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Abstract

Background: Autism spectrum disorder (ASD) evolves from an interplay between genetic and environmental
factors during prenatal development. Since identifying maternal biomarkers associated with ASD risk in offspring
during early pregnancy might result in new strategies for intervention, we investigated maternal metabolic
biomarkers in relation to occurrence of ASD in offspring using both univariate logistic regression and multivariate
network analysis.

Methods: Serum samples from 100 women with an offspring diagnosed with ASD and 100 matched control
women with typically developing offspring were collected at week 14 of pregnancy. Concentrations of 62
metabolic biomarkers were determined, including amino acids, vitamins (A, B, D, E, and K), and biomarkers related
to folate (vitamin B9) metabolism, lifestyle factors, as well as C-reactive protein (CRP), the kynurenine-tryptophan
ratio (KTR), and neopterin as markers of inflammation and immune activation.

Results: We found weak evidence for a positive association between higher maternal serum concentrations of
folate and increased occurrence of ASD (OR per 1 SD increase: 1.70, 95% CI 1.22–2.37, FDR adjusted P = 0.07).
Multivariate network analysis confirmed expected internal biochemical relations between the biomarkers. Neither
inflammation markers nor vitamin D3 levels, all hypothesized to be involved in ASD etiology, displayed associations
with ASD occurrence in the offspring.

Conclusions: Our findings suggest that high maternal serum folate status during early pregnancy may be
associated with the occurrence of ASD in offspring. No inference about physiological mechanisms behind this
observation can be made at the present time because blood folate levels may have complex relations with
nutritional intake, the cellular folate status and status of other B-vitamins. Therefore, further investigations, which
may clarify the potential role and mechanisms of maternal blood folate status in ASD risk and the interplay with
other potential risk factors, in larger materials are warranted.
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Background
Autism spectrum disorder (ASD) is a developmental
condition characterized by social communication and
interaction challenges alongside with repetitive, stereo-
typic, restricted interests, and behaviors causing different
levels of disability [1]. Over the last two decades, the
prevalence of ASD has increased considerably and is
now estimated to be 1–3% in high-income countries [2–
4]. A plethora of factors are discussed as an explanation
for this trend, among them changes in the diagnostic cri-
teria, increased awareness and access to care, improved
services, but also changes in environmental conditions,
micronutrient status, and maternal lifestyle [5–7]. Gen-
ome sequencing data indicate hundreds of potential
ASD risk genes, both rare and common variants [7–9].
Further, the systemic and central nervous system physi-
ology of ASD suggests a possible role of oxidative stress,
neuroinflammation, and mitochondrial alterations that
are likely to be influenced by gene-environment interac-
tions [10, 11]. In individuals with a genetic predispos-
ition, a range of environmental factors have been
proposed to increase ASD risk [7, 12]. Among them are
variations in maternal metabolism at pregnancy [13, 14].
Beside maternal metabolism, adverse health conditions
during early pregnancy such as viral infections, inflam-
mation, and immune activation are considered as risk
factors for psychiatric disorders in the offspring [15–19].
Environmental factors may act via epigenetic mecha-
nisms that are potentially modifiable and preventable
[20]; therefore, the understanding of such risk factors
may indicate a path to reduce incidence of ASD onset.
Previous studies were usually limited to one or two

metabolic factors such as body-mass index and result of
maternal diet and fatty acid metabolism [21–23], smok-
ing [24] vitamin D [25–34] and folate supplementation
[35–43], paracetamol [44, 45], valproic acid, thalidomide,
and antidepressants [13, 46, 47], and phthalates [48].
Maternal defects in one-carbon metabolism have also
been proposed to influence ASD risk [49–52]. So far,
however, no single factor has been identified to play a
leading role in the development of ASD [53–55], giving
support to the notion that autism has a complex and
multifactorial origin [56].
In the present paper, we investigate a comprehensive

