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ABSTRACT
Objective  The environmental trigger behind the 
increasing prevalence of coeliac disease is not known. 
One suggested cause is iron deficiency, which is 
common in coeliac disease. We aimed to evaluate this 
possible association with Mendelian randomisation (MR), 
which under certain assumptions can suggest a causal 
relationship.
Design  We conducted a two-sample MR study 
examining the relationship between single nucleotide 
polymorphisms (SNPs) associated with iron status and 
the presence of coeliac disease. The SNPs were drawn 
from a meta-analysis of three genome-wide association 
studies (GWAS). The association between these SNPs 
and coeliac disease was assessed using GWAS summary 
statistics from the UK Biobank. This consists of 336 638 
white British individuals, 1855 with coeliac disease. We 
performed an MR Egger test for pleiotropy and assessed 
the plausibility of the assumptions of MR to evaluate for 
possible causality.
Results  There were four SNPs strongly associated 
with systemic iron status. These were not associated 
with known risk factors for coeliac disease. All four 
SNPs were available in the UK Biobank coeliac disease 
summary statistics. Harmonising exposure and outcome 
associations, we found that higher iron status was 
negatively associated with risk of coeliac disease (OR per 
1 SD increase in serum iron: 0.65, 95% CI 0.47 to 0.91). 
Leave-one-out analyses had consistent results, and no 
single SNP drove the association. All three assumptions of 
MR appeared plausible.
Conclusion  We found that genetically lower iron levels 
were associated with an increased risk of coeliac disease. 
Our findings highlight a potential opportunity for coeliac 
disease prevention.

INTRODUCTION
Coeliac disease is an immune-mediated 
condition, whose development depends on 
the presence of genetic factors, most notably 
the haplotypes DQ2 and DQ8, and envi-
ronmental triggers, crucially gluten intake. 
Coeliac disease has a world-wide prevalence 
ranging from 0.7% to 1.8%.1 The incidence 
of coeliac disease has been increasing over 
the past several decades, with one systematic 
review and meta-analysis estimating a pooled 
average of a 7.5% increase per year over this 

time frame.2 While increased recognition and 
detection of the disease may be contributing 
to this rise, there also appears to be a true 
increase in disease prevalence. The reasons 
behind this increase are not known, but are 
thought to be secondary to environmental 
exposure.3 Identifying these exposures is 
paramount, as it offers the opportunity to 
potentially mitigate this rise.

There have been many environmental trig-
gers proposed for coeliac disease, including 
breastfeeding duration, timing and quantity 
of gluten exposure, perinatal factors, infec-
tions (including rotavirus), socioeconomic 
factors, geographical location, microbiome 
composition and medications.4–14 The 
evidence behind these triggers often is based 
on observational studies, has conflicting 
results and is not borne out in subsequent 
interventional studies aimed at coeliac 
disease prevention.

Iron status has been proposed as an envi-
ronmental trigger for coeliac disease due to 
an association between maternal iron supple-
mentation during pregnancy and subse-
quent coeliac disease in the child, as well as 
increased coeliac disease in those with hemo-
chromatosis.15–17 This has been suggested to 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ There are several postulated environmental triggers 
for coeliac disease, however evidence behind these 
is inconclusive, and at this time the reason coeliac 
disease is increasing in prevalence is not known.

WHAT THIS STUDY ADDS
	⇒ Using a study method that can suggest causality, we 
found that genetically low iron levels are associated 
with increased coeliac disease risk.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ These findings suggest that iron supplementation in 
select individuals may provide a potential protective 
effect against coeliac disease development.
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be secondary to the impact of iron on the innate immune 
system and the microbiome.18 19 We aimed to evaluate 
the relationship between iron status and coeliac disease 
through the use of Mendelian randomisation (MR). MR 
is a statistical method that capitalises on the random 
allocation of single nucleotide polymorphisms (SNPs) at 
conception. Through this random allocation and the use 
of genetic variants which are inherently non-modifiable 
as instruments for modifiable exposures, MR can avoid 
confounding factors and can suggest causality as long as 
certain assumptions hold. These assumptions specify that 
the instrument must be associated with the exposure, 
that the instrument does not impact the outcome outside 
of the exposure of interest, and that the instrument does 
not influence other potential exposures which may have 
an impact on the outcome of interest. Crucially for this 
study, by relying on SNPs associated with iron status, and 
not on iron status itself, MR may avoid the confounding 
impact of coeliac disease causing iron deficiency.

