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Emerging evidence indicates a connection between serum iron levels and

autism, but the underlying causal association is yet unclear. Thus, we

performed two-sample Mendelian randomization (MR) analysis to evaluate

the causal link between iron status on autism, using genetic instruments

(p < 5E–08) strongly associated with iron status (N = 48,972), including serum

iron, ferritin, transferrin levels, and transferrin saturation. Summary statistics of

autism was obtained from two independent studies conducted by Psychiatric

Genomics Consortium (PGC, Ncases = 5,305, Ncontrols = 5,305) and FinnGen

Consortium (FC, Round six, Ncases = 344, Ncontrols = 258,095), respectively.

Using the inverse-variance weighted (IVW) method, the combined results

of PGC and FC demonstrated that genetically determined serum transferrin

level was significantly associated with an increased risk of autism [odds

ratio (OR) = 1.16, 95% CI: 1.03–1.30, p = 0.013]. There was no significant

causal effect of serum iron (OR = 0.99, 95% CI: 0.72–1.37, p = 0.951),

ferritin (OR = 0.88, 95% CI: 0.47–1.64, p = 0.676), and transferrin saturation

(OR = 0.89, 95% CI: 0.72–1.09, p = 0.252) on autism. No obvious pleiotropy

was found in this MR study. Taken together, our findings highlight that

elevation of serum transferrin level might be associated with a high risk of

autism, suggesting a potential role of iron deficiency in autism development.

Future studies are warranted to clarify the underlying mechanism, which will

pave a new path for the prevention and treatment of autism.
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Introduction

Autism, also called autism spectrum disorder (ASD), is a mental disorder
characterized by challenges with communication, social skills, speech, and repetitive
behaviors. Epidemic data from the Center for Disease Control and Prevention (CDC)
show that autism affects about one in 44 children in the United States (1), and the signs
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of autism often appear as early as 24–36 months. Although
currently, the etiology of autism remains largely unknown, it is
suggested that genetic background, environmental factors, and
their interaction play a vital role in the development of autism
(2). The imbalance of trace elements, such as iron, copper, zinc,
selenium, nickel, manganese, aluminum, etc., has been reported
to be tightly associated with autism risk (3).

Iron is the most important trace element in maintaining
the body’s metabolic process and intracellular oxygen
transport. There are about 1.2 billion people who suffer
from iron deficiency, especially in children and women
(4). In the central nervous system, iron exerts a crucial
role in regulating neurotransmitter synthesis, myelination,
and neuro-inflammatory response (5). Previous studies
indicated that, in autistic children, serum iron and
ferritin levels were significantly decreased and increased,
respectively. However, a recent meta-analysis with a large
sample size demonstrated that there was no significant
association between serum ferritin as well as hair iron
and autism. Although iron supplementation is a common
intervention for the prevention and treatment of various
diseases caused by iron deficiency (6), it is also worthy
to note that excess iron could increase the levels of
reactive oxygen species, contributing to the oxidative
damage of DNA, proteins, and lipids, which eventually
lead to cell death, also known as ferroptosis (7, 8).
Iron supplementation for healthy individuals may pose
unexpected health risks owing to the toxicity of iron
deficiency and iron overload. Thus, it invokes the need
to confirm the causal effect of iron deficiency on autism,
which is crucial for the prevention of autism via iron
supplementation.

The Mendelian randomization (MR) analysis, treating
germline genetic variants as instrumental variables (IVs), is now
widely used in determining the potential causal link between
exposures and corresponding outcomes. MR can effectively
minimize the impact of confounding factors that might
influence both exposure and outcome phenotype. Therefore, we
here performed a two-sample MR analysis to examine whether
genetically determined iron status was causally associated with
autism development.

Materials and methods

Study design and instrumental variants
selection

Single nucleotide polymorphisms (SNPs) strongly
associated with iron status (p < 5E–08) were selected as
IVs, which were obtained from genome-wide association
studies (GWAS) summary statistics of European ancestry
performed by Benyamin et al. (9). The iron status
(N = 48,927) was indicated in four stages, including

serum iron, ferritin, transferrin levels, and transferrin
saturation (Supplementary Table 1). Instrument variables
were clumped based on the 1,000 Genomes Project
linkage disequilibrium (LD) structure (r2 < 0.001 within
10,000 kb, European). The detailed information on
study design has been well-described in the original
publication (9).