panel of 62 serum biomarkers related to one-carbon me-
tabolism, inflammation, and life-style and fat-soluble vi-
tamins in first-trimester maternal blood samples. To the
best of our knowledge, there are no previous studies that
have simultaneously investigated a large spectrum of
metabolic markers in maternal blood in relation to ASD
risk in the offspring. Based on published literature, our
primary hypothesis was that low maternal folate and
vitamin D status and increased levels of markers of in-
flammation and immune activation such as C-reactive

protein (CRP), neopterin, and a higher kynurenine-
tryptophan ratio (KTR) might be associated with in-
creased risk of ASD in the offspring.
The potential impact of vitamin D on ASD onset has

been discussed extensively during the last two decades
[12, 57, 58]. Connection between vitamin D and ASD
onset give facts that individuals with ASD have been ob-
served to suffer from vitamin D deficiencies [59–62],
and vitamin D supplementation may improve their
socio-psychological status [63, 64]. Highest fraction of
children with ASD are born in the end of the summer,
that menaces that mothers had relatively lower vitamin
D levels at the first and second trimester of pregnancy
[65]. Numerous studies associate low vitamin D status
and/or lack vitamin D formation and supplementation
during pregnancy with an elevated risk of ASD in off-
spring in Sweden [32–34] and world-wide [25–29, 31].
In animals, vitamin D insufficiency leads to aberrant
brain development and autism-resembling behavior [66].
The ability of vitamin D to downregulate substances as-
sociated with a risk of ASD occurrence, such as free rad-
icals and heavy metals [67] and neurologically harmful
cytokines [68], to increase cellular levels of the anti-
oxidant glutathione [69] and its association with the
ability of the brain to recover after damage [70] connects
vitamin D deficiency with a possibility of increased risk
of ASD onset. ASD is supposed to be an inflammation-
connected disorder [18], with elevated cytokine levels in
the patients’ blood [71–73], altered mononuclear cell ac-
tivation [74, 75], astrocyte activation, and neuroinflam-
mation [76–80]. Vitamin D has an anti-inflammatory
activity [81–83], downregulates inflammation both in
immune and nervous systems [84], and normalizes
macrophage activity in peripheral blood in persons with
ASD [85]. Even direct influence of vitamin D on gene
expression cannot be ruled out as receptors for vitamin
D are broadly expressed throughout developing brain
tissue [86] and are known to regulate the synthesis of
many proteins involved in mammalian brain develop-
ment [87, 88].
Folate is a collective term for folic acid derivatives.

Pre-, periconceptional and first trimester pregnancy folic
acid supplementation is successfully used to prevent
neural tube defects [89]. Folate is transported into the
cell by proton-coupled folate transporter, reduced folate
carrier 1 and folate receptors (FRs). Four folate receptors
have been discovered until now. The folate receptor sub-
class 1 (FR1), also named FRα, is expressed during devel-
opment in placental, choroid, and neural plate cells.
Mouse embryos homozygote for the knock-out FRα
gene develop neural-tube defects and die before birth
[90]. Folate is involved in transmission of one-carbon
groups and thus synthesis of amino acids, nucleotides,
neurotransmitters synthesis, nuclear acids, and proteins.
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Folate-dependent homocysteine remethylation connects
folate with the transsulfuration pathway [91, 92]. Beside
its metabolic function, folate also has a direct influence
on immune system modulation [93, 94] and on gene ex-
pression regulation through FRα [95, 96]. In such way,
the alteration of cell folate levels may trigger the onset
of ASD through numerous processes in the developing
brain from DNA synthesis and cell proliferation to neu-
rotransmitters and other cell signal molecule synthesis,
lipid synthesis, membrane formation, and myelination.
Maternal folate levels during pregnancy may even cause
onset of ASD in children through immune system
modulation. More than a decade ago, it was suggested
that folic acid use by the mothers could been one of the
factors that increase the risk of ASD in children [97], an
observation confirmed by some [42, 43, 96, 98] but
rejected by other [35–39, 98] studies. It is important,
therefore, to explore the question further.
The sensitive period for ASD onset in humans is yet not