METHODS
We conducted a two-sample MR study in which the associ-
ations between the genetic instruments (SNPs) and iron 
status and between the genetic instruments and coeliac 
disease were measured in different studies. There are 
three assumptions for the results from this MR study to 
be valid: (1) the genetic instruments must be associated 
with systemic iron status (relevance assumption), (2) the 
genetic instruments must influence coeliac disease only 
through their effect on systemic iron status (exclusion 
restriction) and (3) the genetic instruments must not be 
associated with any confounders, measured or unmea-
sured (independence assumption).20

The exposure of interest was systemic iron status, 
for which no single biomarker exists but which can be 
assessed using serum iron, ferritin, transferrin and trans-
ferrin saturation biomarkers. As previous studies have 
done, selected genetic instruments were associated with 
all four of these biomarkers in a manner consistent with 
an effect on systemic iron status.21 22 A recent meta-analysis 
of three genome-wide association studies (GWASs; from 
Iceland, the UK and Denmark) identified four such 
SNPs: rs1800562 and rs1799945 in the hemochromatosis 
(HFE) gene, rs855791 in the transmembrane protease 
serine 6 (TMPRSS6) gene and rs57659670 predicted 
to affect the Dual Oxidase 2 (DUOX2) gene; the three 
former instruments were found in a previous iron GWAS 
whereas the latter variant is novel to this recent meta-
analysis.23 24 We used publicly available GWAS summary 
statistics from the aforementioned meta-analysis (see 
the Data availability section). All biomarkers were rank-
based inverse normal transformed to a standard normal 
distribution (on a sex-specific basis) and adjusted for age 
(within the UK cohort, biomarkers were also adjusted for 
menopausal status, ABO blood group, body mass index, 
smoking levels, alcohol levels and iron supplementa-
tion status). All associations in the meta-analysis had 

consistent effects directions across all cohorts. Further 
details on the meta-analysis methodology and heteroge-
neity between cohort-specific results are available in Bell 
et al.24

The outcome of interest was coeliac disease; we 
used publicly available GWAS summary statistics from 
the UK Biobank to assess the association between the 
genetic instruments for systemic iron status and coeliac 
disease.25 These summary statistics result from an anal-
ysis performed on data from white individuals of British 
ancestry; the model was adjusted for genetic relatedness, 
sex, birth year, and the first four principal components 
(see the Data availability section). The UK Biobank 
enrolled roughly 500 000 individuals (aged 40–69 when 
recruited) between 2006 and 2010. The summary statis-
tics used were restricted to 336 638 white British individ-
uals, of whom 1855 had coeliac disease.26 The diagnosis 
of coeliac disease was based on PheCode 557.1 and the 
summary statistics were computed with SAIGE, which 
uses a saddlepoint approximation to control for this 
case–control imbalance, thereby providing accurate p 
values even when the prevalence of a trait is sufficiently 
low.27 PheCodes are a phenotyping tool based on Inter-
national Classification of Diseases codes.

Both the exposure and outcome studies were conducted 
in Northern Europe (Iceland, the UK, and Denmark and 
the UK, respectively). UK samples in the exposure study 
are from the INTERVAL trial whereas those from the 
outcome study are from UK Biobank; as both studies are 
from the UK, sample overlap could exist, however, if it 
does exist it is likely small and moreover, the INTERVAL 
study is only one of three studies included in the meta-
analysis underlying the exposure data.

To assess the plausibility of the assumption that the 
genetic instruments only influence coeliac disease 
through their effect on systemic iron status (exclusion 
restriction), we searched an online database of SNP-
phenotype associations (PhenoScanner, http://www.​
phenoscanner.medschl.cam.ac.uk/phenoscanner) for 
secondary phenotypes associated with the four selected 
instruments and conducted an MR Egger test for pleiot-
ropy.20 28

To assess the plausibility of the assumption the genetic 
instruments are not associated with any confounders 
(independence assumption) we examined the associa-
tion between our genetic instruments for iron status and 
known risk factors for coeliac development available in 
the UK Biobank, namely sex and age.29

