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Schizophrenia (SZ) and bipolar disorder (BD) are severe psychiatric disorders which
result from complex interplay between genetic and environmental factors. It is well-
established that they are highly heritable disorders, and considerable progress has
been made identifying their shared and distinct genetic risk factors. However, the
15–40% of risk that is derived from environmental sources is less definitively known.
Environmental factors that have been repeatedly investigated and often associated
with SZ include: obstetric complications, infections, winter or spring birth, migration,
urban living, childhood adversity, and cannabis use. There is evidence that childhood
adversity and some types of infections are also associated with BD. Evidence for other
risk factors in BD is weaker due to fewer studies and often smaller sample sizes.
Relatively few environmental exposures have ever been examined for SZ or BD, and
additional ones likely remain to be discovered. A complete picture of how genetic and
environmental risk factors confer risk for these disorders requires an understanding of
how they interact. Early gene-by-environment interaction studies for both SZ and BD
often involved candidate genes and were underpowered. Larger samples with genome-
wide data and polygenic risk scores now offer enhanced prospects to reveal genetic
interactions with environmental exposures that contribute to risk for these disorders.
Overall, although some environmental risk factors have been identified for SZ, few
have been for BD, and the extent to which these account for the total risk from
environmental sources remains unknown. For both disorders, interactions between
genetic and environmental risk factors are also not well understood and merit further
investigation. Questions remain regarding the mechanisms by which risk factors exert
their effects, and the ways in which environmental factors differ by sex. Concurrent
investigations of environmental and genetic risk factors in SZ and BD are needed as
we work toward a more comprehensive understanding of the ways in which these
disorders arise.

Keywords: schizophrenia, bipolar disorder, risk factors, gene-environment interaction, marijuana use, migration,
pregnancy complications, adverse childhood experiences
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INTRODUCTION

Schizophrenia (SZ) and bipolar disorder (BD) are severe
psychiatric disorders affecting∼0.7 and∼1.0% of the population,
respectively (McGrath et al., 2008; Merikangas et al., 2011). Both
have a typical onset during late teenage years or in the early
20s and are associated with substantial morbidity and premature
mortality (Lambert et al., 2003; Carney and Jones, 2006;
Kilbourne et al., 2009). Furthermore, the clinical presentations of
these disorders can overlap. Delusions and hallucinations occur
in nearly all cases of SZ but also in about half of cases of BD
(Coryell et al., 2001; American Psychiatric Association, 2013).
Depressed mood, an essential feature of BD, can be hard to
distinguish from the negative symptoms of SZ. Both BD and SZ
often present with symptoms of grandiosity or paranoia.

Considering their similarities, it is not surprising that the
etiological sources for these disorders have been compared, and
the genetic foundations are substantially shared (Lichtenstein
et al., 2009; Bulik-Sullivan et al., 2015). Risk for both disorders
stems primarily from genetic sources, with heritability estimates
from twin and family studies ranging from 64–81% for SZ
(Sullivan et al., 2003; Lichtenstein et al., 2009) and 60–85%
for BD (Smoller and Finn, 2003). Although there is significant
shared genetic risk between several psychiatric disorders, the
strongest correlation is between SZ and BD (rg = 0.60–0.68)
(Lichtenstein et al., 2009; Lee et al., 2013; Pettersson et al.,
2016; Brainstorm Consortium, 2018). Great strides have been
made in revealing the specific genetic loci associated with
these disorders. Genome-wide association studies (GWAS) have
now discovered 270 single nucleotide polymorphisms (SNPs)
conferring risk for SZ (Ripke et al., 2020) and 64 for BD
(Mullins et al., 2020), with some overlapping associations.
However, many of these common genetic variants are not
shared between these disorders, and other forms of genetic
variation, such as copy number variants (CNVs) (Malhotra
and Sebat, 2012; Marshall et al., 2017) and rare variants
identified through sequencing (Purcell et al., 2014; Goes et al.,
2016), appear to play a much larger role in the genetic
architecture of SZ than BD.

Discovery of the environmental sources of risk has not kept
pace with the dramatic advances in understanding the genetic
underpinnings for SZ and BD, and the extent to which genetic
sharing of risk may be mirrored for environmental factors is
not well known. Speculation and investigation regarding the risk
for SZ and BD which is derived from environmental factors
stretches back for decades, with particular focus on exposures
early in life, such as: winter/spring birth, obstetric complications
(OCs), infections, and adverse childhood experiences (ACEs).
However, urban living, migration, and cannabis use are usually
later exposures which have also been the focus of intense interest
in relation to SZ and, to a lesser extent, BD (Table 1). Of
the numerous studies of environmental risk factors for SZ,
some have yielded reproducible findings. While for BD, there
have been fewer studies, usually with smaller sample sizes and
inconsistent findings.

Furthermore, risk from genetic and environmental sources
may not contribute in an additive manner, since the impact of

an environmental exposure may depend on the genetic makeup
of the person experiencing it. These gene-by-environment
(G×E) interactions partly explain why only some people who
experience environmental exposures associated with SZ or BD
actually develop these disorders, and identifying the genetic risk
factors conferring vulnerability to specific environmental insults
may open opportunities for prevention for these devastating
disorders. Additionally, providing a comprehensive etiological
picture of these disorders necessitates an understanding of the
relationship between the genetic and environmental factors
which contribute to the shared and disorder-specific symptoms.

Examining interaction effects requires even larger sample
sizes than for genes or environmental factors alone, which
poses an additional challenge when investigating psychiatric
disorders which affect a small proportion of the population.
Indeed, the early G×E studies involving candidate genes
were often underpowered, prone to publication bias, and
usually lacked replication (Duncan and Keller, 2011). Greater
certainty in the genetic markers conferring risk for SZ and
BD and larger samples have improved these studies over time.
Additionally, methodological advancements have provided an
alternative approach to examining individual SNPs or genes.
Polygenic risk scores (PRS) index genomic risk for a disease
or trait by aggregating the effects of SNPs across the genome
weighted by their effect size from a discovery GWAS in
a separate sample (International Schizophrenia, Consortium,
Purcell et al., 2009). PRS are individual measures of genomic
risk which are continuous and normally distributed in the
population, and they can be used to test for interactions with
environmental measures. Several studies using either individual
or aggregated genetic markers have investigated the relationship
between environmental exposures and genetic risk for BD and
SZ (Figure 1).

This review presents a thorough examination of the current
evidence for environmental exposures which have been studied
in relation to SZ and BD, and when available, their reported
interactions with different forms of genetic risk. We also evaluate
emerging environmental risk factors and conclude by addressing
the current knowledge gaps and future directions for this
field of research.

ENVIRONMENTAL RISK FACTORS

Although SZ and BD arise predominantly through genetic risk,
∼15–40% of risk for both is derived from environmental factors
(Smoller and Finn, 2003; Sullivan et al., 2003). There have been
numerous studies of environmental risk factors for SZ which have
yielded some reproducible findings. The same cannot be said for
BD, for which there have been fewer studies, usually with smaller
sample sizes, inconsistent findings, and no firm conclusions.
Although the environmental risk factors for SZ and BD have
been extensively reviewed separately (Brown, 2011; Marangoni
et al., 2016; Belbasis et al., 2018), there has been little research
concomitantly examining both disorders.

Previous research on environmental risk factors has
predominantly focused on OCs, infections, season of birth,
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TABLE 1 | Summary of existing evidence for environmental exposures and genetic risk for BD and SZ.

Exposure Certainty of the
environmental

exposure evidence

G×E specific genes G×E PRS G×E references

Obstetric complications (OCs) High SZ AKT1 Mixed Nicodemus et al., 2008; Joo et al.,
2009; Ursini et al., 2018; Vassos
et al., 2021

Low BD Not investigated Not investigated

Infections Moderate SZ GRIN2B with HSV2
CTNNA3 with CMV

Mixed Demontis et al., 2011; Børglum
et al., 2014; Avramopoulos et al.,
2015; Benros et al., 2016

Low BD TLR2 with T. gondii Not investigated Oliveira et al., 2016

Season of birth Moderate SZ DRD4
HLA-DR1

Negative Narita et al., 2000; Tochigi et al.,
2002; Escott-Price et al., 2019

Low BD DRD4
TPH1
HLA-G

Not investigated Chotai et al., 2003; Debnath et al.,
2013

Migration High SZ Not investigated Not investigated

Low BD Not investigated Not investigated

Urbanicity High SZ Not investigated Positive Sariaslan et al., 2016; Paksarian
et al., 2018; Solmi et al., 2018

Low BD Not investigated Not investigated

Adverse childhood experiences (ACEs) Moderate SZ BDNF
COMT*

Mixed Mondelli et al., 2011; Vinkers et al.,
2013; Aas et al., 2014; de
Castro-Catala et al., 2016; Trotta
et al., 2019

Moderate BD BDNF Positive Aas et al., 2014; Aas et al., 2020

Cannabis use Moderate SZ COMT*
AKT1*
FKBP5*

Positive Caspi et al., 2005; van Winkel,
2011; Zammit et al., 2011; Di Forti
et al., 2012; Vinkers et al., 2013;
Alemany et al., 2014; Power et al.,
2014; French et al., 2015

Low BD Not investigated Not investigated

*Outcome was psychosis. G×E references from candidate gene studies and PRS. Low, very few studies with no consistent findings/inconclusive; Moderate, supported
by some studies (may be small samples and mixed results); High, replicated results, consistent findings, large studies conducted; Positive, studies support of G×E
interactions; Negative, studies do not support G×E interactions; Mixed, findings are inconsistent; HSV2, herpes simplex virus-2 in utero; CMV, cytomegalovirus –
in utero; GRIN2B, glutamate ionotropic receptor NMDA type subunit 2B; CTNNA3, catenin alpha 3; BDNF, brain-derived neurotrophic factor; COMT, catechol-O-
methyltransferase; AKT1, AKT serine/threonine kinase 1; FKBP5, FKBP prolyl isomerase 5; HLA-DR1, major histocompatibility complex, class II, DR beta 1; DRD4,
dopamine D4 receptor gene.

migration, urbanicity, cannabis use or ACEs (Table 1). Each of
these key exposures and their relation to genetic factors will be
discussed further.

Obstetric Complications
In systematic reviews, complications during pregnancy or
delivery, or abnormal fetal growth and development have been
associated with later development of SZ in offspring (Cannon
M. et al., 2002). However, associations between distinct OCs
and SZ are inconsistent across studies (Cannon M. et al., 2002)
and evidence for associations with BD is weak (Scott et al.,
2006). Oxygen insufficiency is a common feature across several
consistently associated OCs and there is support for fetal hypoxia
as an underlying mechanism from both observational studies
(Dalman et al., 2001; Cannon T. D. et al., 2002; Byrne et al.,
2007) and animal model studies (Boksa, 2004). For example,
perinatal asphyxia has been associated with over 4× increased
odds of SZ after controlling for other OCs, maternal psychosis,
and socioeconomic status in a Swedish study (Dalman et al.,
2001). Similarly, indicators of hypoxia, along with prematurity,

were also associated with SZ in data from the Danish registries
(Byrne et al., 2007). In the United States Collaborative Perinatal
Project, individuals with 3+ hypoxia-related OCs were over 5×
more likely to develop SZ compared to those with no hypoxia-
related OCs (Cannon et al., 2000). Furthermore, the effects of fetal
hypoxia are exacerbated in those born small for gestational age
(Cannon T. D. et al., 2002), which indicates interactions between
individual OCs, complicating interpretation of their effects.

Although there is limited evidence for a role of OCs in BD
(Scott et al., 2006), length of gestation may play a role. A recent
meta-analysis found that early (<37 weeks) or late gestational
age (>39–42 weeks) increased risk of BD (Rodriguez et al.,
2021), with one of the included studies finding a stronger risk
for extreme prematurity (<32 weeks’ gestation) (Nosarti et al.,
2012). As neither low nor high birth weight are associated with
BD in meta-analyses (Scott et al., 2006), these findings point
to an independent or confounding factor influencing pregnancy
duration, rather than fetal growth (Rodriguez et al., 2021).

Concurrent examination of OCs and later development
of psychiatric disorders was carried out in a small study
(n = 333) which found that inadequate weight gain in
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FIGURE 1 | Summary of the types of G×E interactions. (A) Genetic effect with no exposure effects, meaning the variation in disease probability is stable across a
range of environments; (B) Environmental effect with no genetic effects, meaning the variation in disease probability is stable across different genotypes; (C) Additive
effects occur when disease probability results from the addition of the genetic and environmental factors. The exposure results in the same degree of increase in
disease probability; (D) Interaction effects when genetic risk determines sensitivity to environmental factors. When there is no exposure, disease probability is low
regardless of genetic risk, but in the presence of an exposure, those with high genetic risk have markedly increased probability of disease.

mothers was positively associated with offspring development
of schizophrenia spectrum disorders, but negatively associated
with BD and major depression (Pugliese et al., 2019). Other
distinctions between the two were that schizophrenia spectrum
disorder was also positively associated with maternal stress,
infections, and peripartum asphyxia, while BD was associated
with a small head circumference (<32 cm) at birth.

The association between hypoxia-related OCs and SZ is
greater in those with higher genetic risk (Mittal et al., 2008),
and sibling studies have found a higher incidence of hypoxia-
related OCs in SZ patients compared to their siblings without SZ
(Cannon et al., 2000). Familial risk may also play a role in BD and
OCs, as Singh et al. (2007) found that children of parents with
BD may be at greater risk of OCs, compared to children of people
without BD. Low birth weight was independently associated with
increased risk of developing BD in offspring of parents with this
disorder (Wals et al., 2003).

Methodological differences hinder inferences from the OC
studies. Some examine the wide range of complications

individually using definitions which often vary between studies,
while others aggregate several OCs into a composite score. For
individual OCs, the lack of standardization contributes to the
inconsistent findings, and combining measures amplifies the
problem in addition to introducing the possibility that inclusion
of less harmful OCs in scores could dilute the overall effects.

One study reported a stronger association between a PRS
derived from SZ-associated SNPs and SZ in those with OCs
compared to those who did not experience OCs, with the most
significantly associated SNPs mapping to genes highly expressed
in placental tissue (Ursini et al., 2018). However, another study
which applied this approach in five independent samples found
no evidence that OCs interact with PRS or modulate the effect
of the PRS on risk of SZ (Vassos et al., 2021). Therefore, there
is currently insufficient evidence that OCs impact the association
between SZ and genomic risk.

Several candidate genes have been investigated for interaction
with OCs to modify risk of SZ, although reported interactions
have rarely replicated (Schmidt-Kastner et al., 2012). However,
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a significant interaction was reported for three SNPs within AKT
Serine/Threonine Kinase 1 (AKT1) (Nicodemus et al., 2008), one
of which was subsequently replicated in a small study, but only
in females (n = 67) (Joo et al., 2009). Future studies utilizing
significant SNPs derived from SZ and BD GWAS may provide
more comprehensive insights into G× E interactions for OCs.

Infections
Increasing evidence points to the involvement of the immune
system in the etiopathogenesis of psychiatric disorders. Several
infectious agents have been associated with SZ, including viral,
bacterial and parasitic infections (Arias et al., 2012), while
for BD evidence is mixed (Benros et al., 2013; Barichello
et al., 2016). When investigating broad groups of infections,
factors such as exposure timing, virulence, strain of infection,
and methods of assessing infections may lead to heterogeneity
in findings. In terms of specific infections implicated in
both SZ and BD, the strongest evidence is for Toxoplasma
gondii, which has been associated with 25–50% increased
odds of BD (Sutterland et al., 2015; de Barros et al., 2017),
and 80% increased odds of SZ (Sutterland et al., 2015).
T. gondii infection has also been associated with relevant
biological processes, including increased dopamine production
(Prandovszky et al., 2011), and pro-inflammatory factors related
to mania and neuropathologic disorders (Hamdani et al.,
2015). Behavioral alterations such as increased aggression
and impulsivity (Cook et al., 2015) and increased risk of
road traffic accidents (Gohardehi et al., 2018) have also
been documented.

The timing of an infection may also be important, and
pre- or perinatal elicitation of the immune response may be
particularly deleterious during this early stage of development.
In a seminal study of the 1957 Finnish influenza epidemic,
pregnant women exposed to the virus during their second
trimester had offspring with elevated risk of SZ (Mednick et al.,
1988). Although findings regarding maternal infections during
pregnancy have been mixed in meta-analyses, large register-based
studies using clinical infection diagnoses support associations
with SZ (Khandaker et al., 2012). Maternal bacterial infection
during pregnancy was strongly associated with psychosis in
offspring in a large United States study, with more severe
effects for multisystemic (compared to localized) infections,
and higher risk in males than females (Lee et al., 2020).
Similarly, exposure to any bacterial infection in the first
trimester increased risk of SZ in a Danish registry study
(Sørensen et al., 2008).