Autism genome-wide association
studies datasets

Two independent GWAS datasets on autism were
obtained from studies performed by the Psychiatric Genomics
Consortium (PGC) and the FinnGen Consortium (Round
6),1 respectively. For summary statistics from PGC, a total
of 5,305 autism cases and 5,305 controls of European
descent were included (OpenGWAS: ieu-a-1184) (10). For
summarized association data from FinnGen Consortium
(Round 6), there were 344 cases and 258,095 normal
controls of European descent. To further validate the
results, we also adopted the latest autism GWAS dataset
of Integrative Psychiatric Research and PGC (iPSYCH-
PGC) as a replication (Ncases = 18,382, Ncontrols = 27,969,
OpenGWAS: ieu-a-1185) (11), which contained GWAS
summary statistics from population-based samples of iPSYCH
and family-based samples of PGC (10). Autism was diagnosed
according to Autism Diagnostic Interview-Revised (ADI-R)
and/or Autism Diagnostic Observation Schedule (ADOS)
(12).

Mendelian randomization analysis

Mendelian randomization analysis was conducted using
the TwoSampleMR package (v0.5.6) (13). Moreover, if SNPs
selected as IVs were absent in the summary statistics of
autism, overlapping proxy SNPs in LD (r2 = 0.8) were
used instead. To strengthen the reliability of MR analysis,
SNPs with minor allele frequency (MAF) less than 0.3
were also removed. The inverse-variance weighted (IVW),
providing a robust causal evaluation under a lack of directional
pleiotropy, was employed as the primary method to calculate
causal estimates between iron status and autism. Meanwhile,
both weighted median and MR–Egger regression methods
were also applied to assess the causal estimates. After MR
analysis, a meta-analysis was performed to combine the
overall causal estimates from PGC or iPSYCH-PGC and
FinnGen Consortium, respectively. A p-value less than 0.05
was considered statistically significant. Three corresponding
principal assumptions and the flowchart in this study was
described in Figure 1.

1 https://finngen.gitbook.io/documentation
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FIGURE 1

The flowchart in this two-sample Mendelian randomization study. The red cross means that genetic variants are not associated with
confounding factors and outcomes. PGC, psychiatric genomics consortium; SNPs, single nucleotide polymorphisms.

Pleiotropy, heterogeneity, and power
analysis

Mendelian randomization-Pleiotropy RESidual Sum and
Outlier (MR-PRESSO) test with default parameters was
performed to identify horizontal pleiotropic outliers (14), and
the MR-Egger intercept test was conducted to assess whether
there was potential horizontal pleiotropy driving the MR results.
Meanwhile, the IVW method and MR-Egger regression were
also used to estimate heterogeneity, which was quantified by
Cochran Q statistics. To validate the reliability of the causal
association between iron status and autism, we performed a
power analysis using the online tool mRnd2 (15). F values of
more than 10 indicated good stability.

Results

Summary of the Mendelian
randomization analysis

A detailed list of all harmonized instrumental variables,
namely SNPs, for each exposure-outcome group was archived
in the Supplementary Data Sheet 1. The causal estimates
(OR values and 95% CI) of the IVW with p-values, number
of SNPs, and combined estimates of the meta-analysis were
presented in forest plots. The results of MR-PRESSO global

2 http://cnsgenomics.com/shiny/mRnd/

with p-values, MR-Egger intercept with p-values, heterogeneity
in IVW, and MR Egger test for each exposure-outcome pair
were shown in Table 1 and Supplementary Table 2. Causal
estimates using weighted median and MR–Egger method were
also calculated.