determined. As ASD is known to be accompanied by a
modified brain structure and connectivity [99, 100], the
risk for ASD is associated mostly with unfavorable events
in the second and third trimester of pregnancy when the
connections between neurons establish [100, 101]. How-
ever, there are suggestions that alterations in fetal brain
development at the end of the first–beginning of the
second trimester of pregnancy, a window of neuron pro-
duction and migration inside the developing brain, may
also cause ASD onset [13, 102] Therefore, we consider it
possible to use the pre-diagnostic maternal blood samples
collected during week 14 of pregnancy for our study.

Methods and material
Study population
Children born in Västerbotten County, northern
Sweden, with mothers who had been residing in Sweden
during the whole pregnancy period were eligible for the
study. A total of 393 children with an ICD-10 based
ASD diagnosis, born between 1996 and 2009 (Fig. 1 and
Table 1), were identified from medical records from the
Child and Adolescent Psychiatric Clinic in Västerbotten
County. The diagnostic procedure followed standards
from Child Neuropsychiatric specialized teams mainly
working in Child and Adolescent Psychiatry clinics and
Child rehabilitation centers. The diagnostic process in-
cluded medical history, current and past symptomatol-
ogy, and functional abilities according to parent and
teacher interviews as well as rating scales, child observa-
tion data, and psychological and medical tests. Children
were diagnosed according to DSM-IV [1] and met the
ICD-10 criteria for F 84.0 (Infantile autism), or F 84.5
(Asperger syndrome). Permission for using stored pre-
diagnostic blood samples was granted from 201 women
with an offspring diagnosed with ASD (Fig. 1). From the
population register of Västerbotten County, 400 typically
developing children, born between the years 1996 to
2009, were identified and asked to participate in the
study, and 147 mothers granted permission to use blood
samples (Fig. 1). Because the present investigation was
novel and feasibility of the sample material for analysis
of the proposed biomarkers had not been tested before,
the biobanks steering committee gave access to serum
samples from only 100 pregnant women who gave birth

Fig. 1 Study design
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to a child diagnosed subsequently with ASD (74 cases of
infantile autism, and 26 cases with Asperger syndrome)
and from 100 pregnant mothers giving birth to a typic-
ally developing child. Further requirements were that
the remnant volume in sample tubes should be at least
700 μL and that a maximum of 200 μL serum could be
used for the present project. Groups were matched by
year and month of childbirth.

Collection, storage of blood serum samples
The serum samples used in this study were obtained
from the Northern Sweden Maternity Cohort (NSMC)
founded in 1975 [103]. The serum samples were rou-
tinely collected for testing of systemic infections and ru-
bella IgG antibody titers at the first midwife visit at one
of the more than 30 primary health care centers in Väs-
terbotten County. The time point of the first visit is at
the discretion of the patients and occurs in most cases
between weeks 7 and 18 centering around week 14 [103,
104]. As we did not have access to the exact gestational
age at blood sampling, we assigned all patients to week
14 [104]. Samples were exposed to room temperature
and initial storage in refrigerators at 4 °C at the primary
care centers for variable periods and periodically
shipped, frozen, to a central repository at Umeå Univer-
sity Hospital, where they are analyzed and the leftovers
were stored at � 20 °C [103, 104].