A large meta-analysis found that viral central nervous
system (CNS) infections in childhood were associated with
2.1× increased risk of adult SZ, but no significant increase
was observed for bacterial CNS infections (Khandaker
et al., 2012). These findings were substantiated by a large
Swedish register study of over one million individuals which
investigated the role of specific childhood CNS infections. No
evidence supporting a role for any bacterial CNS infections
was observed, but two serious viral infections, mumps and
cytomegalovirus, were associated with subsequent psychoses
(Dalman et al., 2008). Although the number of infections

was greater in urban areas, adjustment for this did not
influence the results.

For BD, a systematic review found mixed evidence for the role
of 10 perinatal infections (Barichello et al., 2016). The strongest
evidence was for T. gondii and cytomegalovirus (CMV) with
positive reports in 5 of 9, and 5 of 11 studies, respectively. In
a small sample from the Child Health and Development Study
birth cohort, a strong association between maternal influenza
infection and BD was reported using maternal medical records
(Parboosing et al., 2013) and for BD with psychotic features
using antibodies in maternal serum (Canetta et al., 2014). At
present, evidence for a role of perinatal infections in BD is
equivocal and investigations postnatally are also needed before
firm conclusions can be drawn.

When examining infections later in life, infection timing
needs to be considered to ascertain the direction of the effect,
as individuals with SZ and BD generally have higher morbidity
and lifestyle factors which increase susceptibility to infection
(Regier et al., 1990; Brown et al., 1999). Other factors associated
with increased likelihood of infections (e.g., stress, social
inequality, and urban living) may also contribute (Marketon
and Glaser, 2008; Semenza and Giesecke, 2008; Neiderud, 2015;
Pini et al., 2019).

Due to the diverse range of infections associated with
these disorders, a proposed mechanism underlying this effect
is inflammation. Inflammatory processes can impact neuronal
circuits, synaptic plasticity, reuptake of neurotransmitters
(e.g., serotonin, noradrenalin, and dopamine), and stimulation
of the hypothalamic–pituitary–adrenal (HPA) axis (Dantzer
et al., 2008). A pro-inflammatory cytokine profile has been
noted in SZ (Momtazmanesh et al., 2019) and BD patients
(Barbosa et al., 2014). Defects in innate immunity may stem
from genetic predisposition, or arise post-conception, or a
combination of both. For instance, the “two-hit” hypothesis
(Bayer et al., 1999), proposes that genetic or environmental
factors in early life (first hit) disrupt the CNS and increase
neurodevelopmental vulnerability to a ‘second hit’ later in
life (Maynard et al., 2001). An environmental ‘hit’ could
result from the direct mechanisms of a CNS infection or the
indirect effects of systemic inflammation in response to any
infection (Gardner et al., 2013; Benros and Mortensen, 2020). In
large-scale epidemiologic studies, positive associations between
autoimmune diseases and psychosis have been identified,
suggesting that there may be common inflammatory components
(Jeppesen and Benros, 2019).

A potential explanation for mixed results may be due to
the influence of familial risk and shared genetic-environmental
factors. Studies in Nordic countries which incorporated
familial medical information have found no overall increased
risk of psychosis in offspring following maternal infection
during pregnancy (Clarke et al., 2009; Nielsen et al., 2013;
Blomström et al., 2016). However, in mothers with a psychiatric
disorder (indicating genetic predisposition) and infection
during pregnancy there was increased psychosis risk for
the offspring (Clarke et al., 2009; Blomström et al., 2016).
Clarke et al. (2009) did not identify the same association for
paternal psychiatric disorder, suggesting that it is not overall
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genetic liability, but rather the acute effects of infections
during pregnancy in vulnerable mothers. These studies support
possible G×E interactions between familial risk for psychiatric
disorders and infections (Clarke et al., 2009; Nielsen et al., 2013;
Blomström et al., 2016), but additional research is needed to
explicitly test for this.

Genetic variation plays an essential role in the development
and functioning of the immune system (Knight, 2013). Multiple
lines of evidence support the role of immune genes in SZ (Ripke
et al., 2013; Pouget, 2018), suggesting that genetic variation in
immune response may underlie susceptibility to infections or
aberrant response to them which, in turn, increase risk for SZ.
Across several adult psychiatric disorders – including SZ and
BD – risk variants have been identified within multiple immune-
related pathways and processes (The Network and Pathway
Analysis Subgroup of the Psychiatric Genomics Consortium,
O’Dushlaine et al., 2015). A strong genetic correlation (rg = 0.5)
between susceptibility to infection and psychiatric disorders
generally was also found in a GWAS performed in a large Danish
cohort (n = 65,534), indicating shared genetic factors (Nudel
et al., 2019). In support of this, variation in the MHC region,
associated with susceptibility to infectious diseases (Matzaraki
et al., 2017), has been repeatedly associated with SZ (Bergen
et al., 2012; Mokhtari and Lachman, 2016; Ripke et al., 2020) and
recently also with BD (Mullins et al., 2020). In another Danish
study, SZ-PRS and a history of infections had independent effects
on the risk for SZ (Benros et al., 2016), suggesting that an
aggregated measure of genomic risk may inadequately capture
the portion of genetic variants mediating risk through interaction
with infectious agents.

There is also the possibility that individual SNPs may
interact with specific infections to increase risk. A GWAS
which aimed to identify gene variants that influence T. gondii
seropositivity and their relationship with SZ risk did not find
any genome-wide significant loci in two small samples, but
there were suggestive associations for two schizophrenia-
associated genes, CNTNAP2 and GABAR2 (Wang et al.,
2019). They did not find a higher prevalence of T. gondii
seropositivity in individuals with SZ compared to controls,
which suggests that risk genes for SZ may also be involved
in T. gondii susceptibility (rather than a causal relationship).
A genome-wide interaction survey found an interaction
between a SNP in the CTNNA3 gene and maternal CMV
infection increased risk of SZ (Børglum et al., 2014), and
was subsequently replicated (Avramopoulos et al., 2015).
Candidate gene studies have reported that maternal herpes
simplex virus 2 (HSV-2) interactions with GRIN2B increase
risk of SZ (Demontis et al., 2011), and for BD, toll-like receptor
2 (TLR2) polymorphisms reportedly interact with T. gondii
infection to increase risk (Oliveira et al., 2016). However,
independent replication would enhance the certainty of these
candidate gene results.

Overall, these findings suggest that infections could have a
direct or indirect role in triggering SZ and BD. Intriguingly,
there may be some overlap in genetic liability between infections
and psychiatric disorders, raising the possibility that immune-
related genes mediating susceptibility or response to infections

are indirectly risk genes for psychiatric disorders in a similar way
as genes associated with nicotine dependence increase risk for
lung cancer (Bierut, 2010).

Season of Birth
Numerous studies have found a higher incidence of SZ in
people born in the winter/spring months (Torrey et al., 1997;
Karlsson et al., 2019), with increased risk at higher latitudes
which are subject to greater seasonal variation (Davies et al.,
2003). Although a general trend for excess winter/spring births
has also been observed for BD, findings are fewer and less
consistent than those for SZ (Torrey et al., 1997; Tsuchiya
et al., 2003). In a systematic review, six out of nine studies
supported an association between a winter/spring birth and risk
of BD, but three other studies including one large study of
2.1 million individuals did not find evidence of an association
(Tsuchiya et al., 2003).

Within the United Kingdom biobank samples, neither
SZ-PRS nor SZ-associated CNVs were associated with
season or month of birth, suggesting this is not directly
genetically mediated (Escott-Price et al., 2019). However, it
has long been hypothesized that seasonal variation in viral
exposure, particularly influenza, may underlie the associations
between SZ and births early in the year. Interactions between
inflammation-related genetic variation in HLA genes (in
the human MHC complex) and season of birth have been
investigated in an attempt to support this hypothesis, with
conflicting findings for HLA-DR1 and winter birth in SZ
(Narita et al., 2000; Tochigi et al., 2002). However, there was
evidence of a significant interaction between IL-4 (but not
other cytokines) and season of birth on a milder diagnosis
within the schizophrenia spectrum disorders, schizotypy
(Alfimova et al., 2017).

For both SZ and BD, an interaction between the dopamine
D4 receptor gene (DRD4) and season of birth has been reported
(Chotai et al., 2003). Polymorphisms in MTHFR, TPH1, SLC6A4
have also been investigated in terms of season of birth and SZ,
but no significant interactions were identified (Chotai et al.,
2003; Muntjewerff et al., 2011). Other potential candidate genes
reportedly interacting with season of birth in terms of BD risk
include tryptophan hydroxylase (TPH1) (Chotai et al., 2003),
and the immune-related gene HLA-G (Debnath et al., 2013),
but as with most of the candidate gene studies, these have yet
to be replicated.

These genetic findings related to inflammatory genes
are consistent with the possibility that the relationship
between season of birth and SZ may be mediated by another
environmental risk factor with seasonal fluctuations and
immune-related processes. While infections have been most often
implicated in this, pregnancy and birth complications, sunlight
exposure, nutrition, temperature/weather or a combination of
these are all viable possibilities.

Migration
An increased risk of psychotic disorders, and SZ in
particular, in migrants has been identified in several studies
(Henssler et al., 2020). Some studies have found elevated risk
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even in 2nd generation migrants, suggesting that the increased
rate is not solely due to experiencing the stress of relocating itself,
but of the accompanying social and environmental differences
(Cantor-Graae and Selten, 2005). In contrast, elevated rates
of BD have not been consistently shown among migrants
(Swinnen and Selten, 2007) or their children (Cantor-Graae
and Pedersen, 2013). It is possible the effects of migration
may be related to specific clinical symptoms. For example, a
large study using data from Swedish national registers found
migrants had higher risk of psychotic disorders but lower risk
of BD without psychosis, compared to Swedish-born individuals
(Dykxhoorn et al., 2019).

There are many plausible, and potentially simultaneously
occurring, factors which could contribute to increased risk in
migrants, such as social factors (socioeconomic disadvantage,
discrimination, and social isolation) (Davies et al., 2009),
inadequate vitamin D levels (McGrath et al., 2010a), or
vulnerability to infection (Rechel et al., 2013). One prominent
theory is the social-defeat hypothesis, whereby social stressors,
which can be more common among marginalized, vulnerable,
socially-excluded or minority groups, may amplify an individual’s
underlying risk for developing a psychiatric disorder (Selten
et al., 2013). Risk may be related to having a visible minority
status, as migrants from Africa moving to places such as
Sweden, France, or Canada have highest risk of psychotic
disorders (Tortelli et al., 2014; Anderson et al., 2015; Dykxhoorn
et al., 2019). However, Finnish immigrants in Sweden have
2× greater incidence of SZ (Leão et al., 2006), indicating
that increased risk is also evident for migrants without visible
minority status. It has been proposed that patterns of risk
may represent an underlying gradient of discrimination in a
given country (McGrath, 2011), suggesting a substantial role
for social environment on risk for psychosis. A range of other
issues should also be considered, including factors related to
differential pathways to care, diagnostic inaccuracies due to
language and cultural differences, diagnostic bias, differences in
genetic risk, and potential confounding due to socioeconomic
factors.

No studies have investigated gene–environment interactions
between migration and SZ or BD. Trans-ancestry genetic
association studies for these disorders are still in nascent stages,
but as these mature to more fully capture genetic risk for SZ and
BD across populations, we will be better positioned to explore
how genetic risk interacts with migration in the development of
these disorders.

Urbanicity
Urbanicity refers to the impact of residing in an urban area
and is generally quantified based on population size or density.
A meta-analysis of observational studies supported that there
is increased risk of SZ for people living in urban areas
compared to more rural areas (Vassos et al., 2012). There
have been few studies investigating urbanicity in BD and
results are mixed. For example in two large Danish studies,
one supported an association for urbanicity at birth (Vassos
et al., 2016), while the other did not (Mortensen et al., 2003).

Urbanicity may be more strongly correlated with psychotic
symptoms, and has been associated with higher rates of BD
with psychosis, but not BD without psychosis (Kaymaz et al.,
2006). Myriad possibilities have been suggested to mediate
the association with urbanicity, such as the social (e.g., social
capital, economic stress, or social fragmentation) or physical
environment (e.g., air, noise, or light pollution) which require
further investigation (Krabbendam and Van Os, 2005; Allardyce
and Boydell, 2006).

Colodro-Conde et al. (2018) found that higher genetic risk
for SZ was associated with urban living in four distinct samples
from three countries. Using Mendelian randomization (MR),
they concluded that those with increased genetic liability to
SZ tend to reside in more densely populated urban areas and
attributed this to selective migration. Similarly, data from the
Danish registries also found that those with a higher PRS for
SZ were more likely to live in the capital compared to more
rural areas at age 15 (but not at birth), with attenuated, but still
persisting, risks after adjustment for parental history of mental
disorders (Paksarian et al., 2018).

In a large longitudinal cohort of children from the
United Kingdom-based Avon Longitudinal Study of Parents
and Children (ALSPAC) there was an association between
SZ-PRS and neighborhood deprivation – but not necessarily
more densely populated areas (Solmi et al., 2018). Similarly,
an association between SZ-PRS and neighborhood deprivation
was reported using data from Swedish registers, supporting the
genetic selection theory that genetic risk for SZ predicts residence
in deprived neighborhoods (Sariaslan et al., 2016). This indicates
further work is necessary to examine the nuances of ‘urbanicity’
in greater depth, and the extent to which these associations are
driven by genetic risk factors (Sariaslan et al., 2016).

Overall, these results suggest that underlying genetic risk
may act in combination with urbanicity to increase risk of
SZ, but perhaps not through a G×E interaction. More likely
scenarios involve either active gene–environment correlation,
in which people with increased genetic risk for SZ select an
urban environment to live in, or a passive gene–environment
correlation, whereby the association is driven by the genotype
a child inherits from their parents who also determine their
environment. Additional studies investigating these mechanisms
are needed, as well as more comprehensive investigation
of urbanicity and BD and the facets of urbanicity which
may confer risk.

Adverse Childhood Experiences
Childhood adversity has been extensively examined in the
context of both BD and SZ with the majority of studies
reporting positive associations (Matheson et al., 2013; Bailey
et al., 2018; Rowland and Marwaha, 2018). The definition of ACEs
across studies spans socioeconomic disadvantage, stressful life
events, and childhood trauma. While definitions of stressful life
events are highly heterogenous, common themes are: financial
difficulties, parental separation, police involvement, neglect,
physical/emotional abuse, or death of a family member. Although
many studies use retrospective questionnaires, less subjective
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measures from registry data have also found increased risk
(Wicks et al., 2005; Liang et al., 2016).

Childhood trauma is correlated with the severity of distinct
symptoms in psychotic disorders, as well as an earlier age of
onset in BD (Bailey et al., 2018; Rowland and Marwaha, 2018).
Risks tend to be highest for more severe stressful events, such
as the death of a first-degree relative, which are associated with
developing both SZ (Liang et al., 2016) and BD with psychosis
(Abel et al., 2014). Similarly, associations for BD may vary by type
of trauma and BD type: BD1 was more prevalent in those who
experienced sexual abuse, while experiencing emotional neglect
has been associated with developing BD2 (Watson et al., 2014;
Janiri et al., 2015).

Parental loss is associated with offspring psychosis irrespective
of a family history of psychiatric disorders (Liang et al., 2016).
However, a familial component may be evident for specific ACEs:
offspring of suicide decedents are at greater risk for suicide (as
well as psychotic disorders, drug disorders and violent criminal
convictions) than offspring of living parents (Wilcox et al., 2010).
Given that severe psychiatric disorders can influence parenting
capacity (Ranning et al., 2015) and even children of parents with
less severe mental illnesses are more likely to experience adversity
(Pierce et al., 2020), it is often difficult to disentangle the factors
contributing to psychiatric disorders.

The genetic and environmental effects of childhood trauma
may act independently, as a small United Kingdom-based study
did not find evidence of an interaction between SZ-PRS and
retrospectively reported ACEs (Trotta et al., 2016). However, in
individuals with high SZ-PRS, exposure to childhood adversity
was associated with subtle psychosis expression, and positive
and negative affect (Pries et al., 2020) which supports a possible
G×E mechanism. To date, only one study of 402 BD cases has
examined the effect of BD-PRS and childhood maltreatment
on the clinical expression of BD (Aas et al., 2020). A lower
BD-PRS was observed in individuals with BD diagnoses and
more severe childhood maltreatment, particularly for emotional
abuse, suggesting a possible additive relationship (Aas et al.,
2020). There was a significant interaction between BD-PRS and
childhood maltreatment with the risk of rapid cycling, but not
with other clinical features.

There have also been a handful of G×E interaction studies for
childhood trauma and psychiatric disorders involving candidate
genes. Lower levels of brain derived neurotropic factor (BDNF),
a neurotrophin which promotes growth and differentiation of
neurons during brain development as well as synaptic plasticity
and maintenance of neurons in adulthood, have been observed in
SZ (Buckley et al., 2011). Interactions between childhood trauma
and BDNF gene variants have been repeatedly shown in relation
to BD and schizophrenia spectrum disorders (Mondelli et al.,
2011; Aas et al., 2014; de Castro-Catala et al., 2016). Catechol-
O-methyltransferase (COMT), which encodes an enzyme which
catalyzes the breakdown of dopamine, has frequently been
investigated in relation to ACEs and also cannabis use (Modinos
et al., 2013). An interaction between childhood maltreatment
and COMT was reported in the later development of psychosis
(Vinkers et al., 2013), but this finding has not been consistently
replicated (Trotta et al., 2019). There is also some evidence of

interactions between early trauma and FKBP Prolyl Isomerase
5 (FKBP5) in mental disorders generally (Collip et al., 2013;
Daskalakis and Binder, 2015). Larger studies of genetic risk with
sufficient power to study distinct ACEs may provide further
insight into potential G×E mechanisms.