Causal effects of iron status on autism

Using the IVW method, genetically predicted serum
transferrin was significantly associated with an increased risk
of autism in PGC (OR = 1.16, 95% CI: 1.03–1.31, p = 0.018),
but not FinnGen Consortium (OR = 1.15, 95% CI: 0.80–
1.65, p = 0.451). A further meta-analysis based on the above
two independent data showed that serum transferrin remained
associated with an increased risk of autism (OR = 1.16,
95% CI: 1.03–1.30, p = 0.013). Similar results were found
using both weighted median (OR = 1.179, 95% CI: 1.043–
1.333) and MR Egger (OR = 1.207, 95% CI: 0.939–1.553). No
obviously directional horizontal pleiotropy and heterogeneities
were found in MR-PRESSO global (RSSobs = 7.94, p = 0.659)
and MR-Egger Intercept test (p = 0.109). Additionally, there
was no evidence showing significant heterogeneity in MR Egger
(Cochran Q = 0.72, p = 0.993) and IVW (Cochran Q = 4.24,
p = 0.751) regression test.

Using the IVW method, no significantly causal link between
serum iron and ferritin levels and transferrin saturation on
autism was observed in both PGC and FinnGen Consortium
datasets (Figure 2). Further meta-analysis combining the causal
estimates of PGC and FinnGen Consortium also showed that
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there was no association between serum iron (OR = 0.99, 95%
CI: 0.72–1.37, p = 0.951), ferritin (OR = 0.88, 95% CI: 0.47–
1.64, p = 0.676) as well as transferrin saturation (OR = 0.89,
95% CI: 0.72–1.09, p = 0.252) and autism. Similar results were
found using weighted median (Figure 3A) and MR Egger
methods (Figure 3B). No obvious horizontal pleiotropy and
heterogeneity were found in the MR analysis between serum
iron, transferrin, and transferrin saturation and autism. To
further validate the MR results above, we replicated the MR
analysis using the latest GWAS dataset of iPSYCH-PGC, which
showed consistent results (Supplementary Figure 1).

Power analysis

The overall F statistics for genetic variants selected as IVs
of serum iron, ferritin, and transferrin levels and transferrin
saturation in PGC were 368.72, 112.84, 1191.06, and 741.80
individually. For FinnGen Consortium, the F statistics of serum
iron, ferritin, and transferrin levels and transferrin saturation in
were 8957.97, 2725.23, 28988.48, and 18045.50. The F value from
the iPSYCH-PGC dataset also showed that there was no obvious
weak instrumental bias (Supplementary Table 2).

Discussion

Although various studies have been performed to explore
the association between iron status and autism, this study here is
the first MR analysis conducted to evaluate the naturally causal
link between iron status on autism susceptibility. Using the IVW
method, our results demonstrated that genetically predicted
serum transferrin was causally associated with an increased risk
of autism, indicating that transferrin may be a potential marker
for autism development.

Iron deficiency could cause numerous detrimental effects
in people, such as anemia, fatigue, atrophic glossitis, hair loss,
etc. (16), and is also associated with the risk of many diseases.
For example, previous studies showed that iron deficiency was
associated with an increased risk of type 2 diabetes, Parkinson’s
disease, and cancers (17–20). Maternity with a lower mean daily
iron intake led to an increased risk of autism in offspring (21).
Numerous studies have suggested that iron deficiency was a
common phenomenon in autism (22), and iron supplementary
has been widely advised for pregnant women and children
with finicky habitation. However, it is also hypothesized that
excess iron intake might contribute to a higher susceptibility
to autism via over-activating the immune system (23). Thus,
it is urgent for clinicians to find an optimistic marker to guide
iron supplementation, especially for those who do not need
iron supplementation. There are four classical iron biological
states, including serum iron, ferritin, transferrin levels, and
transferrin saturation, commonly used in reflecting iron status
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FIGURE 2

Forest plots of MR analyses showing the causal effects of iron status on autism using the IVW method. Two independent autism genome-wide
association studies (GWAS) datasets from PGC and FinnGen Consortium were used to evaluate the causal effect. The combined estimates were
presented as red diamonds. PGC, psychiatric genomics consortium; IVW, inverse-variance weighted; MR, Mendelian randomization.

in humans. In this study, we found that only serum transferrin
was associated with an increased risk of autism, but not serum
iron, ferritin, and transferrin saturation. Indeed, a recent meta-
analysis also showed that hair iron and serum ferritin were
not significantly different between controls and autism patients
(24). Meanwhile, serum transferrin levels were significantly
decreased in autistic children as compared to their non-autistic
siblings (25). These data suggested that transferrin, but not
iron levels might be a more sensitive and efficient marker for
autism development.