Biochemical analyses
Serum samples were analyzed at Bevital AS (Bergen,
Norway) [105]. We analyzed a total of 62 biomarkers
with focus on one-carbon metabolism including B-
vitamins; lipid-soluble vitamins A, D, E, and K; markers
of immune activation and inflammation such as CRP,
KTR, and neopterin; and lifestyle factors (such as cotin-
ine, a marker of nicotine exposure, and trigonelline, a
marker of coffee consumption) (Additional file 4: Table
S1). The different biomarkers were analyzed using liquid
and gas chromatography–mass spectrometry methods

[106–108], immuno-MALDI-TOF mass spectrometry
[109], and microbiological methods [110, 111]. Details
on analytes stability, assay characteristics, analytical per-
formance, and reference ranges can be found elsewhere
[108, 111–116]. Most likely due to non-optimal initial
storage conditions (see above), as well as the limited
total sample volume not allowing for repeat analysis, 13
biomarkers (5-formyl-tetrahydrofolate, pyridoxal 5′-
phosphate [vitamin B6], pyridoxine, thiamine, thiamine
monophosphate [vitamin B3], 3-hydroxykynurenine,
anthranilic acid, 3-hydroxyanthranilic acid, picolinic
acid, α-ketoglutaric acid, phylloquinone [vitamin K1],
menaquinone-4 [vitamin K2], 25-hydroxyergocalciferol
[25OH-vitamin D2]) could only be quantified in a lim-
ited number of cases (< 10% of the total number of avail-
able serum samples) and were consequently excluded
from further statistical analyses (Additional file 4: Table
S1). Unmetabolized folic acid was detected in small
amount of samples (17%) and these samples were ex-
cluded from further statistical analyses of biomarkers be-
cause we assumed that that unmetabolized folic acid was
an expression of higher folate exposure most likely due
to high doses of supplemental folic acid. As there is no
mandatory folic acid food fortification in Sweden and
the majority of pregnancies are unplanned folic acid in-
take during early pregnancy might rather be an indicator
of co-morbidities and not of natural periconceptional
folic acid intake. In multivariate analyses, we further ex-
cluded methionine and acetamidobenzoylglutamate (de-
termination was not possible in 41 and 33% of the
samples, respectively). Cotinine, a marker of nicotine ex-
posure, exhibits high storage stability [117]. We used
serum concentrations > 85 nmol/L, as cut-off for active
smoking, a values below as an indicator of passive and
non-smoking. We also calculated the kynurenine/trypto-
phan ratio (KTR) as a marker of immune activation
[118]. By oxidation processes during storage 5-methyl-
tetrahydropholate (mTHF) is partly converted into 4-alfa-
hydroxy-5-methyl-tetrahydrofolate (hmTHF). Therefore,

Table 1 Baseline characteristics

Cases (n = 100) Controls (n = 100)

n Median (IQRa) or % n Median (IQR) or % Pb

Mother’s age (years) 100 31 (28–34) 100 30 (26–33) 0.02

Year of blood serum sampling 100 2003 (2001–2005) 100 2002 (1999–2005) 0.07

Month of birth, child 100 7 (4–10) 100 8 (4–10) 0.50

Child sex, boy 76 76% 78 78% 0.87

ASD diagnosis

Infantile autism (F84.0) 74 74%

Asperger’s syndrome (F84.5) 26 26%
aInterquartile range (IQR), 25–75th percentile
bTest for difference with Mann-Whitney U test (continuous variables) or Chi-square test (categorical variables)
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for the further statistical analysis, we used the parameter
‘total folate’ which is the sum of detected mTHF and
hmTHF [111].
In total, 45 out of the tested 62 biomarkers could be

identified in the present sample material and were in-
cluded in the final statistical analyses (Additional file 4:
Table S1, Fig. 4).

