106,107,110]. Research into all these
domains requires multiple assessment methods/tools to investigate stress responses accurately
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[104,105,111]. However, a critical barrier in measuring stress is the lack of consistency and
thoroughness which requires caution when comparing data and analysing results [106,110].
The prevalence of maternal stress is reported to be up to 93% in some populations [7,9], with
building evidence of infant exposure to stress during the first 1000 days linked to inherited
risk of metabolic, immunologic, and neurobehavioral disorders that extend into adulthood
development of interventions to reduce such adverse effects.

Studies in this review confirm the measurement approach taken can influence significant
findings. For example, four studies that used subjective scales (Perceived stress scale, Daily
hassles scale, Everyday Problem checklist) reported no significant impact of self-reported
stress, however studies with additional data collected such as analysis of serum cytokines [88],
salivary cortisol [90,97], cortisol awakening response [92] and hair cortisol [99] identified
new significant changes to the microbiome. There are widely discussed concerns of relying
on consciously perceived and self-reported stress ratings as it can introduce recall bias, lack
of willingness to disclose information, with no representation of an unconscious awareness of
stress [105,106,114]. Furthermore, self-report explains only a small portion of the variation in
physiological stress reactivity in research [106].This limitation leads many researchers globally
to incorporate similar biomarker measurements to obtain a more comprehensive and multi-
dimensional approach to stress [115-117]. Despite these efforts, there is caution, as no specific
biomarker for stress exists due to variability within individuals and other factors influencing
hormones and cytokines [107].

In this review significant microbiome changes with self-report data often did not correlate
to changes associated with objective data. This suggests that the psychological experience of
stress may not always translate to measurable biological changes, and vice versa [105]. This is
problematic because the link between psychological stress and poor health is believed to occur
through dysregulated stress reactivity profiles [106]. Therefore, it can be hypothesised that if
perinatal self-reported maternal stress is causing little to no physiological changes within the
maternal gut microbiome and body, it is less likely to be transferred to an infant via neuro -
immune endocrine pathways [118]. This suggests that objective measurements of stress are
a necessity in this form of research investigation. Another aspect to consider when assessing
stress is the duration of exposure to the stressor, and the time during the perinatal period
when the stress occurs [107].

The perinatal period is most commonly described as conception to one year post-natal,
with stresses reported from various sources such as emotional adjustments, relationship
dynamics, financial concerns, pregnancy complications, lack of sleep, child birth problems
and infant feeding issues [3,5,119]. In the studies, data collection timing varies, but three stud-
ies report data collected at multiple time points, potentially enhancing the reliability of the
findings [88,97,99]. The timing of measurements is crucial to both identify the most stressful
periods but also to accurately represent both chronic and acute stressors across this perina-
tal timeline and avoid a latency of stress exposure to measurement [80,120,121]. Additional
factors also need to be considered regarding the second major concept of the review, the gut
microbiome.

Defining a “healthy” infant gut microbiome is challenging due to the early life gut micro-
biota’s dynamic changes and its responsivity to numerous, potentially confounding factors
influencing its establishment [122]. For example, evidence supports the inclusion of influenc-
ing factors on the infant gut microbiome including mode of delivery, feeding mode, maternal
diet, stress and antibiotic exposure [122-124]. There is some inconsistency in the adjustment
of confounding factors across the studies in the review. Certain studies such as Aatinski
et al. [99] include mode of delivery, feeding, antibiotic therapy and age at infant sampling
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and established a positive association between the daily hassles scale and pathogenic bacte-
ria. While in the Jahnke et al. study [97] significant associations due to stress were lost once
several of the above factors were adjusted for in statistical analysis, this highlights the possibil-
ity of inflated findings if analysis is not completed accurately. Infant gut microbiome studies
collected samples from 5.5 hours to 110 days, with later samples showing greater significance.
Zijlmans et al. [90], the only study to look at multiple collection points also found stronger
associations at 80 days old, indicating that perinatal maternal stress may have a greater impact
on the microbiome after one month of age.