Cannabis Use
Cannabis use has been associated with increased risk of psychosis,
a symptom of SZ and often BD, across several studies and
populations (Marconi et al., 2016), and several longitudinal
studies report that cannabis use is associated with subsequent
development of SZ specifically (Arseneault et al., 2004). Few
studies have examined the relationship between cannabis and
BD, but one large longitudinal study found that weekly cannabis
use was associated with 2.5× increased incidence of BD
(Feingold et al., 2015).

Although cannabis use often co-occurs with the use of
other substances, prolonged cannabis use remains associated
with higher risk of psychotic symptoms after controlling
for use of other drugs at baseline (Kuepper et al., 2011).
Other substances, including cocaine/stimulant use have also
been independently associated with SZ (Giordano et al.,
2015). Associations across illicit drugs may be due to genetic
predisposition, shared risk factors, or common neurological
pathways (Agrawal et al., 2004; Khokhar et al., 2018). There are
comparatively few studies examining the relationship between
use of other illicit substances and psychosis; likely due to
the reliance on self-reported data, lower prevalences, and the
challenges in quantifying the exposure (i.e., potency, purity,
and frequency of use). As cannabis is the most widely used
recreational drug (WHO, 2018), understanding the mechanisms
underlying its associations with psychosis has the greatest
potential for harm reduction.

It has been suggested that cannabis use could be a
cause or consequence of psychosis, or even that bidirectional
relationships may exist. Giordano et al. (2015) found that
cannabis abuse (defined using medical diagnoses and criminal
convictions) 7 years prior to diagnosis of SZ was associated
with 2× increased risk, with higher odds for cannabis
use closer to diagnosis. Others have also found that in
individuals with no history of psychotic experiences, cannabis
use in adolescence precedes the onset of psychotic symptoms
(Kuepper et al., 2011). However, some people developing
psychosis may attempt to self-medicate with cannabis, even
though evidence suggests this may exacerbate symptoms in
patients with pre-existing psychiatric disorders. For example,
continued cannabis use is associated with higher relapse rates
in patients with psychosis (Schoeler et al., 2016), and with
exacerbation of manic symptoms in those with pre-existing BD
(Gibbs et al., 2015).

There is a significant genetic correlation between lifetime
cannabis use and both SZ (rg = 0.25) and BD (rg = 0.29) implying
some shared genetic etiology across common variants (Verweij
et al., 2017; Pasman et al., 2018). Furthermore, in a sample of
2,082 healthy individuals, SZ-PRS was positively associated with
self-reported cannabis use (Power et al., 2014), suggesting that
individuals with greater genetic predisposition to SZ use cannabis
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more frequently. They corroborated this finding in a sample of
twins: SZ-PRS burden was highest when both twins were users;
intermediate with one twin user; and was lowest if neither twin
reported cannabis use. MR has been used to formally discern the
causal direction between cannabis use and SZ onset: one study
found stronger evidence for a causal link from genetic liability to
SZ to cannabis use (Gage et al., 2017), while the other reported
the opposite (Vaucher et al., 2018). Additional studies with larger
samples will be required before a consistent picture emerges.
Overall, Convergent lines of evidence suggest some causal effects
of cannabis use on developing SZ, along with a degree of
genetic/familial confounding (Gillespie and Kendler, 2020).

French et al. (2015) investigated polygenic risk, cannabis
use, and brain imaging measures in 1,577 individuals from
three population-based adolescent and youth samples, and found
that a higher SZ-PRS was associated with decreased cortical
thickness, but only in males who used cannabis. As the age-
related trajectories of gray and white matter differ between males
and females during adolescence (Lenroot et al., 2007; Paus et al.,
2010), sex differences in vulnerability to environmental factors
over the course of brain development may also need to be
considered in combination with genetic risk.

Cannabis use alone is not a sufficient trigger for psychosis in
the general population; however, it could precipitate psychosis
in susceptible individuals. Interactions between cannabis use and
specific genes may help to explain the associations of cannabis
with psychotic disorders. An interaction between cannabis and
a SNP in the AKT1 gene, which encodes a protein kinase in
the dopamine signaling cascade, has been associated with a 2×
greater risk of being diagnosed with a psychiatric disorder in both
a sibling study (van Winkel, 2011) and a case-control study (Di
Forti et al., 2012). A few studies have identified G×E interactions
between cannabis use and variation in the COMT gene on
psychosis (Caspi et al., 2005; Vinkers et al., 2013; Alemany et al.,
2014), even though results have not always replicated (Zammit
et al., 2011). Although these candidate genes are intuitively
appealing due to their biological functions, examining the shared
genetic etiology between cannabis use and both BD and SZ
may be a more fruitful approach for uncovering specific genes
conferring vulnerability.

EMERGING RISK FACTORS

The most robust environmental risk factors are the main
focus of this review, but other exposures may emerge as key
environmental factors in the future as evidence for them mounts.
For example, air pollution is a well-established environmental
health hazard and carcinogen, with adverse effects that extend
beyond respiratory diseases and cancers (IARC Scientific,
2013), including neurological disorders such as Parkinson’s
and Alzheimer’s disease (Shi et al., 2020). Furthermore, as
proposed mechanisms for mediating the harmful effects of air
pollution include oxidative stress, systemic inflammation, and
neuroinflammation (Pope et al., 2004; Calderón-Garcidueñas
et al., 2008), it is reasonable to speculate that there may
be a link between air pollution and other disorders in

which these processes are implicated such as SZ and BD.
In Denmark, exposure to higher concentrations of ambient
nitrogen oxide pollutants in childhood was associated with
subsequent development of SZ and may account for some of
the association with urbanicity (Antonsen et al., 2020). Similarly,
in Sweden, neighborhood air pollution was positively associated
with medications dispensed for psychiatric disorders in children
and adolescents, although this was not evaluated specifically
in relation to SZ or BD (Oudin et al., 2016). In China, even
short-term exposure to ambient air pollution has been associated
with increased daily outpatient visits for SZ in adults with
and without prior SZ diagnoses (Liang et al., 2019). A recent
study evaluating risk from different types of environmental
pollutants was conducted for 151 million individuals in the
United States, and 1.4 million individuals in Denmark (Khan
et al., 2019). Taking into account urbanicity and socioeconomic
status, they found correlations between air pollution and BD
in both countries and also with SZ in Denmark. Although it
is the largest and most thorough study on air pollution to
date, additional evidence is needed before it can be conclusively
established as a risk factor for either disorder.

Additional research is also warranted examining the complex
and variable components of ambient air pollutants, as well
as indoor air pollutants such as fuels burned for cooking.
Cigarette smoke is an air pollutant with abundant evidence
of negative health effects, and these include some reports of
strong associations with SZ and BD (De Leon and Diaz, 2005;
Jackson et al., 2015). The effects are not limited to inhalation
of chemicals in tobacco smoke, as there is also evidence for a
modest association between non-affective psychosis and ‘snus’
(a smokeless tobacco product) (Munafò et al., 2016). The
association has generally been attributed to self-medication and
reverse causation (Quigley and MacCabe, 2019). Although this
may be true for some individuals, it cannot fully explain the
association, and there are a number of alternative biological and
genetic explanations (Quigley and MacCabe, 2019). Evidence
supports a shared genetic liability between both smoking and
psychosis (Kendler et al., 2015), as well as correlation between
genetic variants for SZ and nicotine dependence (Quach et al.,
2020). MR analyses also suggest a causal relationship between
smoking and both SZ and BD (Vermeulen et al., 2019; Wootton
et al., 2020). The growing literature in this area suggests
that nicotine/smoking will soon gain greater recognition as a
contributing risk factor for these disorders.

Traumatic brain injury (TBI) is reported to precede the
onset of a range of psychiatric conditions (Bryant et al., 2010),
including SZ and BD (Molloy et al., 2011; Orlovska et al., 2014),
although it is difficult to discern whether TBI causes psychiatric
symptoms or vice versa. Risk for TBI is greater in individuals
with a genetic predisposition to psychosis suggesting possible
genetic correlation (Molloy et al., 2011). In siblings discordant for
TBI before age 25, siblings who experienced TBI had twice the
risk of subsequent psychiatric inpatient hospitalization (Molloy
et al., 2011). However, it is not known whether they had higher
genetic risk for psychiatric disorders than their siblings without
these disorders or TBI. Since children and adolescents who
experience TBI have elevated risks of a wide range of medical
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and social problems in later life (Molloy et al., 2011), further
research is required to determine the mechanisms by which
these injuries contribute to subsequent problems, including the
development of SZ and BD.

Hearing impairment in childhood has been reported as a risk
factor for developing psychosis in adolescence (van der Werf
et al., 2010), and later life (Linszen et al., 2016), although there
was no evidence for an interaction with SZ-PRS (Guloksuz et al.,
2019). A connection between hearing impairment and BD has
not yet been examined, and the overall paucity of studies on this
topic makes it difficult to evaluate the validity of this potential
relationship at this time.

There is growing interest in nutritional medicine in psychiatry
and the relationship between nutrient deficiencies and psychiatric
disorders (Sarris et al., 2015). For example, folate is an
essential nutrient obtained from the diet, and there is evidence
of lower serum folate levels in individuals with BD and
SZ (Wang et al., 2016; Hsieh et al., 2019). Polymorphisms
in the methylenetetrahydrofolate reductase (MTHFR) gene, a
key enzyme in the folate cycle, may be partly driving this
association in SZ (Lewis et al., 2005; Yadav et al., 2016) and
BD (Peerbooms et al., 2011). Another example is Vitamin D,
a neurosteroid essential for brain development and function,
which is produced when skin is exposed to sunlight and
acquired through dietary sources (Cui et al., 2021). Low levels
of vitamin D are well-documented in SZ (Valipour et al., 2014),
but only occasionally reported in BD (Cereda et al., 2020).
Two studies report an association between neonatal vitamin
D deficiency and increased risk of SZ (McGrath et al., 2010b;
Eyles et al., 2018). This observation has been theorized to
underlie the associations between winter/spring births and SZ,
since maternal sun exposure would likely be low in the months
preceding birth. Vitamin D may also be relevant as a mediator
of the migration association with SZ, particularly for dark-
skinned individuals moving from regions with high sun exposure
to less sunny areas (Eyles et al., 2013). However, definitive
associations with developing SZ have not yet been shown, and
little research has been conducted for BD. Furthermore, most
studies on nutrient deficiencies have been cross-sectional and
additional prospective studies are required to assess potential
causal relationships with SZ or BD.

SUMMARY AND FUTURE DIRECTIONS

Several environmental exposures have been investigated in terms
of SZ and BD risk, and there is moderate evidence that ACEs
and certain types of infections are risk factors for both. For
winter/spring birth, OCs, migration, urbanicity, and cannabis
use, however, more robust associations have only been identified
for SZ. Undoubtedly, the research for BD lags behind the larger
body of work for SZ, and it remains unclear whether the
reported differences in environmental risk between BD and SZ
are due to sample size and methodological differences, or true
etiological distinctions. For both disorders, evidence implicating
other exposures such as air pollution and nicotine/smoking is
still growing, while still other exposures may yet be discovered.

Only a small fraction of environmental variables that individuals
are exposed to have been investigated, and, in time, more
environmental risk factors for SZ and BD will likely come to light.

One possibility for inconsistent associations, particularly for
BD, is that some risk factors may be related to specific disease
types or symptoms. For instance, while the evidence for urban
environmental risk is stronger for SZ (Krabbendam and Van
Os, 2005) than for BD in general, there was an association
between urban residence and BD1 but not BD2 (Kaymaz et al.,
2006) which suggests that urbanicity could be conferring risk
for symptoms that are common across SZ and BD1. Similarly,
childhood trauma has been associated with increased risk for
both SZ and BD, with evidence suggesting a higher prevalence
of BD1 in those who experienced sexual abuse, while BD2 is
more prevalent following emotional neglect (Watson et al., 2014;
Janiri et al., 2015). Similarly, several studies across multiple
environmental domains, but most notably for cannabis use,
examined psychosis as an outcome. Since psychosis is much more
common in BD1 than BD2 (and a defining characteristic of SZ),
this also has stratifying effects. Therefore, studies which pool
together psychosis, BD types, and types of ACEs may dilute or
miss associations.

Sex differences in the prevalence and manifestation of SZ
and BD have been widely investigated, but rarely with regard
to environmental risk. For some exposures, the rates may differ
between the sexes. For example, there is higher reported cannabis
use (Hasin et al., 2015) and increased susceptibility to infections
in early life in males (WHO, 2007). The effect of an exposure
can also differ between the sexes. Despite a lower prevalence of
cannabis use disorder, females who do have this disorder have
increased risk of BD compared to males (Khan et al., 2013).
Furthermore, the immune response to infections differs between
the sexes (van Lunzen and Altfeld, 2014), which has ramifications
for how these processes may mediate risk for SZ and BD. It is
also well documented that male sex is associated with worse pre-
and perinatal outcomes (Di Renzo et al., 2007). However, there
is mixed evidence as to whether OCs confer higher risk of SZ in
males compared to females (Verdoux et al., 1997; Dalman et al.,
1999), or just result in earlier age of onset in males (Kirov et al.,
1996). As larger studies of environmental measures impacting SZ
and BD are conducted, separate estimations of their effects on
men and women should be assessed.

Complex disorders arise due to intertwined genetic and
environmental influences, and myriad constellations of risk
are possible (Figure 2). For instance, people who experience
childhood trauma are more likely to compound their risk
by using cannabis (Harley et al., 2010). For winter/spring
birth, infections, and urbanicity there are several overlapping
aspects: there are seasonal fluctuations in most communicable
diseases, and there is greater spread of infections in more
densely populated urban areas. Then there is the consideration
that the risk-increasing effects of urbanicity for psychosis
are greater for those with familial risk of psychotic disorder
(Van Os et al., 2003). Therefore, familial risk and several
environmental factors could have additive or synergistic effects
on increasing the risk for psychiatric disorders. To dissect these
more complex, multifactorial relationships requires specialized
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FIGURE 2 | Hypothesized relationships between risk factors and genetics in the development of schizophrenia and bipolar disorder. Genetic factors present from
birth may interact with environmental factors across the life course to increase the risk of SZ and BD. There may also be complex interrelationships between the
environmental risk factors. Dashed lines indicate potential relationships between the identified environmental risk factors. OCs, obstetric complications; ACEs,
adverse childhood experiences; SNPs, single nucleotide polymorphisms; CNVs, copy number variants.

statistical methods, such as structural equation modeling, as well
as large, well-characterized cohorts.

Environmental risk factors are not acting in isolation, and
investigations of genetic context as a modifying factor have
evolved over time. Studies incorporating both genetic data and
environmental risk have historically been hindered by insufficient
knowledge of the genetic markers conferring risk for SZ and BD.
Several candidate genes thought to confer risk for BD or SZ, but
demonstrating inconsistent associations, have been investigated
for some exposures in G×E interaction studies (Table 1). For
example, COMT is reported to interact with both cannabis and
ACEs in SZ (Vinkers et al., 2013), while BDNF interactions with
ACEs have been associated with both BD and SZ (Mondelli et al.,
2011; Aas et al., 2014; de Castro-Catala et al., 2016). As with
nearly all candidate gene association studies prior to the GWAS
era, these have rarely been replicated.

In comparison to environmental data, harmonization is more
attainable for genetic data which are fixed over time within
individuals and are more objectively quantifiable. Now that
GWAS using samples amalgamated across several studies have
revealed numerous loci with high confidence associations, these
loci can be tested for interactions with environmental exposures
individually or in aggregate (as PRS). Although much progress

has been made in identifying the genetic risk factors for both SZ
and BD, it is certain that additional genetic associations remain to
be discovered. The mechanisms of action linking genetic markers
to the behavioral changes characterizing these disorders also
require further investigation.

Power has been another key limitation of most prior G×E
research. Power calculations using sample sizes from previous
G × E studies suggest that some of the reported results may
represent false positives (Duncan and Keller, 2011). As larger
samples become available, well-powered interaction studies will
become feasible.

Some systematic changes to improve this field of research
are also warranted. Sampling bias is a common issue in
epidemiological research, and this area is no exception. For
example, individuals with higher SZ-PRS are more prone to drop
out of studies, leading these individuals to be underrepresented
and risk underestimated (Martin et al., 2016). Study designs
that are robust to this, such as nationally representative register-
based studies, could be used more often. There is growing
recognition that large electronic health record databases, and
in particular, national registers from Nordic countries which
hold rich, high-quality data, familial relationships, and cover the
entire population of a country, are excellent resources for use
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in psychiatric research (Allebeck, 2009). Another crucial bias to
address is the strong overrepresentation of people of European
ancestry in genetic research. Not only does this hinder application
of PRS beyond the study population from which the GWAS
was conducted, but the lack of diversity may also exacerbate
existing health disparities (Martin et al., 2019). Psychiatric GWAS
are increasingly incorporating a broader range of populations
(Fiorica and Wheeler, 2019; Lam et al., 2019; Bigdeli et al., 2020),
but more samples representing global diversity are needed.