As noted previously, no single biomarker exists for 
systemic iron status and as such we used serum iron 
levels to quantify the genetic associations of the instru-
ments with systemic iron status as was previously done.21 
To combine information from multiple independent 
genetic variants into a single causal estimate, we primarily 
used an inverse-variance weighted (IVW) method; we 
used random effects when we were analysing at least four 
variants. An IVW estimate is a consistent estimator if all 
genetic variants satisfy the three MR assumptions.30
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We conducted four sensitivity analyses. First, we ran 
leave-one-out tests in which the overall association was 
recomputed when each SNP was left out in turn to 
ensure no single variant drove the association. Second, 
we obtained an MR estimate through a weighted median 
estimator (WME), which is a consistent estimator if at 
least 50% of the weight comes from variants that satisfy 
the assumptions.30 Third, we obtained an MR estimate 
through MR-Egger which, under a weaker assumption, 
provides a valid test of the null causal hypothesis and 
a consistent estimate even if all variants failed to satisfy 
the three MR assumptions.31 Fourth, we investigated 
using the other three biomarkers (other than serum iron 
levels) to quantify the genetic associations of the instru-
ments with systemic iron status.

All statistical analyses were conducted using the R 
package MendelianRandomization and MR Base.

Patient and public involvement
Patient and public involvement was not present in this 
study.

RESULTS
There were four independent and strongly associated 
SNPs for systemic iron status: rs1800562 and rs1799945 
in the HFE gene, rs855791 in the TMPRSS6 gene and 
rs57659670 predicted to affect the DUOX2 gene.24 Asso-
ciations between these instruments with the four relevant 
biomarkers are shown in online supplemental table 1. 
The two variants in HFE are in low linkage disequilibrium 
(LD) (r2<0.01) when considering European populations 
in 1000 genomes using the LDlink resource.32 We assessed 
the strength of the instruments through the F-statistic; 

all four instruments have high F-statistics (F>10; online 
supplemental table 2).

The associations for all the genetic instruments for 
systemic iron status were available in the UK Biobank 
summary statistics; we extracted the summary statistics 
for these SNPs and harmonised exposure and outcome 
associations (table 1; online supplemental table 3).

Using PhenoScanner, we found that the genetic instru-
ments were not significantly associated with known risk 
factors for coeliac disease (online supplemental table 
4).28 There was no significant evidence of directional 
pleiotropy as the MR-Egger intercept did not differ from 
the null (p=0.46; table 2). None of the SNPs were associ-
ated with either sex or age (online supplemental table 5).

We found that higher iron status was negatively asso-
ciated with risk of coeliac disease (OR per 1 SD increase 
in serum iron: 0.65, 95% CI 0.47 to 0.91, p=0.01; table 2, 
figure  1A). SNP-specific effect associations (ORs) of 
serum iron with coeliac disease are shown in figure 1A. 
There was little heterogeneity as assessed with the 
Cochran Q statistic (Q=4.8, p=0.18).

The results from leave-one-out analyses generally were 
consistent and there did not appear to be a single variant 
driving the association (figure 1B). We further note that 
when both HFE related SNPs are excluded results appear 
consistent (see online supplemental note). The MR esti-
mate obtained through the WME approach was consistent 
with the primary IVW estimate (OR=0.71, 95% CI 0.52 to 
0.98, p=0.035; table 2), while the estimate obtained with 
MR-Egger was non-significant (OR=0.95, 95% CI 0.34 
to 2.7, p=0.92; table 2). However, it has been previously 
noted that MR-Egger is substantially less efficient than 
IVW or a WME.30 We primarily used serum iron levels 

Table 1  Harmonised exposure and outcome relationships

SNP Effect:other

Exposure (serum iron levels) Outcome (coeliac disease)

EAF Beta SE P value EAF Beta SE P value

rs1799945 G:C 0.1370 0.170 0.00582 1.26×10–187 0.1510 −0.1550 0.0464 0.000842

rs1800562 A:G 0.0677 0.270 0.00760 3.66×10–276 0.0778 −0.0393 0.0618 0.525000

rs57659670 C:T 0.0753 −0.042 0.00735 1.08×10–08 0.0750 0.0360 0.0628 0.566000

rs855791 A:G 0.4310 −0.170 0.00459 1.00×10–300 0.4399 0.0627 0.0335 0.061700

beta, effect size (units of SD for exposure; log of the OR for outcome); EAF, effect allele frequency; effect:other, effect allele:other allele; p 
value, p value for the association; SNP, single nucleotide polymorphism.