In the maternal gut microbiome studies, there was also inconsistency in confounding
factors reported ranging from age and BMI to education, parity and civil status. A systematic
review by Yang et al. [125] indicates that covariates such as pre-pregnancy and pregnancy
body mass index, ethnicity, age, and co-morbidities like gestational diabetes significantly
influence a mother’s gut microbiota. Therefore, accurate representation of the gut microbiota
should acknowledge and adjust for recognised influencers that affect composition and diver-
sity to allow for consistent and reproducible research reporting. The results from this review
identify many bacterial taxa that characterise the gut microbiome, however the significance of
abundance as impacted from high and low stress varies across the studies.

Similar influential bacteria phylum and genus groups are mentioned throughout the stud-
ies that have the potential to impact future health however, some variation exists. Although
some bacterial genus such as Bacteroides uniformus are reported to have dual beneficial and
pathogenic roles depending if their location is in or outside the gut [126]. Some beneficial bac-
terial genus groups impacted by stress in this review include Bacteroides uniformus [70,88],
lactobacillus [70,94,99] and Akkermansia Muciniphila [88,91]. Three of the studies identified
a significant decrease of these bacteria in relation to maternal stress [88,90,91], with a study by
Weiss et al [70] presenting conflicting findings of an increase of beneficial bacteria in response
to stress. This may be aligned to the hypothesis by other researchers regarding some benefits
of prenatal stress possibly enhancing the growth of lactobacillus in preparation to thrive in a
potentially stressful postnatal environment [79].

Desirable traits for beneficial microbes include the ability to metabolise complex car-
bohydrates and generate short chain fatty acids, which may have positive effects on satiety
and glucose metabolism and reduce the risk of metabolic disorders [120,127]. Bacteroides
produce polysaccharides which have been identified to outcompete pathogens by resistance,
with both Bacteroides and lactobacillus reducing autoimmune disorders by regulating the
immune response and strengthening the intestinal barrier [128-130]. Furthermore, the
presence of A. muciniphila has been associated with a healthy intestine and its abundance has
been inversely correlated to several disease states such as remission from inflammatory bowel
disease, reduced severity of appendicitis and a healthier metabolic status [131-133]. There-
fore, if maternal stress reduces the abundance of these beneficial microbes, it can lead to a
pro-inflammatory state in the infant’s or maternal gut microbiome. This dysbiosis can recruit
immune cells and disrupt metabolic processes, potentially influencing long-term health out-
comes, including metabolic and immunological disorders [50,123,134].

Pathogenic bacteria groups such as proteobacteria, a substantial phylum in the human gut
microbiome, includes human pathogens like Escherichia coli, Serratia, Salmonella, Heli-
cobacter, and Erwinia is mentioned in three of the studies [70,94,99,135]. With increases
reported in response to maternal stress in two studies [91,94] and a decrease reported in the
study by Weiss et al [70]. Recent data suggests that these pathogens may constitute a potential
microbial signature of disease, as the presence of these gram-negative bacteria is associated
with sustained low-grade inflammation in the gut [136]. The abundance of Proteobacteria
has been observed to increase in various inflammatory disorders, including asthma, chronic
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obstructive pulmonary disease, inflammatory bowel disease, and metabolic conditions
[136-138]. This may provide some evidence of the pathway to chronic disease with inherited
risk from mother to baby via dysbiosis and colonisation of pathogenic microbes.

Gaps in research

Despite emerging evidence from animal and human research over the past decade, there is a
paucity of literature within these populations and concepts. For example, there was no studies
focusing on maternal stress and its impact on the human milk microbiome but also none
investigating maternal stress, the human milk microbiome and the infant gut microbiome
simultaneously. If maternal stress is associated with alterations in the human milk micro-
biome causing subsequent changes in the development of infant gut microbiome, it has the
potential to provide further evidence of the source of transfer of aberrant bacteria which have
been linked to various chronic diseases development.