In addition to elucidating the developmental origins of SZ
and BD, G×E interactions may partially explain the heritability
gap between twin studies and molecular heritability estimates.
Genetic variants discovered by GWAS so far account for a smaller
proportion of variance than was estimated in twin studies, with
heritability estimates of around 75 and 80% from twin studies
(Smoller and Finn, 2003; Sullivan et al., 2003), and 25 and 22%
SNP heritability for BD and SZ, respectively (Lee et al., 2013). One
plausible explanation is that GWAS are incompletely capturing
the large portion of risk from common variants with small
effect sizes, and entirely missing copy number variants and other
rare genetic variants (Manolio et al., 2009). Overestimation of
heritability in twin studies due to epistatic or epigenetic factors
is also possible (Trerotola et al., 2015). However, a key distinction
in family studies vs. individuals from the general population is
not only the shared genetic components, but also the considerable
sharing of environmental exposures.

The high degree of shared genetic risk between psychiatric
disorders (Bulik-Sullivan et al., 2015) raises the possibility that
environmental exposures could be determining factors for the
specific diagnoses that emerge. Few studies have attempted to test
this for SZ and BD by concurrently studying environmental risk
factors for these disorders, and large-scale, parallel investigations
of environmental risk are needed. Studies included in this
review used designs ranging from longitudinal register-based

population cohorts to cross-sectional studies with retrospective
assessments of exposures. The resulting heterogeneity in the
sample characteristics, psychiatric outcomes, exposure timings
and measurements has hindered interpretation of environmental
contributions to risk for BD and SZ. Concurrent examination
of BD and SZ will facilitate comparisons of how environmental
exposures act independently and in conjunction with genetic risk
to shape these diagnoses.

In summary, although some environmental risk factors have
been identified for SZ, few have been with certainty for BD, and
the extent to which these are shared remains largely unknown.
For both disorders, interactions between environmental and
genetic risk factors are also not well understood and merit further
investigation. Elucidating the mechanisms which give rise to
these related conditions may reveal opportunities for prevention
efforts and identify therapeutic targets. Further research is needed
to understand how environmental and genetic risk factors exert
their influences biologically to shape an individual’s propensity
for these disorders.

AUTHOR CONTRIBUTIONS

NR was responsible for the literature search, producing the
figures, and drafting and refining the manuscript. SB provided
supervision, critical feedback, and revision of the manuscript.
Both authors contributed to manuscript preparation and have
read and approved the submitted version.

FUNDING

This study was supported by a grant to SB from the United States
National Institute of Mental Health (# R01 MH122544).

REFERENCES
Aas, M., Bellivier, F., Bettella, F., Henry, C., Gard, S., Kahn, J. P., et al. (2020).

Childhood maltreatment and polygenic risk in bipolar disorders. Bipolar
Disord. 22, 174–181. doi: 10.1111/bdi.12851

Aas, M., Haukvik, U. K., Djurovic, S., Tesli, M., Athanasiu, L., Bjella, T., et al.
(2014). Interplay between childhood trauma and BDNF val66met variants
on blood BDNF mRNA levels and on hippocampus subfields volumes in
schizophrenia spectrum and bipolar disorders. J. Psychiatric Res. 59, 14–21.
doi: 10.1016/j.jpsychires.2014.08.011

Abel, K. M., Heuvelman, H. P., Jörgensen, L., Magnusson, C., Wicks, S., Susser,
E., et al. (2014). Severe bereavement stress during the prenatal and childhood
periods and risk of psychosis in later life: population based cohort study. BMJ
348, f7679–f7679. doi: 10.1136/bmj.f7679

Agrawal, A., Neale, M. C., Prescott, C. A., and Kendler, K. S. (2004). Cannabis and
other illicit drugs: comorbid use and abuse/dependence in males and females.
Behav. Genet. 34, 217–228. doi: 10.1023/b:bege.0000017868.07829.45

Alemany, S., Arias, B., Fatjó-Vilas, M., Villa, H., Moya, J., Ibáñez, M. I., et al. (2014).
Psychosis-inducing effects of cannabis are related to both childhood abuse
and COMT genotypes. Acta Psychiatr. Scand. 129, 54–62. doi: 10.1111/acps.
12108

Alfimova, M. V., Korovaitseva, G. I., Lezheiko, T. V., and Golimbet, V. E. (2017).
Interaction effects of season of birth and cytokine genes on schizotypal traits
in the general population. Schizophr. Res. Treatm. 2017:5763094. doi: 10.1155/
2017/5763094

Allardyce, J., and Boydell, J. (2006). Environment and schizophrenia: review: the
wider social environment and schizophrenia. Schizophr. Bull. 32, 592–598. doi:
10.1093/schbul/sbl008

Allebeck, P. (2009). The use of population based registers in psychiatric research.
Acta Psychiatr. Scand. 120, 386–391. doi: 10.1111/j.1600-0447.2009.01474.x

American Psychiatric Association (2013). Diagnostic and Statistical Manual of
Mental Disorders, 5th Edn. Arlington, VA: American Psychiatric Association.

Anderson, K. K., Cheng, J., Susser, E., McKenzie, K. J., and Kurdyak, P. (2015).
Incidence of psychotic disorders among first-generation immigrants and
refugees in Ontario. Cmaj 187, E279–E286.

Antonsen, S., Mok, P. L., Webb, R. T., Mortensen, P. B., McGrath, J. J., Agerbo, E.,
et al. (2020). Exposure to air pollution during childhood and risk of developing
schizophrenia: a national cohort study. Lancet Planet. Health 4, e64–e73.

Arias, I., Sorlozano, A., Villegas, E., Luna, J. D. D., McKenney, K., Cervilla, J.,
et al. (2012). Infectious agents associated with schizophrenia: a meta-analysis.
Schizophr. Res. 136, 128–136. doi: 10.1016/j.schres.2011.10.026

Arseneault, L., Cannon, M., Witton, J., and Murray, R. M. (2004). Causal
association between cannabis and psychosis: examination of the evidence. Br.
J. Psychiatry 184, 110–117. doi: 10.1192/bjp.184.2.110

Avramopoulos, D., Pearce, B. D., McGrath, J., Wolyniec, P., Wang, R., Eckart,
N., et al. (2015). Infection and inflammation in schizophrenia and bipolar
disorder: a genome wide study for interactions with genetic variation. PLoS One
10:e0116696. doi: 10.1371/journal.pone.0116696

Bailey, T., Alvarez-Jimenez, M., Garcia-Sanchez, A. M., Hulbert, C., Barlow,
E., and Bendall, S. (2018). Childhood trauma is associated with severity of

Frontiers in Genetics | www.frontiersin.org 12 June 2021 | Volume 12 | Article 686666

https://doi.org/10.1111/bdi.12851
https://doi.org/10.1016/j.jpsychires.2014.08.011
https://doi.org/10.1136/bmj.f7679
https://doi.org/10.1023/b:bege.0000017868.07829.45
https://doi.org/10.1111/acps.12108
https://doi.org/10.1111/acps.12108
https://doi.org/10.1155/2017/5763094
https://doi.org/10.1155/2017/5763094
https://doi.org/10.1093/schbul/sbl008
https://doi.org/10.1093/schbul/sbl008
https://doi.org/10.1111/j.1600-0447.2009.01474.x
https://doi.org/10.1016/j.schres.2011.10.026
https://doi.org/10.1192/bjp.184.2.110
https://doi.org/10.1371/journal.pone.0116696
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-686666 June 21, 2021 Time: 18:28 # 13

Robinson and Bergen Schizophrenia and Bipolar Environmental Risk

hallucinations and delusions in psychotic disorders: a systematic review and
meta-analysis. Schizophr. Bull. 44, 1111–1122. doi: 10.1093/schbul/sbx161

Barbosa, I. G., Machado-Vieira, R., Soares, J. C., and Teixeira, A. L. (2014). The
immunology of bipolar disorder. Neuroimmunomodulation 21, 117–122.

Barichello, T., Badawy, M., Pitcher, M., Saigal, P., Generoso, J., Goularte,
J., et al. (2016). Exposure to perinatal infections and bipolar disorder:
a systematic review. Curr. Mol. Med. 16, 106–118. doi: 10.2174/
1566524016666160126143741

Bayer, T. A., Falkai, P., and Maier, W. (1999). Genetic and non-genetic vulnerability
factors in schizophrenia: the basis of the" two hit hypothesis. J. Psychiatric Res.
33, 543–548. doi: 10.1016/s0022-3956(99)00039-4

Belbasis, L., Köhler, C. A., Stefanis, N., Stubbs, B., van Os, J., Vieta, E., et al. (2018).
Risk factors and peripheral biomarkers for schizophrenia spectrum disorders:
an umbrella review of meta-analyses. Acta Psychiatr. Scand. 137, 88–97. doi:
10.1111/acps.12847

Benros, M. E., Trabjerg, B. B., Meier, S., Mattheisen, M., Mortensen, P. B., Mors,
O., et al. (2016). Influence of polygenic risk scores on the association between
infections and schizophrenia. Biol. Psychiatry 80, 609–616. doi: 10.1016/j.
biopsych.2016.04.008

Benros, M. E., Waltoft, B. L., Nordentoft, M., Østergaard, S. D., Eaton, W. W.,
Krogh, J., et al. (2013). Autoimmune diseases and severe infections as risk
factors for mood disorders: a nationwide study. JAMA Psychiatry 70, 812–820.
doi: 10.1001/jamapsychiatry.2013.1111

Benros, M. E., and Mortensen, P. B. (2020). Role of infection, autoimmunity,
atopic disorders, and the immune system in schizophrenia: evidence from
epidemiological and genetic studies. Curr. Top Behav. Neurosci. 44, 141–159.
doi: 10.1007/7854_2019_93

Bergen, S. E., O’Dushlaine, C. T., Ripke, S., Lee, P. H., Ruderfer, D. M., Akterin,
S., et al. (2012). Genome-wide association study in a Swedish population yields
support for greater CNV and MHC involvement in schizophrenia compared
with bipolar disorder. Mol. Psychiatry 17, 880–886. doi: 10.1038/mp.2012.73

Bierut, L. J. (2010). Convergence of genetic findings for nicotine dependence and
smoking related diseases with chromosome 15q24-25. Trends Pharmacol. Sci.
31, 46–51. doi: 10.1016/j.tips.2009.10.004

Bigdeli, T. B., Genovese, G., Georgakopoulos, P., Meyers, J. L., Peterson, R. E.,
Iyegbe, C. O., et al. (2020). Contributions of common genetic variants to
risk of schizophrenia among individuals of African and Latino ancestry. Mol.
Psychiatry 25, 2455–2467. doi: 10.1038/s41380-019-0517-y

Blomström, Å, Karlsson, H., Gardner, R., Jörgensen, L., Magnusson, C., and
Dalman, C. (2016). Associations between maternal infection during pregnancy,
childhood infections, and the risk of subsequent psychotic disorder—a Swedish
Cohort study of nearly 2 million individuals. Schizophr. Bull. 42, 125–133.

Boksa, P. (2004). Animal models of obstetric complications in relation to
schizophrenia. Brain Res. Rev. 45, 1–17. doi: 10.1016/j.brainresrev.2004.01.001

Børglum, A., Demontis, D., Grove, J., Pallesen, J., Hollegaard, M. V., Pedersen, C.,
et al. (2014). Genome-wide study of association and interaction with maternal
cytomegalovirus infection suggests new schizophrenia loci. Mol. Psychiatry 19,
325–333. doi: 10.1038/mp.2013.2

Brainstorm Consortium (2018). Analysis of shared heritability in common
disorders of the brain. Science 360:eaa8757.

Brown, A. S. (2011). The environment and susceptibility to schizophrenia. Prog.
Neurobiol. 93, 23–58. doi: 10.1016/j.pneurobio.2010.09.003

Brown, S., Birtwistle, J., Roe, L., and Thompson, C. (1999). The unhealthy
lifestyle of people with schizophrenia. Psychol. Med. 29, 697–701. doi: 10.1017/
s0033291798008186

Bryant, R. A., O’donnell, M. L., Creamer, M., McFarlane, A. C., Clark, C. R., and
Silove, D. (2010). The psychiatric sequelae of traumatic injury. Am. J. Psychiatry
167, 312–320.

Buckley, P. F., Pillai, A., and Howell, K. R. (2011). Brain-derived neurotrophic
factor: findings in schizophrenia. Curr. Opin. Psychiatry 24, 122–127. doi:
10.1097/yco.0b013e3283436eb7

Bulik-Sullivan, B., Finucane, H. K., Anttila, V., Gusev, A., Day, F. R., Loh, P.-R.,
et al. (2015). An atlas of genetic correlations across human diseases and traits.
Nat. Genet. 47, 1236–1241. doi: 10.1038/ng.3406

Byrne, M., Agerbo, E., Bennedsen, B., Eaton, W. W., and Mortensen, P. B. (2007).
Obstetric conditions and risk of first admission with schizophrenia: a Danish
national register based study. Schizophr. Res. 97, 51–59. doi: 10.1016/j.schres.
2007.07.018

Calderón-Garcidueñas, L., Solt, A. C., Henríquez-Roldán, C., Torres-Jardón, R.,
Nuse, B., Herritt, L., et al. (2008). Long-term air pollution exposure is associated
with neuroinflammation, an altered innate immune response, disruption of
the blood-brain barrier, ultrafine particulate deposition, and accumulation of
amyloid β-42 and α-synuclein in children and young adults. Toxicol. Pathol. 36,
289–310. doi: 10.1177/0192623307313011

Canetta, S. E., Bao, Y., Co, M. D. T., Ennis, F. A., Cruz, J., Terajima, M., et al. (2014).
Serological documentation of maternal influenza exposure and bipolar disorder
in adult offspring. Am. J. Psychiatry 171, 557–563. doi: 10.1176/appi.ajp.2013.
13070943

Cannon, M., Jones, P. B., and Murray, R. M. (2002). Obstetric complications
and schizophrenia: historical and meta-analytic review. Am. J. Psychiatry 159,
1080–1092. doi: 10.1176/appi.ajp.159.7.1080

Cannon, T. D., Rosso, I. M., Hollister, J. M., Bearden, C. E., Sanchez, L. E.,
and Hadley, T. (2000). A prospective cohort study of genetic and perinatal
influences in the etiology of schizophrenia. Schizophr. Bull. 26, 351–366. doi:
10.1093/oxfordjournals.schbul.a033458

Cannon, T. D., van Erp, T. G., Rosso, I. M., Huttunen, M., Lönnqvist, J., Pirkola, T.,
et al. (2002). Fetal hypoxia and structural brain abnormalities in schizophrenic
patients, their siblings, and controls. Arch. Gen. Psychiatry 59, 35–41. doi:
10.1001/archpsyc.59.1.35

Cantor-Graae, E., and Pedersen, C. B. (2013). Full spectrum of psychiatric disorders
related to foreign migration: a Danish population-based cohort study. JAMA
Psychiatry 70, 427–435. doi: 10.1001/jamapsychiatry.2013.441

Cantor-Graae, E., and Selten, J. P. (2005). Schizophrenia and migration: a meta-
analysis and review. Am. J. Psychiatry 162, 12–24. doi: 10.1176/appi.ajp.
162.1.12

Carney, C. P., and Jones, L. E. (2006). Medical comorbidity in women and men
with bipolar disorders: a population-based controlled study. Psychosom. Med.
68, 684–691. doi: 10.1097/01.psy.0000237316.09601.88

Caspi, A., Moffitt, T. E., Cannon, M., McClay, J., Murray, R., Harrington, H.,
et al. (2005). Moderation of the effect of adolescent-onset cannabis use on adult
psychosis by a functional polymorphism in the catechol-O-methyltransferase
gene: longitudinal evidence of a gene X environment interaction. Biol.
Psychiatry 57, 1117–1127. doi: 10.1016/j.biopsych.2005.01.026

Cereda, G., Enrico, P., Ciappolino, V., Delvecchio, G., and Brambilla, P. (2020).
The role of vitamin D in bipolar disorder: epidemiology and influence on
disease activity. J. Affect. Disord. 278, 209–217. doi: 10.1016/j.jad.2020.09.
039

Chotai, J., Serretti, A., Lattuada, E., Lorenzi, C., and Lilli, R. (2003). Gene–
environment interaction in psychiatric disorders as indicated by season of
birth variations in tryptophan hydroxylase (TPH), serotonin transporter (5-
HTTLPR) and dopamine receptor (DRD4) gene polymorphisms. Psychiatry
Res. 119, 99–111. doi: 10.1016/s0165-1781(03)00112-4

Clarke, M. C., Tanskanen, A., Huttunen, M., Whittaker, J. C., and Cannon, M.
(2009). Evidence for an interaction between familial liability and prenatal
exposure to infection in the causation of schizophrenia. Am. J. Psychiatry 166,
1025–1030. doi: 10.1176/appi.ajp.2009.08010031

Collip, D., Myin-Germeys, I., Wichers, M., Jacobs, N., Derom, C., Thiery, E.,
et al. (2013). FKBP5 as a possible moderator of the psychosis-inducing effects
of childhood trauma. Br. J. Psychiatry 202, 261–268. doi: 10.1192/bjp.bp.112.
115972

Colodro-Conde, L., Couvy-Duchesne, B., Whitfield, J. B., Streit, F., Gordon, S.,
Kemper, K. E., et al. (2018). Association between population density and genetic
risk for schizophrenia. JAMA Psychiatry 75, 901–910.