Table 2  Mendelian randomisation estimates of the association of systemic iron status (quantified by serum iron levels) with 
coeliac disease

MR method OR 95% CI P value
Cochran Q 
statistic

Cochran Q statistic 
p value

MR-Egger

Intercept p value Igx
2, %

IVW 0.65 0.47 to 0.91 0.010 4.8 0.18

Weighted median 0.71 0.52 to 0.98 0.035

MR-Egger 0.95 0.34 to 2.7 0.920 0.46 100

IVW, inverse-variance weighted; MR, Mendelian randomisation.
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to quantify the genetic associations of the instruments 
with systemic iron status; analyses using the other three 
biomarkers are shown in online supplemental table 6 
however these analyses were limited by low power (see 
Supplementary Note).

DISCUSSION
We found that genetically higher iron levels were associ-
ated with a decreased risk of having coeliac disease and 
that, conversely, genetically lower iron levels were asso-
ciated with a higher risk of having coeliac disease. If the 
assumptions of MR hold, this association suggests a causal 
effect of iron deficiency on subsequent coeliac disease 
development. While iron deficiency is very unlikely to be 
the only environmental trigger for coeliac disease, iron 
deficiency is highly prevalent in coeliac disease, and there 
are intriguing temporal and demographic associations 

between the two conditions and potential pathophysio-
logical mechanisms.

Iron deficiency is the most common nutritional defi-
ciency globally, and is common in both less-developed 
and developed countries. In the USA, in fact, iron defi-
ciency has been increasing over the same time period that 
coeliac disease has.2 33 This increase in iron deficiency has 
been attributed to decreased iron intake secondary to 
both a decrease in iron concentration in food items, and 
a shift away from iron-rich beef and towards poultry. Iron 
deficiency is highest in those sex and age-groups where 
coeliac disease has highest prevalence, such as children 
and adolescent and premenopausal women.34 35

Iron deficiency is highly prevalent in coeliac disease, 
described in up to roughly 80% of cases, and there has 
been increasing data to suggest that the relationship 
between these two conditions is complex.36 Classically, 

Figure 1  Forest plot of (A) the genetic instrument-specific and summary estimate for the causal effect of systemic iron status 
(quantified by serum iron levels) on coeliac disease risk, and (B) the summary estimate for the causal effect of systemic iron 
status on coeliac disease risk leaving each instrument out one at a time. Dots denote point estimates, horizontal lines denote 
95% CIs. MR, Mendelian randomisation.
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iron deficiency in coeliac disease has been attributed to 
poor iron absorption secondary to the mucosal atrophy 
in the duodenum, which is the primary site of iron 
absorption. However, only 10% of dietary iron needs to 
be absorbed by the duodenum in order to fulfil the body’s 
daily iron needs. Therefore, unless someone’s diet is very 
poor in iron, reduced mucosal surface is likely not to be 
the only explanation for deficiency. Several studies have 
also found increased iron deficiency in potential coeliac 
disease—individuals with elevated coeliac serology but 
no mucosal damage.37 After 2 years on a gluten-free diet, 
another study found that nearly one-half of those with 
iron deficiency at diagnosis remained iron deficient. In 
children, those with anaemia had more severe duodenal 
damage and higher serologic markers, however they were 
not more likely to have diarrhoea and failure to thrive, 
and despite a year of a gluten-free diet, they continued 
to have significantly lower haemoglobin levels than non-
anaemic controls.38 39 Although gastrointestinal bleeding 
has been proposed as an explanation for these inconsis-
tencies between duodenal damage and iron deficiency, 
data in support of this theory is controversial.40 41 This has 
prompted several studies into potential alterations of iron 
metabolism regulatory proteins in coeliac disease.42–46