Statistical analysis
Mann-Whitney U test or Chi-square tests were used to
test for differences in baseline characteristics between
cases and controls. Correlations between metabolites
were calculated with Spearman’s correlation coefficient
on pair-wise complete observations.
Associations between serum biomarkers and ASD oc-

currence were estimated as odds ratios (ORs) per 1 stand-
ard deviation (SD) increase in biomarker concentrations
using multivariable adjusted logistic regression. Estimates
were adjusted for mother’s age, sampling year, child gen-
der, serum cotinine, and serum total folate (as a marker
for overall folate metabolism status). Estimates for vitamin
D, the only biomarker showing seasonal differences (Add-
itional file 2: Figure S2), were further adjusted according
to half-year of blood sampling (April-September or
October-March). P values were corrected for multiple
testing by controlling the false discovery rate (FDR) ac-
cording to the Benjamini and Hochberg method [119]. To
evaluate potential differences in association by ASD type,
we also estimated type-specific ORs for infantile autism
and Asperger’s syndrome using multinomial logistic re-
gression. Heterogeneity in association between the types
was examined with Wald’s test.
To account for complex interrelations between the bio-

markers, we estimated undirected Bayesian networks
using machine learning. A Bayesian network is a graphical
representation of all relations among a set of variables,
depicted as nodes and edges. Nodesrepresent the variables
(here biomarkers) while edgesrepresent conditional de-
pendencies between variables. Bayesian network analysis
allows simultaneous modeling of multiple dependencies
between potential risk factors and disease. Bayesian net-
work analysis can be considered as an appropriate means
to study interactions and relative contributions between
different above mentioned components of maternal me-
tabolism during early pregnancy and ASD [120]. The net-
work models were estimated on discrete data, with serum
biomarkers dichotomized into low/high groups, below/
above the median of biomarker concentration distribu-
tions of the controls, and further included mother’s age,
sampling year, sampling month, and sex of child. Net-
works were estimated using the Hill-climbing algorithm in
the bnlearn R-package in 1000 bootstrap samples drawn
from the data set [121]. The final network was achieved
by averaging over the bootstrap networks, where an

independent association (i.e., an edge between two nodes)
was included if it was present in a frequency above an esti-
mated threshold [120]. Association strength between the
variables in the network was measured by the frequencies
of an independent association in networks present in the
1000 bootstrap samples (a measure between 0, not present
in any bootstrap network, and 100%, present in all 1000
bootstrap networks).
All computations were conducted in R v. 3.4.2 (R

Foundation for Statistical Computing, Vienna, Austria.).
Network visualizations were made in Cytoscape v. 3.2.1.
All tests were two-sided and P values < 0.05 were con-
sidered significant.

Ethics
The study was approved by the Regional Ethics Board at
Umeå University, Sweden, 2013-06-18, Dnr 2013-66-
31M. Through an information letter, written informed
consent was obtained, and mothers gave permission for
using stored early pregnancy blood samples for the pur-
pose of the present study, and for collecting registered
information.

Results
Baseline characteristics
From the NSMC, we got access to a total of 100 blood
samples from mothers with occurrence of ASD in off-
spring (case group) and 100 blood samples from the
matched control group (Fig. 1). Baseline characteristics
for cases and controls are presented in Table 1. The
mothers of children later diagnosed with ASD were mar-
ginally older at the time of blood sampling compared to
the mothers constituting the control group (31 vs. 30
years).
Unmetabolized folic acid was detected in a larger,

however statistically insignificant, number of mothers in
the case group compared to controls (22% and 12% re-
spectively, P = 0.09) (Additional file 4: Table S1).
Serum vitamin D levels showed seasonal variations

and were slightly higher in blood samples collected dur-
ing the months from July to October (Additional file 2:
Figure S2). No other biomarkers exhibited clear seasonal
differences. For unknown reasons, several biomarkers
differed markedly by sampling year, in particular before
and after 2001 (Additional file 2: Figure S2). However,
seasonal and year associations were preserved and essen-
tially the same in cases and controls (Additional file 1:
Figure S1 and Additional file 2: Figure S2).
Levels of kynurenine, kynurenic acid, and quinolinic

acid were slightly higher in male pregnancies (approxi-
mately 10% higher concentrations compared to mothers
pregnant with girls, P = 0.03, 0.04, and 0.06, respect-
ively). No other significant differences by sex of the off-
spring were observed.
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