Cook, T. B., Brenner, L. A., Cloninger, C. R., Langenberg, P., Igbide, A., Giegling,
I., et al. (2015). “Latent” infection with Toxoplasma gondii: association with
trait aggression and impulsivity in healthy adults. J. Psychiatric Res. 60, 87–94.
doi: 10.1016/j.jpsychires.2014.09.019

Coryell, W., Leon, A. C., Turvey, C., Akiskal, H. S., Mueller, T., and Endicott, J.
(2001). The significance of psychotic features in manic episodes: a report from
the NIMH collaborative study. J. Affect. Disord. 67, 79–88. doi: 10.1016/s0165-
0327(99)00024-5

Cui, X., McGrath, J. J., Burne, T. H., and Eyles, D. W. (2021). Vitamin D and
schizophrenia: 20 years on. Mol. Psychiatry [Epub ahead of print]. doi: 10.1038/
s41380-021-01025-0

Dalman, C., Allebeck, P., Cullberg, J., Grunewald, C., and Köster, M. (1999).
Obstetric complications and the risk of schizophrenia: a longitudinal study of a

Frontiers in Genetics | www.frontiersin.org 13 June 2021 | Volume 12 | Article 686666

https://doi.org/10.1093/schbul/sbx161
https://doi.org/10.2174/1566524016666160126143741
https://doi.org/10.2174/1566524016666160126143741
https://doi.org/10.1016/s0022-3956(99)00039-4
https://doi.org/10.1111/acps.12847
https://doi.org/10.1111/acps.12847
https://doi.org/10.1016/j.biopsych.2016.04.008
https://doi.org/10.1016/j.biopsych.2016.04.008
https://doi.org/10.1001/jamapsychiatry.2013.1111
https://doi.org/10.1007/7854_2019_93
https://doi.org/10.1038/mp.2012.73
https://doi.org/10.1016/j.tips.2009.10.004
https://doi.org/10.1038/s41380-019-0517-y
https://doi.org/10.1016/j.brainresrev.2004.01.001
https://doi.org/10.1038/mp.2013.2
https://doi.org/10.1016/j.pneurobio.2010.09.003
https://doi.org/10.1017/s0033291798008186
https://doi.org/10.1017/s0033291798008186
https://doi.org/10.1097/yco.0b013e3283436eb7
https://doi.org/10.1097/yco.0b013e3283436eb7
https://doi.org/10.1038/ng.3406
https://doi.org/10.1016/j.schres.2007.07.018
https://doi.org/10.1016/j.schres.2007.07.018
https://doi.org/10.1177/0192623307313011
https://doi.org/10.1176/appi.ajp.2013.13070943
https://doi.org/10.1176/appi.ajp.2013.13070943
https://doi.org/10.1176/appi.ajp.159.7.1080
https://doi.org/10.1093/oxfordjournals.schbul.a033458
https://doi.org/10.1093/oxfordjournals.schbul.a033458
https://doi.org/10.1001/archpsyc.59.1.35
https://doi.org/10.1001/archpsyc.59.1.35
https://doi.org/10.1001/jamapsychiatry.2013.441
https://doi.org/10.1176/appi.ajp.162.1.12
https://doi.org/10.1176/appi.ajp.162.1.12
https://doi.org/10.1097/01.psy.0000237316.09601.88
https://doi.org/10.1016/j.biopsych.2005.01.026
https://doi.org/10.1016/j.jad.2020.09.039
https://doi.org/10.1016/j.jad.2020.09.039
https://doi.org/10.1016/s0165-1781(03)00112-4
https://doi.org/10.1176/appi.ajp.2009.08010031
https://doi.org/10.1192/bjp.bp.112.115972
https://doi.org/10.1192/bjp.bp.112.115972
https://doi.org/10.1016/j.jpsychires.2014.09.019
https://doi.org/10.1016/s0165-0327(99)00024-5
https://doi.org/10.1016/s0165-0327(99)00024-5
https://doi.org/10.1038/s41380-021-01025-0
https://doi.org/10.1038/s41380-021-01025-0
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-686666 June 21, 2021 Time: 18:28 # 14

Robinson and Bergen Schizophrenia and Bipolar Environmental Risk

national birth cohort. Arch. Gen. Psychiatry 56, 234–240. doi: 10.1001/archpsyc.
56.3.234

Dalman, C., Allebeck, P., Gunnell, D., Harrison, G., Kristensson, K., Lewis, G.,
et al. (2008). Infections in the CNS during childhood and the risk of subsequent
psychotic illness: a cohort study of more than one million swedish subjects. Am.
J. Psychiatry 165, 59–65. doi: 10.1176/appi.ajp.2007.07050740

Dalman, C., Thomas, H. V., David, A. S., Gentz, J., Lewis, G., and Allebeck, P.
(2001). Signs of asphyxia at birth and risk of schizophrenia. Population-based
case-control study. Br. J. Psychiatry 179, 403–408. doi: 10.1192/bjp.179.5.403

Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W., and Kelley, K. W.
(2008). From inflammation to sickness and depression: when the immune
system subjugates the brain. Nat. Rev, Neurosci. 9, 46–56. doi: 10.1038/nrn2297

Daskalakis, N. P., and Binder, E. B. (2015). Schizophrenia in the spectrum of
gene–stress interactions: the FKBP5 example. Schizophr. Bull. 41, 323–329.
doi: 10.1093/schbul/sbu189

Davies, A. A., Basten, A., and Frattini, C. (2009). Migration: a social determinant
of the health of migrants. Eurohealth 16, 10–12.

Davies, G., Welham, J., Chant, D., Torrey, E. F., and McGrath, J. (2003).
A systematic review and meta-analysis of northern hemisphere season of
birth studies in schizophrenia. Schizophr. Bull. 29, 587–593. doi: 10.1093/
oxfordjournals.schbul.a007030

de Barros, J. L. V. M., Barbosa, I. G., Salem, H., Rocha, N. P., Kummer, A.,
Okusaga, O. O., et al. (2017). Is there any association between Toxoplasma
gondii infection and bipolar disorder? A systematic review and meta-analysis.
J. Affect. Disord. 209, 59–65. doi: 10.1016/j.jad.2016.11.016

de Castro-Catala, M., van Nierop, M., Barrantes-Vidal, N., Cristóbal-Narváez,
P., Sheinbaum, T., Kwapil, T. R., et al. (2016). ). Childhood trauma, BDNF
Val66Met and subclinical psychotic experiences. Attempt at replication in two
independent samples. J. Psychiatric Res. 83, 121–129. doi: 10.1016/j.jpsychires.
2016.08.014

De Leon, J., and Diaz, F. J. (2005). A meta-analysis of worldwide studies
demonstrates an association between schizophrenia and tobacco smoking
behaviors. Schizophr. Res. 76, 135–157. doi: 10.1016/j.schres.2005.02.010

Debnath, M., Busson, M., Jamain, S., Etain, B., Hamdani, N., Oliveira, J., et al.
(2013). The HLA-G low expressor genotype is associated with protection
against bipolar disorder. Hum. Immunol. 74, 593–597. doi: 10.1016/j.humimm.
2012.11.032

Demontis, D., Nyegaard, M., Buttenschøn, H. N., Hedemand, A., Pedersen,
C. B., Grove, J., et al. (2011). Association of GRIN1 and GRIN2A-D with
schizophrenia and genetic interaction with maternal herpes simplex virus-2
infection affecting disease risk. Am. J. Med. Genet. B Neuropsychiatr. Genet.
156b, 913–922. doi: 10.1002/ajmg.b.31234

Di Forti, M., Iyegbe, C., Sallis, H., Kolliakou, A., Falcone, M. A., Paparelli, A., et al.
(2012). Confirmation that the AKT1 (rs2494732) genotype influences the risk
of psychosis in cannabis users. Biol. Psychiatry 72, 811–816. doi: 10.1016/j.
biopsych.2012.06.020

Di Renzo, G. C., Rosati, A., Sarti, R. D., Cruciani, L., and Cutuli, A. M. (2007). Does
fetal sex affect pregnancy outcome? Gend. Med. 4, 19–30. doi: 10.1016/s1550-
8579(07)80004-0

Duncan, L. E., and Keller, M. C. (2011). A critical review of the first 10 years
of candidate gene-by-environment interaction research in psychiatry. Am. J.
Psychiatry 168, 1041–1049. doi: 10.1176/appi.ajp.2011.11020191

Dykxhoorn, J., Hollander, A. C., Lewis, G., Magnusson, C., Dalman, C., and
Kirkbride, J. B. (2019). Risk of schizophrenia, schizoaffective, and bipolar
disorders by migrant status, region of origin, and age-at-migration: a national
cohort study of 1.8 million people. Psychol. Med. 49, 2354–2363. doi: 10.1017/
s0033291718003227

Escott-Price, V., Smith, D. J., Kendall, K., Ward, J., Kirov, G., Owen,
M. J., et al. (2019). Polygenic risk for schizophrenia and season of birth
within the UK Biobank cohort. Psychol. Med. 49, 2499–2504. doi: 10.1017/
S0033291718000454

Eyles, D. W., Burne, T. H., and McGrath, J. J. (2013). Vitamin D, effects on
brain development, adult brain function and the links between low levels of
vitamin D and neuropsychiatric disease. Front. Neuroendocrinol. 34:47–64. doi:
10.1016/j.yfrne.2012.07.001

Eyles, D. W., Trzaskowski, M., Vinkhuyzen, A. A., Mattheisen, M., Meier, S.,
Gooch, H., et al. (2018). The association between neonatal vitamin D status and
risk of schizophrenia. Sci. Rep. 8, 1–8.

Feingold, D., Weiser, M., Rehm, J., and Lev-Ran, S. (2015). The association between
cannabis use and mood disorders: a longitudinal study. J. Affect. Disord. 172,
211–218. doi: 10.1016/j.jad.2014.10.006

Fiorica, P. N., and Wheeler, H. E. (2019). Transcriptome association studies
of neuropsychiatric traits in African Americans implicate PRMT7 in
schizophrenia. PeerJ 7:e7778. doi: 10.7717/peerj.7778

French, L., Gray, C., Leonard, G., Perron, M., Pike, G. B., Richer, L., et al. (2015).
Early cannabis use, polygenic risk score for schizophrenia and brain maturation
in adolescence. JAMA Psychiatry 72, 1002–1011. doi: 10.1001/jamapsychiatry.
2015.1131

Gage, S. H., Jones, H. J., Burgess, S., Bowden, J., Davey Smith, G., Zammit, S.,
et al. (2017). Assessing causality in associations between cannabis use and
schizophrenia risk: a two-sample Mendelian randomization study. Psychol.
Med. 47, 971–980. doi: 10.1017/S0033291716003172

Gardner, R., Dalman, C., Wicks, S., Lee, B., and Karlsson, H. (2013). Neonatal
levels of acute phase proteins and later risk of non-affective psychosis. Transl.
Psychiatry 3:e228. doi: 10.1038/tp.2013.5

Gibbs, M., Winsper, C., Marwaha, S., Gilbert, E., Broome, M., and Singh, S. P.
(2015). Cannabis use and mania symptoms: a systematic review and meta-
analysis. J. Affect. Disord. 171, 39–47. doi: 10.1016/j.jad.2014.09.016

Gillespie, N. A., and Kendler, K. S. (2020). Use of genetically informed methods
to clarify the nature of the association between cannabis use and risk for
schizophrenia. JAMA Psychiatry 78, 467–468. doi: 10.1001/jamapsychiatry.
2020.3564

Giordano, G. N., Ohlsson, H., Sundquist, K., Sundquist, J., and Kendler, K. S.
(2015). The association between cannabis abuse and subsequent schizophrenia:
a Swedish national co-relative control study. Psychol. Med. 45, 407–414. doi:
10.1017/s0033291714001524

Goes, F. S., Pirooznia, M., Parla, J. S., Kramer, M., Ghiban, E., Mavruk, S., et al.
(2016). Exome sequencing of familial bipolar disorder. JAMA Psychiatry 73,
590–597.

Gohardehi, S., Sharif, M., Sarvi, S., Moosazadeh, M., Alizadeh-Navaei, R., Hosseini,
S. A., et al. (2018). The potential risk of toxoplasmosis for traffic accidents: a
systematic review and meta-analysis. Exp. Parasitol. 191, 19–24. doi: 10.1016/j.
exppara.2018.06.003

Guloksuz, S., Pries, L.-K., Delespaul, P., Kenis, G., Luykx, J. J., Lin, B. D., et al.
(2019). Examining the independent and joint effects of molecular genetic
liability and environmental exposures in schizophrenia: results from the EUGEI
study. World Psychiatry 18, 173–182. doi: 10.1002/wps.20629

Hamdani, N., Daban-Huard, C., Lajnef, M., Gadel, R., Le Corvoisier, P., Delavest,
M., et al. (2015). Cognitive deterioration among bipolar disorder patients
infected by Toxoplasma gondii is correlated to interleukin 6 levels. J. Affect.
Disord. 179, 161–166. doi: 10.1016/j.jad.2015.03.038

Harley, M., Kelleher, I., Clarke, M., Lynch, F., Arseneault, L., Connor, D., et al.
(2010). Cannabis use and childhood trauma interact additively to increase
the risk of psychotic symptoms in adolescence. Psychol. Med. 40, 1627–1634.
doi: 10.1017/s0033291709991966

Hasin, D. S., Saha, T. D., Kerridge, B. T., Goldstein, R. B., Chou, S. P., Zhang,
H., et al. (2015). Prevalence of marijuana use disorders in the United States
between 2001-2002 and 2012-2013. JAMA Psychiatry 72, 1235–1242. doi: 10.
1001/jamapsychiatry.2015.1858

Henssler, J., Brandt, L., Müller, M., Liu, S., Montag, C., Sterzer, P., et al. (2020).
Migration and schizophrenia: meta-analysis and explanatory framework.
Eur. Arch. Psychiatry Clin. Neurosci. 270, 325–335. doi: 10.1007/s00406-019-
01028-7

Hsieh, Y.-C., Chou, L.-S., Lin, C.-H., Wu, H.-C., Li, D.-J., and Tseng, P.-T. (2019).
Serum folate levels in bipolar disorder: a systematic review and meta-analysis.
BMC Psychiatry 19:305. doi: 10.1186/s12888-019-2269-2

IARC Scientific (2013). Air Pollution and Cancer. Lyon: IARC
Scientific.