The main function of transferrin, an iron-binding
glycoprotein, is to mediate the transport of free iron to
suitable cells with corresponding surface receptors around the
body (26). Transferrin plays a vital role in transporting iron to
erythroid precursors in the bone marrow, maturity dysfunction
of which would cause anemia (27). Increased serum transferrin
level is often observed in people with iron deficiency anemia,
which is tightly associated with autism and other neurological
diseases (28). It is suggested that transferrin saturation could
also serve as an effective diagnostic criterion for iron deficiency
(29). In addition, transferrin also was reported to have an
anti-oxidative function, which could further reduce the risk
of autism (30). Due to the elevation of transferrin often
happening earlier than the reduction of serum iron, it might
contribute to a positive association between autism and serum
transferrin, but not iron.

Previous studies suggest that immune dysfunction also plays
a vital role in the development of autism (31). The over-
activated neuro-inflammatory response was found in the brain
specimen of both children and adults with autism (32). In
addition, the plasma and cerebral-spinal fluid pro-inflammatory

factors were also significantly increased in autistic patients
(33). Yet interestingly, it is reported that transferrin also exerts
an important role in regulating the immune response in the
brain. Treatment of transferrin-derived synthetic peptide could
induce a pro-inflammatory phenotype of macrophage, which
might contribute to an elevated cytokines level (34). A study in
fish also suggested that transferrin could activate macrophages
in response to pathogens (35). Taken together, these data
suggested that iron deficiency might not directly increase the
pathological changes in autism, and might contribute to a
higher risk of autism indirectly via elevating the expression of
transferrin. Similarly, our results showed that only transferrin
was significantly associated with autism risk, but not serum iron
levels. Thus, a current challenge for researchers is to determine
the underlying mechanisms contributing to the association
between an elevation of transferrin and autism risk, which is
important for establishing prevention strategies in patients with
autism susceptibility.

There are several obvious strengths in our study. No
pleiotropy were found in the MRPRESSO test and MR-
Egger Intercept test, suggesting the good reliability of our
results. Moreover, the causal estimates obtained from three
different methods (IVW, MR Egger, and weighted median) were
consistent. Finally, although the MR results of serum transferrin
using the latest autism GWAS dataset of iPSYCH-PGC were
not statistically significant, the causal estimates showed a similar
trend and were significant in the meta-analysis. Meanwhile, the
results of the meta-analysis showed that genetically determined
serum transferrin was still significantly associated with an
increased risk of autism, even if using the negative result from
FinnGen Consortium, indicating our results were robust.
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FIGURE 3

Forest plots of MR analyses showing the causal effects of iron status on autism using weighted median and MR Egger method. Two independent
autism GWAS datasets from PGC and FinnGen Consortium were used to evaluate the causal effect. The combined estimates were presented as
red diamonds. (A) Showed the causal effect of iron status on autism using the weighted median method. (B) Showed the causal effect of iron
status on autism using the MR Egger method. PGC, psychiatric genomics consortium; WM, weighted median; MR, Mendelian randomization.

Owing to the intrinsic principles and assumptions
behind MR, the results of the current study should be
interpreted cautiously and some limitations should also
be addressed here. First, less than ten SNPs were selected
as IVs for all four traits of iron status, which might
weaken the association between iron status and autism.
Second, although the combined estimates of the meta-
analysis showed serum transferrin was associated with an
increased risk of autism, the causal effect obtained from

FinnGen Consortium was not statistically significant. Third,
there were only 344 autism cases from the GWAS of the
FinnGen Consortium. Further released data with larger case
samples from FinnGen Consortium are required to verify
the associations above. Forth, all genetic data used in this
MR study are from the European population. Whether the
causal link between iron status and autism observed in
this study is common in other ethnic groups needs to be
further verified.
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Conclusion