Despite the historical belief in the sterility of human milk, recent studies have revealed a
highly variable composition containing microbes, leukocytes, immune molecules, hormones,
exosomes, microRNA and stems cells [34,139]. The presence of these bioactive molecules
and products of metabolic activity in the milk is termed as milk metabolome and includes
the entirety of metabolites present in human milk at any given time [140]. In addition to the
microbiome the human milk metabolome is attracting researcher interest as it supplies both
nutrients essential for infant health, along with developing microbes and prebiotic oligo-
saccharides that can seed the gut microbiome of the infant [58,140]. Early evidence suggests
that the human milk metabolome is also influenced by many maternal factors such as age,
maternal BMI, as well as lifestyle factors such as diet and emotional health, which can in turn
have a significant impact on infant health [57-59]. Despite well-established links between
maternal health and human milk composition, there is a noticeable gap in studies on maternal
emotional health and the human milk microbiome and metabolome, even though research
in the area began approximately a decade ago [45]. Therefore, further research on the impact
of maternal emotional health and specifically perinatal stress on the human milk microbiome
and/or metabolome is required.

There was also limited studies with a longitudinal tracking of a possible dysbiosis or
imbalance from a variable such as stress to subsequent diagnosis of a chronic health condition
despite building research evidence of gut microbiome alteration to metabolic or neurodevel-
opmental conditions.

Directions for future research

The initial 1000 days of life, spanning conception to the first year of life, is a critical period
where various factors can heighten the risk of adverse health conditions. It is imperative to
address modifiable risk factors during this early stage to foster a “healthy” intestinal microbi-
ota for mother and infant to mitigate potential risks. However, researching this area is chal-
lenging due to the dynamic nature of maternal and infant gut microbiomes and the difficulty
in accurately measuring stress. To avoid the underestimation or biased retrospective view of
the impact of stress exposure it is important in future research to capture the psychological,
behavioural and physiological responses to the exposure, along with possible contextual and
individual factors that may moderate the impact of exposure and response to stress [106,107].
A robust strategy combining objective and subjective stress data, with multiple data collection
timepoints for both the gut microbiome and stress, is essential to capture these variables more
effectively. In addition to these factors consideration is required for influencing factors on the
gut microbiome in data collection and analysis.
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A primary focus is now required to explore the impact of perinatal maternal stress on the
maternal gut microbiome, human milk microbiome and/or metabolome, and their connec-
tion to the seeding of the infant gut microbiome and its implications. This would involve
maternal stress measurement along with, breast milk sampling and infant faecal sampling
from the identified population to investigate the association of perinatal maternal stress on the
breast milk microbiome and subsequently the infant gut microbiome.

Furthermore, large cohort studies are essential to survey the infant microbiome from
birth through the early years, considering the maturation of the microbiome. These studies
should account for inherent differences such as sex, body mass index, cultural variations,
and genetics. Understanding microbial and metabolic changes, their correlation with the
mentioned bacterial taxa, and their implications for long-term health outcomes, especially
in inflammatory or metabolic diseases, can provide insights into the development of later
pathologies.

Strengths and limitations

This scoping review followed JBI guidance and Prisma Scr reporting guidelines to ensure
robust and rigorous methodology. There were top up searches of separate concepts to ensure
no research was omitted on the broad PCC question. The scoping review has some limitations
that warrant consideration. The studies did differ in many ways including some researchers
measuring stress in more detail than others, different confounding factors listed, with timeline
difference of microbiome sampling. One study also did not complete statistical analysis of
abundance and focused on diversity only and observed the taxa. Six out of the 7 studies were a
cross sectional in nature, longitudinal studies can allow for a better understanding of interac-
tions among microbial community members, as well as interactions between microbial spe-
cies/genes and the human host over time [141]. Also, some studies were included that did use
other measurements of stress such as anxiety and depression questionnaires if the data from
stress alone could be removed. There is a concern some relevant studies could not be included
where the data on stress was grouped with all questionnaires thereby possibly missing some
findings in the area.
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