International Schizophrenia, Consortium, Purcell, S. M., Wray, N. R., Stone, J. L.,
Visscher, P. M., et al. (2009). Common polygenic variation contributes to risk
of schizophrenia and bipolar disorder. Nature 460, 748–752. doi: 10.1038/
nature08185

Jackson, J. G., Diaz, F. J., Lopez, L., and de Leon, J. (2015). A combined analysis
of worldwide studies demonstrates an association between bipolar disorder
and tobacco smoking behaviors in adults. Bipolar. Disord. 17, 575–597. doi:
10.1111/bdi.12319

Frontiers in Genetics | www.frontiersin.org 14 June 2021 | Volume 12 | Article 686666

https://doi.org/10.1001/archpsyc.56.3.234
https://doi.org/10.1001/archpsyc.56.3.234
https://doi.org/10.1176/appi.ajp.2007.07050740
https://doi.org/10.1192/bjp.179.5.403
https://doi.org/10.1038/nrn2297
https://doi.org/10.1093/schbul/sbu189
https://doi.org/10.1093/oxfordjournals.schbul.a007030
https://doi.org/10.1093/oxfordjournals.schbul.a007030
https://doi.org/10.1016/j.jad.2016.11.016
https://doi.org/10.1016/j.jpsychires.2016.08.014
https://doi.org/10.1016/j.jpsychires.2016.08.014
https://doi.org/10.1016/j.schres.2005.02.010
https://doi.org/10.1016/j.humimm.2012.11.032
https://doi.org/10.1016/j.humimm.2012.11.032
https://doi.org/10.1002/ajmg.b.31234
https://doi.org/10.1016/j.biopsych.2012.06.020
https://doi.org/10.1016/j.biopsych.2012.06.020
https://doi.org/10.1016/s1550-8579(07)80004-0
https://doi.org/10.1016/s1550-8579(07)80004-0
https://doi.org/10.1176/appi.ajp.2011.11020191
https://doi.org/10.1017/s0033291718003227
https://doi.org/10.1017/s0033291718003227
https://doi.org/10.1017/S0033291718000454
https://doi.org/10.1017/S0033291718000454
https://doi.org/10.1016/j.yfrne.2012.07.001
https://doi.org/10.1016/j.yfrne.2012.07.001
https://doi.org/10.1016/j.jad.2014.10.006
https://doi.org/10.7717/peerj.7778
https://doi.org/10.1001/jamapsychiatry.2015.1131
https://doi.org/10.1001/jamapsychiatry.2015.1131
https://doi.org/10.1017/S0033291716003172
https://doi.org/10.1038/tp.2013.5
https://doi.org/10.1016/j.jad.2014.09.016
https://doi.org/10.1001/jamapsychiatry.2020.3564
https://doi.org/10.1001/jamapsychiatry.2020.3564
https://doi.org/10.1017/s0033291714001524
https://doi.org/10.1017/s0033291714001524
https://doi.org/10.1016/j.exppara.2018.06.003
https://doi.org/10.1016/j.exppara.2018.06.003
https://doi.org/10.1002/wps.20629
https://doi.org/10.1016/j.jad.2015.03.038
https://doi.org/10.1017/s0033291709991966
https://doi.org/10.1001/jamapsychiatry.2015.1858
https://doi.org/10.1001/jamapsychiatry.2015.1858
https://doi.org/10.1007/s00406-019-01028-7
https://doi.org/10.1007/s00406-019-01028-7
https://doi.org/10.1186/s12888-019-2269-2
https://doi.org/10.1038/nature08185
https://doi.org/10.1038/nature08185
https://doi.org/10.1111/bdi.12319
https://doi.org/10.1111/bdi.12319
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-686666 June 21, 2021 Time: 18:28 # 15

Robinson and Bergen Schizophrenia and Bipolar Environmental Risk

Janiri, D., Sani, G., Danese, E., Simonetti, A., Ambrosi, E., Angeletti, G., et al.
(2015). Childhood traumatic experiences of patients with bipolar disorder type
I and type II. J. Affect. Disord. 175, 92–97. doi: 10.1016/j.jad.2014.12.055

Jeppesen, R., and Benros, M. E. (2019). Autoimmune diseases and psychotic
disorders. Front. Psychiatry 10:131. doi: 10.3389/fpsyt.2019.00131

Joo, E.-J., Lee, K.-Y., Jeong, S.-H., Roh, M.-S., Kim, S. H., Ahn, Y.-M., et al. (2009).
AKT1 gene polymorphisms and obstetric complications in the patients with
schizophrenia. Psychiatry Invest. 6, 102–107. doi: 10.4306/pi.2009.6.2.102

Karlsson, H., Dal, H., Gardner, R. M., Torrey, E. F., and Dalman, C. (2019). Birth
month and later diagnosis of schizophrenia. A population-based cohort study
in Sweden. J. Psychiatric Res. 116, 1–6. doi: 10.1016/j.jpsychires.2019.05.025

Kaymaz, N., Krabbendam, L., de Graaf, R., Nolen, W., Ten Have, M., and van
Os, J. (2006). Evidence that the urban environment specifically impacts on the
psychotic but not the affective dimension of bipolar disorder. Soc. Psychiatry
Psychiatr. Epidemiol. 41, 679–685. doi: 10.1007/s00127-006-0086-7

Kendler, K. S., Lönn, S. L., Sundquist, J., and Sundquist, K. (2015). Smoking and
schizophrenia in population cohorts of Swedish women and men: a prospective
co-relative control study. Am. J. Psychiatry 172, 1092–1100. doi: 10.1176/appi.
ajp.2015.15010126

Khan, A., Plana-Ripoll, O., Antonsen, S., Brandt, J., Geels, C., Landecker, H., et al.
(2019). Environmental pollution is associated with increased risk of psychiatric
disorders in the US and Denmark. PLoS Biol. 17:e3000353. doi: 10.1371/journal.
pbio.3000353

Khan, S. S., Secades-Villa, R., Okuda, M., Wang, S., Pérez-Fuentes, G., Kerridge,
B. T., et al. (2013). Gender differences in cannabis use disorders: results from the
national epidemiologic survey of alcohol and related conditions. Drug Alcohol.
Dependence 130, 101–108. doi: 10.1016/j.drugalcdep.2012.10.015

Khandaker, G. M., Zimbron, J., Dalman, C., Lewis, G., and Jones, P. B. (2012).
Childhood infection and adult schizophrenia: a meta-analysis of population-
based studies. Schizophr. Res. 139, 161–168. doi: 10.1016/j.schres.2012.05.023

Khokhar, J. Y., Dwiel, L. L., Henricks, A. M., Doucette, W. T., and Green, A. I.
(2018). The link between schizophrenia and substance use disorder: a unifying
hypothesis. Schizophr. Res. 194, 78–85. doi: 10.1016/j.schres.2017.04.016

Kilbourne, A. M., Morden, N. E., Austin, K., Ilgen, M., McCarthy, J. F., Dalack,
G., et al. (2009). Excess heart-disease-related mortality in a national study of
patients with mental disorders: identifying modifiable risk factors. Gen. Hosp.
Psychiatry 31, 555–563. doi: 10.1016/j.genhosppsych.2009.07.008

Kirov, G., Jones, P. B., Harvey, I., Lewis, S. W., Toone, B. K., Rifkin, L., et al.
(1996). Do obstetric complications cause the earlier age at onset in male
than female schizophrenics? Schizophr. Res. 20, 117–124. doi: 10.1016/0920-
9964(95)00063-1

Knight, J. C. (2013). Genomic modulators of the immune response. Trends Genet.
29, 74–83. doi: 10.1016/j.tig.2012.10.006

Krabbendam, L., and Van Os, J. (2005). Schizophrenia and urbanicity: a major
environmental influence—conditional on genetic risk. Schizophr. Bull. 31, 795–
799. doi: 10.1093/schbul/sbi060

Kuepper, R., van Os, J., Lieb, R., Wittchen, H.-U., Höfler, M., and Henquet,
C. (2011). Continued cannabis use and risk of incidence and persistence of
psychotic symptoms: 10 year follow-up cohort study. BMJ 342, d738–d738.
doi: 10.1136/bmj.d738

Lam, M., Chen, C.-Y., Li, Z., Martin, A. R., Bryois, J., Ma, X., et al. (2019).
Comparative genetic architectures of schizophrenia in East Asian and European
populations. Nat. Genet. 51, 1670–1678.

Lambert, T. J. R., Velakoulis, D., and Pantelis, C. (2003). Medical comorbidity in
schizophrenia. Med. J. Austr. 178(Suppl. 9), S67–S70. doi: 10.5694/j.1326-5377.
2003.tb05311.x

Leão, T. S., Sundquist, J., Frank, G., Johansson, L.-M., Johansson, S.-E., and
Sundquist, K. (2006). Incidence of schizophrenia or other psychoses in first-
and second-generation immigrants: a national cohort study. J. Nervous Ment.
Dis. 194, 27–33. doi: 10.1097/01.nmd.0000195312.81334.81

Lee, S. H., Ripke, S., Neale, B. M., Faraone, S. V., Purcell, S. M., Perlis, R. H., et al.
(2013). Genetic relationship between five psychiatric disorders estimated from
genome-wide SNPs. Nat. Genet. 45, 984–994. doi: 10.1038/ng.2711

Lee, Y. H., Cherkerzian, S., Seidman, L. J., Papandonatos, G. D., Savitz, D. A.,
Tsuang, M. T., et al. (2020). Maternal bacterial infection during pregnancy
and offspring risk of psychotic disorders: variation by severity of infection
and offspring sex. Am. J. Psychiatry 177, 66–75. doi: 10.1176/appi.ajp.2019.
18101206

Lenroot, R. K., Gogtay, N., Greenstein, D. K., Wells, E. M., Wallace, G. L., Clasen,
L. S., et al. (2007). Sexual dimorphism of brain developmental trajectories
during childhood and adolescence. Neuroimage 36, 1065–1073. doi: 10.1016/
j.neuroimage.2007.03.053

Lewis, S. J., Zammit, S., Gunnell, D., and Smith, G. D. (2005). A meta-analysis of
the MTHFR C677T polymorphism and schizophrenia risk. Am. J. Med. Genet.
Part B Neuropsych. Genet. 135, 2–4.

Liang, H., Olsen, J., Yuan, W., Cnattingus, S., Vestergaard, M., Obel, C., et al.
(2016). Early life bereavement and schizophrenia: a nationwide cohort study in
denmark and Sweden. Medicine 95:e2434. doi: 10.1097/MD.0000000000002434

Liang, Z., Xu, C., Cao, Y., Kan, H.-D., Chen, R.-J., Yao, C.-Y., et al. (2019). The
association between short-term ambient air pollution and daily outpatient visits
for schizophrenia: a hospital-based study. Environ. Pollut. 244, 102–108. doi:
10.1016/j.envpol.2018.09.142

Lichtenstein, P., Yip, B. H., Björk, C., Pawitan, Y., Cannon, T. D., Sullivan, P. F.,
et al. (2009). Common genetic determinants of schizophrenia and bipolar
disorder in Swedish families: a population-based study. Lancet 373, 234–239.
doi: 10.1016/S0140-6736(09)60072-6

Linszen, M. M. J., Brouwer, R. M., Heringa, S. M., and Sommer, I. E. (2016).
Increased risk of psychosis in patients with hearing impairment: review and
meta-analyses. Neurosci. Biobehav. Rev. 62, 1–20. doi: 10.1016/j.neubiorev.2015.
12.012

Malhotra, D., and Sebat, J. (2012). CNVs: harbingers of a rare variant revolution in
psychiatric genetics. Cell 148, 1223–1241. doi: 10.1016/j.cell.2012.02.039

Manolio, T. A., Collins, F. S., Cox, N. J., Goldstein, D. B., Hindorff, L. A., Hunter,
D. J., et al. (2009). Finding the missing heritability of complex diseases. Nature
461, 747–753.

Marangoni, C., Hernandez, M., and Faedda, G. L. (2016). The role of
environmental exposures as risk factors for bipolar disorder: a systematic review
of longitudinal studies. J. Affect. Disord. 193, 165–174. doi: 10.1016/j.jad.2015.
12.055

Marconi, A., Di Forti, M., Lewis, C. M., Murray, R. M., and Vassos, E. (2016).
Meta-analysis of the association between the level of cannabis use and risk of
psychosis. Schizophr. Bull. 42, 1262–1269. doi: 10.1093/schbul/sbw003

Marketon, J. I. W., and Glaser, R. (2008). Stress hormones and immune function.
Cell. Immunol. 252, 16–26. doi: 10.1016/j.cellimm.2007.09.006

Marshall, C. R., Howrigan, D. P., Merico, D., Thiruvahindrapuram, B., Wu,
W., Greer, D. S., et al. (2017). Contribution of copy number variants to
schizophrenia from a genome-wide study of 41,321 subjects. Nat. Genet. 49,
27–35. doi: 10.1038/ng.3725

Martin, A. R., Kanai, M., Kamatani, Y., Okada, Y., Neale, B. M., and Daly, M. J.
(2019). Clinical use of current polygenic risk scores may exacerbate health
disparities. Nat. Genet. 51, 584–591. doi: 10.1038/s41588-019-0379-x

Martin, J., Tilling, K., Hubbard, L., Stergiakouli, E., Thapar, A., Davey Smith, G.,
et al. (2016). Association of genetic risk for schizophrenia with nonparticipation
over time in a population-based cohort study. Am. J. Epidemiol. 183, 1149–1158.
doi: 10.1093/aje/kww009

Matheson, S., Shepherd, A. M., Pinchbeck, R., Laurens, K., and Carr, V. J. (2013).
Childhood adversity in schizophrenia: a systematic meta-analysis. Psychol. Med.
43, 225–238. doi: 10.1017/s0033291712000785

Matzaraki, V., Kumar, V., Wijmenga, C., and Zhernakova, A. (2017). The MHC
locus and genetic susceptibility to autoimmune and infectious diseases. Genome
Biol. 18:76. doi: 10.1186/s13059-017-1207-1

Maynard, T. M., Sikich, L., Lieberman, J. A., and LaMantia, A.-S. (2001). Neural
development, cell-cell signaling, and the “two-hit” hypothesis of schizophrenia.
Schizophr. Bull. 27, 457–476. doi: 10.1093/oxfordjournals.schbul.a006887

McGrath, J. (2011). Letter to the Editor: migrant status, vitamin D and risk of
schizophrenia. Psychol. Med. 41, 892–895. doi: 10.1017/s0033291710002448

McGrath, J., Saha, S., Chant, D., and Welham, J. (2008). Schizophrenia: a concise
overview of incidence, prevalence, and mortality. Epidemiol. Rev. 30, 67–76.
doi: 10.1093/epirev/mxn001

McGrath, J. J., Burne, T. H., Féron, F., Mackay-Sim, A., and Eyles, D. W. (2010a).
Developmental vitamin D deficiency and risk of schizophrenia: a 10-year
update. Schizophr. Bull. 36, 1073–1078. doi: 10.1093/schbul/sbq101

McGrath, J. J., Eyles, D. W., Pedersen, C. B., Anderson, C., Ko, P., Burne, T. H., et al.
(2010b). Neonatal vitamin D status and risk of schizophrenia: a population-
based case-control study. Arch. Gen. Psychiatry 67, 889–894. doi: 10.1001/
archgenpsychiatry.2010.110

Frontiers in Genetics | www.frontiersin.org 15 June 2021 | Volume 12 | Article 686666

https://doi.org/10.1016/j.jad.2014.12.055
https://doi.org/10.3389/fpsyt.2019.00131
https://doi.org/10.4306/pi.2009.6.2.102
https://doi.org/10.1016/j.jpsychires.2019.05.025
https://doi.org/10.1007/s00127-006-0086-7
https://doi.org/10.1176/appi.ajp.2015.15010126
https://doi.org/10.1176/appi.ajp.2015.15010126
https://doi.org/10.1371/journal.pbio.3000353
https://doi.org/10.1371/journal.pbio.3000353
https://doi.org/10.1016/j.drugalcdep.2012.10.015
https://doi.org/10.1016/j.schres.2012.05.023
https://doi.org/10.1016/j.schres.2017.04.016
https://doi.org/10.1016/j.genhosppsych.2009.07.008
https://doi.org/10.1016/0920-9964(95)00063-1
https://doi.org/10.1016/0920-9964(95)00063-1
https://doi.org/10.1016/j.tig.2012.10.006
https://doi.org/10.1093/schbul/sbi060
https://doi.org/10.1136/bmj.d738
https://doi.org/10.5694/j.1326-5377.2003.tb05311.x
https://doi.org/10.5694/j.1326-5377.2003.tb05311.x
https://doi.org/10.1097/01.nmd.0000195312.81334.81
https://doi.org/10.1038/ng.2711
https://doi.org/10.1176/appi.ajp.2019.18101206
https://doi.org/10.1176/appi.ajp.2019.18101206
https://doi.org/10.1016/j.neuroimage.2007.03.053
https://doi.org/10.1016/j.neuroimage.2007.03.053
https://doi.org/10.1097/MD.0000000000002434
https://doi.org/10.1016/j.envpol.2018.09.142
https://doi.org/10.1016/j.envpol.2018.09.142
https://doi.org/10.1016/S0140-6736(09)60072-6
https://doi.org/10.1016/j.neubiorev.2015.12.012
https://doi.org/10.1016/j.neubiorev.2015.12.012
https://doi.org/10.1016/j.cell.2012.02.039
https://doi.org/10.1016/j.jad.2015.12.055
https://doi.org/10.1016/j.jad.2015.12.055
https://doi.org/10.1093/schbul/sbw003
https://doi.org/10.1016/j.cellimm.2007.09.006
https://doi.org/10.1038/ng.3725
https://doi.org/10.1038/s41588-019-0379-x
https://doi.org/10.1093/aje/kww009
https://doi.org/10.1017/s0033291712000785
https://doi.org/10.1186/s13059-017-1207-1
https://doi.org/10.1093/oxfordjournals.schbul.a006887
https://doi.org/10.1017/s0033291710002448
https://doi.org/10.1093/epirev/mxn001
https://doi.org/10.1093/schbul/sbq101
https://doi.org/10.1001/archgenpsychiatry.2010.110
https://doi.org/10.1001/archgenpsychiatry.2010.110
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-686666 June 21, 2021 Time: 18:28 # 16

Robinson and Bergen Schizophrenia and Bipolar Environmental Risk

Mednick, S. A., Machon, R. A., Huttunen, M. O., and Bonett, D. (1988). Adult
schizophrenia following prenatal exposure to an influenza epidemic. Arch. Gen.
Psychiatry 45, 189–192. doi: 10.1001/archpsyc.1988.01800260109013

Merikangas, K. R., Jin, R., He, J.-P., Kessler, R. C., Lee, S., Sampson, N. A., et al.
(2011). Prevalence and correlates of bipolar spectrum disorder in the world
mental health survey initiative. Arch. Gen. Psychiatry 68, 241–251. doi: 10.1001/
archgenpsychiatry.2011.12