In summary, the results of this MR study demonstrate
that genetically predicted serum transferrin levels might be
causally associated with an increased risk of autism. Our
findings reminded clinicians that more attention and concern
should be paid to iron status in children with autism family
history. To clarify the underlying mechanism of iron deficiency
contributing to autism susceptibility is vital for guiding autism
prevention and therapy.
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et al. Autism spectrum disorder: trace elements imbalances and the pathogenesis
and severity of autistic symptoms. Neurosci Biobehav Rev. (2021) 129:117–32. doi:
10.1016/j.neubiorev.2021.07.029

4. Vos T, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-Allah F, et al.
Global, regional, and national incidence, prevalence, and years lived with disability
for 328 diseases and injuries for 195 countries, 1990–2016: a systematic analysis
for the global burden of disease study 2016. Lancet. (2017) 390:1211–59. doi:
10.1016/S0140-6736(17)32154-2

5. Beard JL. Effectiveness and strategies of iron supplementation during
pregnancy. Am J Clin Nutr. (2000) 71:1288S–94S. doi: 10.1093/ajcn/71.5.
1288s

6. Stoffel NU, von Siebenthal HK, Moretti D, Zimmermann MB. Oral iron
supplementation in iron-deficient women: how much and how often? Mol Asp
Med. (2020) 75:100865. doi: 10.1016/j.mam.2020.100865

7. Sousa L, Oliveira MM, Pessôa MTC, Barbosa LA. Iron overload: effects on
cellular biochemistry. Clin Chim Acta. (2020) 504:180–9. doi: 10.1016/j.cca.2019.
11.029

8. Fang X, Wang H, Han D, Xie E, Yang X, Wei J, et al. Ferroptosis as a target for
protection against cardiomyopathy. Proc Natl Acad Sci USA. (2019) 116:2672–80.
doi: 10.1073/pnas.1821022116

9. Benyamin B, Esko T, Ried JS, Radhakrishnan A, Vermeulen SH, Traglia M,
et al. Novel loci affecting iron homeostasis and their effects in individuals at
risk for hemochromatosis. Nat Commun. (2014) 5:1–11. doi: 10.1038/ncomms
5926

Frontiers in Nutrition 07 frontiersin.org

https://doi.org/10.3389/fnut.2022.957600
https://www.frontiersin.org/articles/10.3389/fnut.2022.957600/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.957600/full#supplementary-material
https://doi.org/10.1177/00099228221090710
https://doi.org/10.1177/00099228221090710
https://doi.org/10.1146/annurev-publhealth-031816-044318
https://doi.org/10.1016/j.neubiorev.2021.07.029
https://doi.org/10.1016/j.neubiorev.2021.07.029
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1093/ajcn/71.5.1288s
https://doi.org/10.1093/ajcn/71.5.1288s
https://doi.org/10.1016/j.mam.2020.100865
https://doi.org/10.1016/j.cca.2019.11.029
https://doi.org/10.1016/j.cca.2019.11.029
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1038/ncomms5926
https://doi.org/10.1038/ncomms5926
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-957600 October 29, 2022 Time: 15:31 # 8

Chen et al. 10.3389/fnut.2022.957600

10. Devlin B, Kelsoe JR, Sklar P, Daly MJ, O’Donovan MC, Craddock N, et al.
Genetic relationship between five psychiatric disorders estimated from genome-
wide SNPs. Nat Genet. (2013) 45:984–94. doi: 10.1038/ng.2711

11. Grove J, Ripke S, Als TD, Mattheisen M, Walters RK, Won H, et al.
Identification of common genetic risk variants for autism spectrum disorder. Nat
Genet. (2019) 51:431–44.