Mittal, V. A., Ellman, L. M., and Cannon, T. D. (2008). Gene-environment
interaction and covariation in schizophrenia: the role of obstetric
complications. Schizophr. Bull. 34, 1083–1094. doi: 10.1093/schbul/sbn080

Modinos, G., Iyegbe, C., Prata, D., Rivera, M., Kempton, M. J., Valmaggia, L. R.,
et al. (2013). Molecular genetic gene–environment studies using candidate
genes in schizophrenia: a systematic review. Schizophr. Res. 150, 356–365. doi:
10.1016/j.schres.2013.09.010

Mokhtari, R., and Lachman, H. M. (2016). The major histocompatibility complex
(MHC) in schizophrenia: a review. J. Clin. Cell. Immunol. 7:479. doi: 10.4172/
2155-9899.1000479

Molloy, C., Conroy, R. M., Cotter, D. R., and Cannon, M. (2011). Is traumatic
brain injury a risk factor for schizophrenia? A meta-analysis of case-controlled
population-based studies. Schizophr. Bull. 37, 1104–1110. doi: 10.1093/schbul/
sbr091

Momtazmanesh, S., Zare-Shahabadi, A., and Rezaei, N. (2019). Cytokine
alterations in schizophrenia: an updated review. Front. Psychiatry 10:892. doi:
10.3389/fpsyt.2019.00892

Mondelli, V., Cattaneo, A., Murri, M. B., Di Forti, M., Handley, R., Hepgul, N.,
et al. (2011). Stress and inflammation reduce BDNF expression in first-episode
psychosis: a pathway to smaller hippocampal volume. J. Clin. Psychiatry 72,
1677–1684. doi: 10.4088/jcp.10m06745

Mortensen, P. B., Pedersen, C. B., Melbye, M., Mors, O., and Ewald, H. (2003).
Individual and familial risk factors for bipolar affective disorders in Denmark.
Arch. Gen. Psychiatry 60, 1209–1215. doi: 10.1001/archpsyc.60.12.1209

Mullins, N., Forstner, A. J., O’Connell, K. S., Coombes, B., Coleman, J. R. I., Qiao,
Z., et al. (2020). Genome-wide association study of over 40,000 bipolar disorder
cases provides novel biological insights. medRxiv [Preprint]. doi: 10.1101/2020.
09.17.20187054

Munafò, M. R., Lönn, S. L., Sundquist, J., Sundquist, K., and Kendler, K. (2016).
Snus use and risk of schizophrenia and non-affective psychosis. Drug Alcohol.
Dependence 164, 179–182. doi: 10.1016/j.drugalcdep.2016.04.035

Muntjewerff, J.-W., Ophoff, R. A., Buizer-Voskamp, J. E., Strengman, E., den
Heijer, M., and Consortium, G. (2011). Effects of season of birth and a common
MTHFR gene variant on the risk of schizophrenia. Eur. Neuropsychopharmacol.
21, 300–305. doi: 10.1016/j.euroneuro.2010.10.001

Narita, K., Sasaki, T., Akaho, R., Okazaki, Y., Kusumi, I., Kato, T., et al. (2000).
Human leukocyte antigen and season of birth in Japanese patients with
schizophrenia. Am. J. Psychiatry 157, 1173–1175. doi: 10.1176/appi.ajp.157.7.
1173

Neiderud, C.-J. (2015). How urbanization affects the epidemiology of emerging
infectious diseases. Infect. Ecol. Epidemiol. 5, 27060–27060. doi: 10.3402/iee.v5.
27060

Nicodemus, K., Marenco, S., Batten, A., Vakkalanka, R., Egan, M., Straub,
R., et al. (2008). Serious obstetric complications interact with hypoxia-
regulated/vascular-expression genes to influence schizophrenia risk. Mol.
Psychiatry 13, 873–877. doi: 10.1038/sj.mp.4002153

Nielsen, P. R., Laursen, T. M., and Mortensen, P. B. (2013). Association between
parental hospital-treated infection and the risk of schizophrenia in adolescence
and early adulthood. Schizophr. Bull. 39, 230–237. doi: 10.1093/schbul/
sbr149

Nosarti, C., Reichenberg, A., Murray, R. M., Cnattingius, S., Lambe, M. P., Yin, L.,
et al. (2012). Preterm birth and psychiatric disorders in young adult life. Arch.
Gen. Psychiatry 69, 610–617.

Nudel, R., Wang, Y., Appadurai, V., Schork, A. J., Buil, A., Agerbo, E., et al.
(2019). A large-scale genomic investigation of susceptibility to infection and its
association with mental disorders in the Danish population. Transl. Psychiatry
9, 1–10.

Oliveira, J., Kazma, R., Le Floch, E., Bennabi, M., Hamdani, N., Bengoufa, D.,
et al. (2016). Toxoplasma gondii exposure may modulate the influence of TLR2
genetic variation on bipolar disorder: a gene–environment interaction study.
Int. J. Bipolar Disord. 4, 1–7.

Orlovska, S., Pedersen, M. S., Benros, M. E., Mortensen, P. B., Agerbo, E., and
Nordentoft, M. (2014). Head injury as risk factor for psychiatric disorders: a
nationwide register-based follow-up study of 113,906 persons with head injury.
Am. J. Psychiatry 171, 463–469. doi: 10.1176/appi.ajp.2013.13020190

Oudin, A., Bråbäck, L., Åström, D. O., Strömgren, M., and Forsberg, B.
(2016). Association between neighbourhood air pollution concentrations and
dispensed medication for psychiatric disorders in a large longitudinal cohort
of Swedish children and adolescents. BMJ Open 6:e010004. doi: 10.1136/
bmjopen-2015-010004

Paksarian, D., Trabjerg, B. B., Merikangas, K. R., Mors, O., Børglum, A. D.,
Hougaard, D. M., et al. (2018). The role of genetic liability in the association
of urbanicity at birth and during upbringing with schizophrenia in Denmark.
Psychol. Med. 48, 305–314. doi: 10.1017/s0033291717001696

Parboosing, R., Bao, Y., Shen, L., Schaefer, C. A., and Brown, A. S. (2013).
Gestational influenza and bipolar disorder in adult offspring. JAMA Psychiatry
70, 677–685. doi: 10.1001/jamapsychiatry.2013.896

Pasman, J. A., Verweij, K. J. H., Gerring, Z., Stringer, S., Sanchez-Roige, S., Treur,
J. L., et al. (2018). GWAS of lifetime cannabis use reveals new risk loci, genetic
overlap with psychiatric traits, and a causal effect of schizophrenia liability. Nat.
Neurosci. 21, 1161–1170. doi: 10.1038/s41593-018-0206-1

Paus, T., Nawaz-Khan, I., Leonard, G., Perron, M., Pike, G. B., Pitiot, A., et al.
(2010). Sexual dimorphism in the adolescent brain: role of testosterone and
androgen receptor in global and local volumes of grey and white matter. Horm.
Behav. 57, 63–75. doi: 10.1016/j.yhbeh.2009.08.004

Peerbooms, O. L., van Os, J., Drukker, M., Kenis, G., Hoogveld, L., De Hert, M.,
et al. (2011). Meta-analysis of MTHFR gene variants in schizophrenia, bipolar
disorder and unipolar depressive disorder: evidence for a common genetic
vulnerability? Brain Behav. Immun. 25, 1530–1543. doi: 10.1016/j.bbi.2010.12.
006

Pettersson, E., Larsson, H., and Lichtenstein, P. (2016). Common psychiatric
disorders share the same genetic origin: a multivariate sibling study of the
Swedish population. Mol. Psychiatry 21, 717–721. doi: 10.1038/mp.2015.116

Pierce, M., Abel, K. M., Muwonge, J. Jr., Wicks, S., Nevriana, A., Hope, H.,
et al. (2020). Prevalence of parental mental illness and association with
socioeconomic adversity among children in Sweden between 2006 and 2016:
a population-based cohort study. Lancet Public Health 5, e583–e591.

Pini, A., Stenbeck, M., Galanis, I., Kallberg, H., Danis, K., Tegnell, A., et al. (2019).
Socioeconomic disparities associated with 29 common infectious diseases in
Sweden, 2005-14: an individually matched case-control study. Lancet Infect. Dis.
19, 165–176. doi: 10.1016/s1473-3099(18)30485-7

Pope, C. A., Burnett, R. T., Thurston, G. D., Thun, M. J., Calle, E. E., Krewski, D.,
et al. (2004). Cardiovascular mortality and long-term exposure to particulate air
pollution - Epidemiological evidence of general pathophysiological pathways of
disease. Circulation 109, 71–77. doi: 10.1161/01.Cir.0000108927.80044.7f

Pouget, J. G. (2018). The emerging immunogenetic architecture of schizophrenia.
Schizophr. Bull. 44, 993–1004. doi: 10.1093/schbul/sby038

Power, R. A., Verweij, K. J., Zuhair, M., Montgomery, G. W., Henders, A. K., Heath,
A. C., et al. (2014). Genetic predisposition to schizophrenia associated with
increased use of cannabis. Mol. Psychiatry 19, 1201–1204. doi: 10.1038/mp.
2014.51

Prandovszky, E., Gaskell, E., Martin, H., Dubey, J. P., Webster, J. P., and McConkey,
G. A. (2011). The neurotropic parasite toxoplasma gondii increases dopamine
metabolism. PLoS One 6:e23866. doi: 10.1371/journal.pone.0023866

Pries, L.-K., Klingenberg, B., Menne-Lothmann, C., Decoster, J., van Winkel, R.,
Collip, D., et al. (2020). Polygenic liability for schizophrenia and childhood
adversity influences daily-life emotion dysregulation and psychosis proneness.
Acta Psychiatr. Scand. 141, 465–475. doi: 10.1111/acps.13158

Pugliese, V., Bruni, A., Carbone, E. A., Calabrò, G., Cerminara, G., Sampogna,
G., et al. (2019). Maternal stress, prenatal medical illnesses and obstetric
complications: risk factors for schizophrenia spectrum disorder, bipolar
disorder and major depressive disorder. Psychiatry Res. 271, 23–30. doi: 10.
1016/j.psychres.2018.11.023

Purcell, S. M., Moran, J. L., Fromer, M., Ruderfer, D., Solovieff, N., Roussos, P.,
et al. (2014). A polygenic burden of rare disruptive mutations in schizophrenia.
Nature 506, 185–190. doi: 10.1038/nature12975

Quach, B. C., Bray, M. J., Gaddis, N. C., Liu, M., Palviainen, T., Minica, C. C.,
et al. (2020). Expanding the genetic architecture of nicotine dependence and
its shared genetics with multiple traits. Nat. Commun. 11, 1–13.

Frontiers in Genetics | www.frontiersin.org 16 June 2021 | Volume 12 | Article 686666

https://doi.org/10.1001/archpsyc.1988.01800260109013
https://doi.org/10.1001/archgenpsychiatry.2011.12
https://doi.org/10.1001/archgenpsychiatry.2011.12
https://doi.org/10.1093/schbul/sbn080
https://doi.org/10.1016/j.schres.2013.09.010
https://doi.org/10.1016/j.schres.2013.09.010
https://doi.org/10.4172/2155-9899.1000479
https://doi.org/10.4172/2155-9899.1000479
https://doi.org/10.1093/schbul/sbr091
https://doi.org/10.1093/schbul/sbr091
https://doi.org/10.3389/fpsyt.2019.00892
https://doi.org/10.3389/fpsyt.2019.00892
https://doi.org/10.4088/jcp.10m06745
https://doi.org/10.1001/archpsyc.60.12.1209
https://doi.org/10.1101/2020.09.17.20187054
https://doi.org/10.1101/2020.09.17.20187054
https://doi.org/10.1016/j.drugalcdep.2016.04.035
https://doi.org/10.1016/j.euroneuro.2010.10.001
https://doi.org/10.1176/appi.ajp.157.7.1173
https://doi.org/10.1176/appi.ajp.157.7.1173
https://doi.org/10.3402/iee.v5.27060
https://doi.org/10.3402/iee.v5.27060
https://doi.org/10.1038/sj.mp.4002153
https://doi.org/10.1093/schbul/sbr149
https://doi.org/10.1093/schbul/sbr149
https://doi.org/10.1176/appi.ajp.2013.13020190
https://doi.org/10.1136/bmjopen-2015-010004
https://doi.org/10.1136/bmjopen-2015-010004
https://doi.org/10.1017/s0033291717001696
https://doi.org/10.1001/jamapsychiatry.2013.896
https://doi.org/10.1038/s41593-018-0206-1
https://doi.org/10.1016/j.yhbeh.2009.08.004
https://doi.org/10.1016/j.bbi.2010.12.006
https://doi.org/10.1016/j.bbi.2010.12.006
https://doi.org/10.1038/mp.2015.116
https://doi.org/10.1016/s1473-3099(18)30485-7
https://doi.org/10.1161/01.Cir.0000108927.80044.7f
https://doi.org/10.1093/schbul/sby038
https://doi.org/10.1038/mp.2014.51
https://doi.org/10.1038/mp.2014.51
https://doi.org/10.1371/journal.pone.0023866
https://doi.org/10.1111/acps.13158
https://doi.org/10.1016/j.psychres.2018.11.023
https://doi.org/10.1016/j.psychres.2018.11.023
https://doi.org/10.1038/nature12975
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-686666 June 21, 2021 Time: 18:28 # 17

Robinson and Bergen Schizophrenia and Bipolar Environmental Risk

Quigley, H., and MacCabe, J. H. (2019). The relationship between nicotine and
psychosis. Ther. Adv. Psychopharmacol. 9:2045125319859969.

Ranning, A., Laursen, T. M., Thorup, A., Hjorthøj, C., and Nordentoft, M. (2015).
Serious mental illness and disrupted caregiving for children: a nationwide,
register-based cohort study. J. Clin. Psychiatry 76, 1006–1014.

Rechel, B., Mladovsky, P., Ingleby, D., Mackenbach, J. P., and McKee, M. (2013).
Migration and health in an increasingly diverse Europe. Lancet 381, 1235–1245.
doi: 10.1016/s0140-6736(12)62086-8

Regier, D. A., Farmer, M. E., Rae, D. S., Locke, B. Z., Keith, S. J., Judd, L. L.,
et al. (1990). Comorbidity of mental disorders with alcohol and other drug
abuse: results from the Epidemiologic Catchment Area (ECA) study. Jama 264,
2511–2518. doi: 10.1001/jama.1990.03450190043026

Ripke, S., O’Dushlaine, C., Chambert, K., Moran, J. L., Kähler, A. K., Akterin, S.,
et al. (2013). Genome-wide association analysis identifies 13 new risk loci for
schizophrenia. Nat. Genet. 45, 1150–1159.

Ripke, S., Walters, J. T., O’Donovan, M. C., and Schizophrenia Working Group of
the Psychiatric Genomics Consortium (2020). Mapping genomic loci prioritises
genes and implicates synaptic biology in schizophrenia. medRxiv [Preprint].
doi: 10.1101/2020.09.12.20192922

Rodriguez, V., Alameda, L., Trotta, G., Spinazzola, E., Marino, P., Matheson, S. L.,
et al. (2021). Environmental risk factors in bipolar disorder and psychotic
depression: a systematic review and meta-analysis of prospective studies.
Schizophr. Bull. sbaa197. Advance online publication. doi: 10.1093/schbul/
sbaa197

Rowland, T. A., and Marwaha, S. (2018). Epidemiology and risk factors for bipolar
disorder. Ther. Adv. Psychopharmacol. 8, 251–269.

Sariaslan, A., Fazel, S., D’onofrio, B., Långström, N., Larsson, H., Bergen, S., et al.
(2016). Schizophrenia and subsequent neighborhood deprivation: revisiting
the social drift hypothesis using population, twin and molecular genetic data.
Transl. Psychiatry 6:e796. doi: 10.1038/tp.2016.62

Sarris, J., Logan, A. C., Akbaraly, T. N., Amminger, G. P., Balanzá-Martínez, V.,
Freeman, M. P., et al. (2015). Nutritional medicine as mainstream in psychiatry.
Lancet Psychiatry 2, 271–274. doi: 10.1016/s2215-0366(14)00051-0

Schmidt-Kastner, R., Van Os, J., Esquivel, G., Steinbusch, H., and Rutten, B. (2012).
An environmental analysis of genes associated with schizophrenia: hypoxia and
vascular factors as interacting elements in the neurodevelopmental model. Mol.
Psychiatry 17, 1194–1205. doi: 10.1038/mp.2011.183

Schoeler, T., Monk, A., Sami, M. B., Klamerus, E., Foglia, E., Brown, R., et al.
(2016). Continued versus discontinued cannabis use in patients with psychosis:
a systematic review and meta-analysis. Lancet Psychiatry 3, 215–225. doi: 10.
1016/s2215-0366(15)00363-6

Scott, J., McNeill, Y., Cavanagh, J., Cannon, M., and Murray, R. (2006). Exposure
to obstetric complications and subsequent development of bipolar disorder:
systematic review. Br. J. Psychiatry 189, 3–11. doi: 10.1192/bjp.bp.105.010579

Selten, J.-P., van der Ven, E., Rutten, B. P. F., and Cantor-Graae, E. (2013).
The social defeat hypothesis of schizophrenia: an update. Schizophr. Bull. 39,
1180–1186. doi: 10.1093/schbul/sbt134

Semenza, J. C., and Giesecke, J. (2008). Intervening to reduce inequalities in
infections in Europe. Am. J. Public Health 98, 787–792. doi: 10.2105/ajph.2007.
120329

Shi, L., Wu, X., Danesh Yazdi, M., Braun, D., Abu Awad, Y., Wei, Y., et al.
(2020). Long-term effects of PM(2·5) on neurological disorders in the American
Medicare population: a longitudinal cohort study. Lancet. Planetary Health 4,
e557–e565. doi: 10.1016/S2542-5196(20)30227-8

Singh, M. K., DelBello, M. P., Soutullo, C., Stanford, K. E., McDonough-Ryan, P.,
and Strakowski, S. M. (2007). Obstetrical complications in children at high risk
for bipolar disorder. J. Psychiatric Res. 41, 680–685. doi: 10.1016/j.jpsychires.
2006.02.009

Smoller, J. W., and Finn, C. T. (2003). Family, twin, and adoption studies of
bipolar disorder. Am. J. Med. Genet. C Semin. Med. Genet. 123C, 48–58. doi:
10.1002/ajmg.c.20013

Solmi, F., Lewis, G., Zammit, S., and Kirkbride, J. (2018). Polygenic risk for
schizophrenia and neighbourhood characteristics at birth: findings from a
UK longitudinal birth cohort. PsyArXiv [Preprint]. Available online at: https:
//psyarxiv.com/nsu32 (accessed November 20, 2020).

Sørensen, H. J., Mortensen, E. L., Reinisch, J. M., and Mednick, S. A. (2008).
Association between prenatal exposure to bacterial infection and risk of
Schizophrenia. Schizophr. Bull. 35, 631–637. doi: 10.1093/schbul/sbn121

Sullivan, P. F., Kendler, K. S., and Neale, M. C. (2003). Schizophrenia as a complex
trait: evidence from a meta-analysis of twin studies. Arch. Gen. Psychiatry 60,
1187–1192. doi: 10.1001/archpsyc.60.12.1187

Sutterland, A., Fond, G., Kuin, A., Koeter, M., Lutter, R., Van Gool, T., et al. (2015).
Beyond the association. T oxoplasma gondii in schizophrenia, bipolar disorder,
and addiction: systematic review and meta-analysis. Acta Psychiatr. Scand. 132,
161–179. doi: 10.1111/acps.12423

Swinnen, S. G., and Selten, J.-P. (2007). Mood disorders and migration: meta-
analysis. Br. J. Psychiatry 190, 6–10. doi: 10.1192/bjp.bp.105.020800

The Network and Pathway Analysis Subgroup of the Psychiatric Genomics
Consortium, O’Dushlaine, C., Rossin, L., Lee, P. H., Duncan, L., Parikshak,
N. N., et al. (2015). Psychiatric genome-wide association study analyses
implicate neuronal, immune and histone pathways. Nat. Neurosci. 18, 199–209.
doi: 10.1038/nn.3922

Tochigi, M., Ohashi, J., Umekage, T., Kohda, K., Hibino, H., Otowa, T., et al.
(2002). Human leukocyte antigen-A specificities and its relation with season
of birth in Japanese patients with schizophrenia. Neurosci. Lett. 329, 201–204.
doi: 10.1016/s0304-3940(02)00653-5

Torrey, E. F., Miller, J., Rawlings, R., and Yolken, R. H. (1997). Seasonality of births
in schizophrenia and bipolar disorder: a review of the literature. Schizophr. Res.
28, 1–38. doi: 10.1016/s0920-9964(97)00092-3

Tortelli, A., Morgan, C., Szoke, A., Nascimento, A., Skurnik, N., de Caussade,
E. M., et al. (2014). Different rates of first admissions for psychosis in migrant
groups in Paris. Soc. Psychiatry Psychiatr. Epidemiol. 49, 1103–1109. doi: 10.
1007/s00127-013-0795-7

Trerotola, M., Relli, V., Simeone, P., and Alberti, S. (2015). Epigenetic inheritance
and the missing heritability. Hum. Genomics 9:17. doi: 10.1186/s40246-015-
0041-3

Trotta, A., Iyegbe, C., Di Forti, M., Sham, P. C., Campbell, D. D., Cherny, S. S., et al.
(2016). Interplay between Schizophrenia polygenic risk score and childhood
adversity in first-presentation psychotic disorder: a pilot study. PLoS One
11:e0163319. doi: 10.1371/journal.pone.0163319

Trotta, A., Iyegbe, C., Yiend, J., Dazzan, P., David, A. S., Pariante, C., et al. (2019).
Interaction between childhood adversity and functional polymorphisms in the
dopamine pathway on first-episode psychosis. Schizophr. Res. 205, 51–57. doi:
10.1016/j.schres.2018.04.010

Tsuchiya, K. J., Byrne, M., and Mortensen, P. B. (2003). Risk factors in relation to an
emergence of bipolar disorder: a systematic review. Bipolar Disord. 5, 231–242.
doi: 10.1034/j.1399-5618.2003.00038.x

Ursini, G., Punzi, G., Chen, Q., Marenco, S., Robinson, J. F., Porcelli, A., et al.
(2018). Convergence of placenta biology and genetic risk for schizophrenia. Nat.
Med. 24, 792–801. doi: 10.1038/s41591-018-0021-y

Valipour, G., Saneei, P., and Esmaillzadeh, A. (2014). Serum vitamin D levels
in relation to schizophrenia: a systematic review and meta-analysis of
observational studies. J. Clin. Endocrinol. Metab. 99, 3863–3872. doi: 10.1210/
jc.2014-1887

van der Werf, M., Thewissen, V., Dominguez, M. D., Lieb, R., Wittchen, H., and
van Os, J. (2010). Adolescent development of psychosis as an outcome of
hearing impairment: a 10-year longitudinal study. Psychol. Med. 41, 477–485.
doi: 10.1017/s0033291710000978

van Lunzen, J., and Altfeld, M. (2014). Sex differences in infectious diseases-
common but neglected. J. Infect. Dis. 209(Suppl. 3), S79–S80. doi: 10.1093/
infdis/jiu159

Van Os, J., Hanssen, M., Bak, M., Bijl, R. V., and Vollebergh, W. (2003). Do
urbanicity and familial liability coparticipate in causing psychosis? Am. J.
Psychiatry 160, 477–482. doi: 10.1176/appi.ajp.160.3.477

van Winkel, R. (2011). Family-based analysis of genetic variation underlying
psychosis-inducing effects of cannabis: sibling analysis and proband follow-
up. Arch. Gen. Psychiatry 68, 148–157. doi: 10.1001/archgenpsychiatry.2010.
152

Vassos, E., Agerbo, E., Mors, O., and Pedersen, C. B. (2016). Urban–rural
differences in incidence rates of psychiatric disorders in Denmark. Br. J.
Psychiatry 208, 435–440. doi: 10.1192/bjp.bp.114.161091

Vassos, E., Pedersen, C. B., Murray, R. M., Collier, D. A., and Lewis, C. M. (2012).
Meta-analysis of the association of urbanicity with Schizophrenia. Schizophr.
Bull. 38, 1118–1123. doi: 10.1093/schbul/sbs096

Vassos, E., Kou, J., Tosato, S., Maxwell, J., Dennison, C. A., Legge, S. E., et al. (2021).
Lack of support for the genes by early environment interaction hypothesis in

Frontiers in Genetics | www.frontiersin.org 17 June 2021 | Volume 12 | Article 686666

https://doi.org/10.1016/s0140-6736(12)62086-8
https://doi.org/10.1001/jama.1990.03450190043026
https://doi.org/10.1101/2020.09.12.20192922
https://doi.org/10.1093/schbul/sbaa197
https://doi.org/10.1093/schbul/sbaa197
https://doi.org/10.1038/tp.2016.62
https://doi.org/10.1016/s2215-0366(14)00051-0
https://doi.org/10.1038/mp.2011.183
https://doi.org/10.1016/s2215-0366(15)00363-6
https://doi.org/10.1016/s2215-0366(15)00363-6
https://doi.org/10.1192/bjp.bp.105.010579
https://doi.org/10.1093/schbul/sbt134
https://doi.org/10.2105/ajph.2007.120329
https://doi.org/10.2105/ajph.2007.120329
https://doi.org/10.1016/S2542-5196(20)30227-8
https://doi.org/10.1016/j.jpsychires.2006.02.009
https://doi.org/10.1016/j.jpsychires.2006.02.009
https://doi.org/10.1002/ajmg.c.20013
https://doi.org/10.1002/ajmg.c.20013
https://psyarxiv.com/nsu32
https://psyarxiv.com/nsu32
https://doi.org/10.1093/schbul/sbn121
https://doi.org/10.1001/archpsyc.60.12.1187
https://doi.org/10.1111/acps.12423
https://doi.org/10.1192/bjp.bp.105.020800
https://doi.org/10.1038/nn.3922
https://doi.org/10.1016/s0304-3940(02)00653-5
https://doi.org/10.1016/s0920-9964(97)00092-3
https://doi.org/10.1007/s00127-013-0795-7
https://doi.org/10.1007/s00127-013-0795-7
https://doi.org/10.1186/s40246-015-0041-3
https://doi.org/10.1186/s40246-015-0041-3
https://doi.org/10.1371/journal.pone.0163319
https://doi.org/10.1016/j.schres.2018.04.010
https://doi.org/10.1016/j.schres.2018.04.010
https://doi.org/10.1034/j.1399-5618.2003.00038.x
https://doi.org/10.1038/s41591-018-0021-y
https://doi.org/10.1210/jc.2014-1887
https://doi.org/10.1210/jc.2014-1887
https://doi.org/10.1017/s0033291710000978
https://doi.org/10.1093/infdis/jiu159
https://doi.org/10.1093/infdis/jiu159
https://doi.org/10.1176/appi.ajp.160.3.477
https://doi.org/10.1001/archgenpsychiatry.2010.152
https://doi.org/10.1001/archgenpsychiatry.2010.152
https://doi.org/10.1192/bjp.bp.114.161091
https://doi.org/10.1093/schbul/sbs096
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-686666 June 21, 2021 Time: 18:28 # 18

Robinson and Bergen Schizophrenia and Bipolar Environmental Risk

the pathogenesis of Schizophrenia. Schizophr. Bull. sbab052. Advance online
publication. doi: 10.1093/schbul/sbab052

Vaucher, J., Keating, B. J., Lasserre, A. M., Gan, W., Lyall, D. M., Ward,
J., et al. (2018). Cannabis use and risk of schizophrenia: a Mendelian
randomization study. Mol. Psychiatry 23, 1287–1292. doi: 10.1038/mp.2016.
252

Verdoux, H., Geddes, J. R., Takei, N., Lawrie, S. M., Bovet, P., Eagles, J. M.,
et al. (1997). Obstetric complications and age at onset in schizophrenia: an
international collaborative meta-analysis of individual patient data. Am. J.
Psychiatry 154, 1220–1227. doi: 10.1176/ajp.154.9.1220

Vermeulen, J. M., Wootton, R. E., Treur, J. L., Sallis, H. M., Jones, H. J., Zammit,
S., et al. (2019). Smoking and the risk for bipolar disorder: evidence from
a bidirectional Mendelian randomisation study. Br. J. Psychiatry 218, 88–94.
doi: 10.1192/bjp.2019.202

Verweij, K. J., Abdellaoui, A., Nivard, M. G., Cort, A. S., Ligthart, L., Draisma,
H. H., et al. (2017). Genetic association between schizophrenia and cannabis
use. Drug Alcohol. Dependence 171, 117–121.

Vinkers, C. H., Van Gastel, W. A., Schubart, C. D., Van Eijk, K. R., Luykx,
J. J., Van Winkel, R., et al. (2013). The effect of childhood maltreatment and
cannabis use on adult psychotic symptoms is modified by the COMT Val158Met
polymorphism. Schizophr. Res. 150, 303–311. doi: 10.1016/j.schres.2013.07.
020

Wals, M., Reichart, C. G., Hillegers, M. H., Van Os, J., Verhulst, F. C., Nolen, W. A.,
et al. (2003). Impact of birth weight and genetic liability on psychopathology
in children of bipolar parents. J. Am. Acad. Child Adolesc. Psychiatry 42,
1116–1121. doi: 10.1097/01.chi.0000070242.24125.78

Wang, A. W., Avramopoulos, D., Lori, A., Mulle, J., Conneely, K., Powers, A.,
et al. (2019). Genome-wide association study in two populations to determine
genetic variants associated with Toxoplasma gondii infection and relationship
to schizophrenia risk. Prog. Neuro Psychopharmacol. Biol. Psychiatry 92, 133–
147. doi: 10.1016/j.pnpbp.2018.12.019

Wang, D., Zhai, J.-X., and Liu, D.-W. (2016). Serum folate levels in schizophrenia:
a meta-analysis. Psychiatry Res. 235, 83–89. doi: 10.1016/j.psychres.2015.11.045

Watson, S., Gallagher, P., Dougall, D., Porter, R., Moncrieff, J., Ferrier, I. N., et al.
(2014). Childhood trauma in bipolar disorder. Austr. N. Z. J. Psychiatry 48,
564–570.

WHO (2007). Addressing Sex and Gender in Epidemic-Prone Infectious Diseases.
Geneva: WHO.

WHO (2018). Management of Substance Abuse. Available online at: http://www.
who.int/substance_abuse/facts/cannabis/en/ (accessed 03/05/2021).

Wicks, S., Hjern, A., Gunnell, D., Lewis, G., and Dalman, C. (2005). Social adversity
in childhood and the risk of developing psychosis: a national cohort study. Am.
J. Psychiatry 162, 1652–1657. doi: 10.1176/appi.ajp.162.9.1652

Wilcox, H. C., Kuramoto, S. J., Lichtenstein, P., Långström, N., Brent, D. A.,
and Runeson, B. (2010). Psychiatric morbidity, violent crime, and suicide
among children and adolescents exposed to parental death. J. Am. Acad.
Child Adolesc. Psychiatry 49, 514–523. doi: 10.1097/00004583-201005000-
00012

Wootton, R. E., Richmond, R. C., Stuijfzand, B. G., Lawn, R. B., Sallis, H. M., Taylor,
G. M., et al. (2020). Evidence for causal effects of lifetime smoking on risk for
depression and schizophrenia: a Mendelian randomisation study. Psychol. Med.
50, 2435–2443. doi: 10.1017/s0033291719002678

Yadav, U., Kumar, P., Gupta, S., and Rai, V. (2016). Role of MTHFR C677T gene
polymorphism in the susceptibility of schizophrenia: an updated meta-analysis.
Asian J. Psychiatry 20, 41–51. doi: 10.1016/j.ajp.2016.02.002

Zammit, S., Owen, M. J., Evans, J., Heron, J., and Lewis, G. (2011). Cannabis,
COMT and psychotic experiences. Br. J. Psychiatry 199, 380–385. doi: 10.1192/
bjp.bp.111.091421

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

The handling editor declared a past co-authorship with one of the authors SB.

Copyright © 2021 Robinson and Bergen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org 18 June 2021 | Volume 12 | Article 686666

https://doi.org/10.1093/schbul/sbab052
https://doi.org/10.1038/mp.2016.252
https://doi.org/10.1038/mp.2016.252
https://doi.org/10.1176/ajp.154.9.1220
https://doi.org/10.1192/bjp.2019.202
https://doi.org/10.1016/j.schres.2013.07.020
https://doi.org/10.1016/j.schres.2013.07.020
https://doi.org/10.1097/01.chi.0000070242.24125.78
https://doi.org/10.1016/j.pnpbp.2018.12.019
https://doi.org/10.1016/j.psychres.2015.11.045
http://www.who.int/substance_abuse/facts/cannabis/en/
http://www.who.int/substance_abuse/facts/cannabis/en/
https://doi.org/10.1176/appi.ajp.162.9.1652
https://doi.org/10.1097/00004583-201005000-00012
https://doi.org/10.1097/00004583-201005000-00012
https://doi.org/10.1017/s0033291719002678
https://doi.org/10.1016/j.ajp.2016.02.002
https://doi.org/10.1192/bjp.bp.111.091421
https://doi.org/10.1192/bjp.bp.111.091421
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Environmental Risk Factors for Schizophrenia and Bipolar Disorder and Their Relationship to Genetic Risk: Current Knowledge and Future Directions
	Introduction
	Environmental Risk Factors
	Obstetric Complications
	Infections
	Season of Birth
	Migration
	Urbanicity
	Adverse Childhood Experiences
	Cannabis Use

	Emerging Risk Factors
	Summary and Future Directions
	Author Contributions
	Funding
	References