12. Autism Spectrum Disorders Working Group of The Psychiatric Genomics
Consortium. Meta-analysis of GWAS of over 16,000 individuals with autism
spectrum disorder highlights a novel locus at 10q24. 32 and a significant
overlap with schizophrenia. Mol Autism. (2017) 8:1–17. doi: 10.1186/s13229-017-0
137-9

13. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al.
The MR-Base platform supports systematic causal inference across the human
phenome. Elife. (2018) 7:e34408. doi: 10.7554/eLife.34408

14. Verbanck M, Chen C-Y, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-0
099-7

15. Brion M-JA, Shakhbazov K, Visscher PM. Calculating statistical power in
Mendelian randomization studies. Int J Epidemiol. (2013) 42:1497–501. doi: 10.
1093/ije/dyt179

16. Abbasi U, Abbina S, Gill A, Takuechi LE, Kizhakkedathu JN.
Role of iron in the molecular pathogenesis of diseases and therapeutic
opportunities. ACS Chem Biol. (2021) 16:945–72. doi: 10.1021/acschembio.1c0
0122

17. Hou C, Hou Q, Xie X, Wang H, Chen Y, Lu T, et al. Serum iron status and
the risk of breast cancer in the European population: a two-sample Mendelian
randomisation study. Genes Nutr. (2021) 16:1–10.

18. Yuan S, Carter P, Vithayathil M, Kar S, Giovannucci E, Mason AM, et al.
Iron status and cancer risk in UK Biobank: a two-sample Mendelian randomization
study. Nutrients. (2020) 12:526. doi: 10.3390/nu12020526

19. Wang X, Fang X, Zheng W, Zhou J, Song Z, Xu M, et al. Genetic support
of a causal relationship between iron status and type 2 diabetes: a Mendelian
randomization study. J Clin Endocrinol Metab. (2021) 106:e4641–51. doi: 10.1210/
clinem/dgab454

20. Pichler I, Del Greco MF, Gögele M, Lill CM, Bertram L, Do CB,
et al. Serum iron levels and the risk of Parkinson disease: a Mendelian
randomization study. PLoSMed. (2013) 10:e1001462. doi: 10.1371/journal.pmed.10
01462

21. Schmidt RJ, Tancredi DJ, Krakowiak P, Hansen RL, Ozonoff S. Maternal
intake of supplemental iron and risk of autism spectrum disorder. Am J Epidemiol.
(2014) 180:890–900.

22. Bener A, Khattab AO, Bhugra D, Hoffmann GF. Iron and vitamin D levels
among autism spectrum disorders children. Ann Afr Med. (2017) 16:186. doi:
10.4103/aam.aam_17_17

23. Padhye U. Excess dietary iron is the root cause for increase in childhood
autism and allergies. Med Hypotheses. (2003) 61:220–2. doi: 10.1016/s0306-
9877(03)00126-9

24. Tseng P-T, Cheng Y-S, Chen Y-W, Stubbs B, Whiteley P, Carvalho AF, et al.
Peripheral iron levels in children with autism spectrum disorders vs controls: a
systematic review and meta-analysis. Nutr Res. (2018) 50:44–52. doi: 10.1016/j.
nutres.2017.11.004

25. Chauhan A, Chauhan V, Brown WT, Cohen I. Oxidative stress in autism:
increased lipid peroxidation and reduced serum levels of ceruloplasmin and
transferrin-the antioxidant proteins. Life Sci. (2004) 75:2539–49. doi: 10.1016/j.lfs.
2004.04.038

26. Crichton R, Charloteauxwauters M. Iron transport and storage. Eur J
Biochem. (1987) 164:485.

27. Punnonen K, Irjala K, Rajamäki A. Iron-deficiency anemia is associated with
high concentrations of transferrin receptor in serum. Clin Chem. (1994) 40:774–6.

28. Latif A, Heinz P, Cook R. Iron deficiency in autism and asperger syndrome.
Autism. (2002) 6:103–14. doi: 10.1177/1362361302006001008

29. Cacoub P, Vandewalle C, Peoc’h K. Using transferrin saturation as a
diagnostic criterion for iron deficiency: a systematic review. Crit Rev Clin Lab Sci.
(2019) 56:526–32. doi: 10.1080/10408363.2019.1653820

30. Luck AN, Bobst CE, Kaltashov IA, Mason AB. Human serum transferrin:
is there a link among autism, high oxalate levels, and iron deficiency anemia?
Biochemistry. (2013) 52:8333–41. doi: 10.1021/bi401190m
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