One regulatory protein, the transferrin receptor 1, 
may provide a direct pathogenic role of iron deficiency 
in coeliac disease development. The transferrin receptor 
is used to import iron into cells, and in the setting of iron 
deficiency, it is upregulated, and expression on enterocytes 
is increased. Studies have demonstrated this increased 
expression in both treated and untreated coeliac disease 
patients with iron deficiency.43 47 Matysiak-Budnik et al 
demonstrated that this receptor also acts to transport 
un-degraded gliadin peptides across enterocytes. Intes-
tinal transport of intact gliadin peptides to the subepithe-
lial region is a key step in the pathophysiology of coeliac 
disease.48 49 The authors note that epithelial cell prolifer-
ation (as may be seen following epithelial damage from 
intestinal infection) also promotes increased expression 
of transferrin receptor 1, providing an explanation for a 
possible pathogenic role for gastroenteritis as well as iron 
deficiency. Soluble transferrin receptor levels are markers 
of the expression of transferrin receptor in tissue, and are 
increased in the setting of iron deficiency. Interestingly, 
one study found that the levels, and thus the expression 
of transferrin receptor in tissue, was significantly higher 
in those with coeliac disease and iron deficiency as 
compared with those with iron deficiency and no coeliac 
disease. This was thought to be due to the proliferation 
of epithelial cells in untreated coeliac disease.50 Iron 
has also been proposed to contribute to coeliac disease 
development through its impact on the innate immune 
system, infection risk and microbiome.15 18 51 52 Hepcidin 
and lactoferrin, both proteins involved in iron metabo-
lism, are involved in innate immunity, and iron status has 
been demonstrated to impact the microbiome, which 
has been implicated as having a role in the pathogenesis 
of coeliac disease. Recently, iron has been identified as 

playing a critical part in regulating the immune system in 
the intestine, and one recent study suggests that because 
of this, iron deficiency may play a role in the develop-
ment of inflammatory bowel disease and other immuno-
logical disorders.53 Coeliac disease may be one of these 
disorders.

The role of iron status in coeliac disease develop-
ment has been previously implicated by the increased 
risk of coeliac disease in those with hereditary hemo-
chromatosis, and in children whose mothers took iron 
supplementation during pregnancy. Hereditary hemo-
chromatosis is a genetic condition that leads to iron 
overload. The increased risk for coeliac disease extends 
beyond 5 years after hemochromatosis diagnosis, when 
theoretically treatment has been started to decrease 
iron stores.17 Indeed, several studies have suggested 
that the association between the two conditions may be 
genetic in origin, and that HFE gene mutations (which 
are common in coeliac disease) may provide a survival 
advantage in coeliac disease by reducing iron deficiency 
(Supplementary Note).54 Notably, in hereditary hemo-
chromatosis, the body does not appear to recognise true 
iron stores, and soluble transferrin receptor levels are 
elevated up to a transferrin saturation of 50% (whereas 
in controls they are elevated only to around 30%).55 This 
suggests increased transferrin receptor 1 levels even at 
higher iron levels in hereditary hemochromatosis and 
may suggest an additional explanation for the increased 
coeliac disease risk in the condition. The mechanism 
behind the increased risk for coeliac disease in children 
whose mothers took iron supplementation in pregnancy 
is similarly unclear. This increased risk was not seen in 
mothers with anaemia or who ate iron rich foods, but was 
seen in children who took iron supplementation before 
18 months. Prior studies have found that maternal iron 
deficiency leads to increased transferrin receptor expres-
sion in the placenta but not soluble transferrin receptor 
levels in the cord blood.56 57 It is unknown if transferrin 
receptors in the placenta can transport intact gliadin 
peptides across the membrane, similar to enterocytes, 
theoretically delivering these peptides to the fetus.

This study has several strengths. One strength of this MR 
study is that it is less likely to be affected by confounding 
compared with observational studies and, under certain 
assumptions, suggests a causal relationship. Another 
strength is that rather than using one genetic instrument, 
the evidence from multiple instruments were combined, 
thus providing more power. Moreover, by using a recent 
meta-analysis of iron GWAS the number of instruments 
for systemic iron status could be increased from 3 to 4.

This study also has potential limitations. Those with 
coeliac disease were identified by PheCode, which is 
derived from international classification of disease 
codes, and therefore this could have led to misclassifi-
cation. Additionally, while MR provides some protec-
tion against biases such as reverse causation, it is not 
completely invulnerable.58 However, we note the mech-
anism linking the genetic instruments to serum iron 
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levels (and iron status) is well-understood for most 
instruments, thereby mitigating the risk of reverse 
causation. In more detail, if the mechanisms linking the 
variants to iron status were unclear, it would be possible 
these variants could influence risk of coeliac disease and 
cause a downstream effect on iron status, however most 
of our instruments affect genes known to influence iron 
status (HFE and TMPRSS6). Another limitation is that 
by restricting to instruments that associate with all four 
iron status markers (with association directions consis-
tent with an effect on systemic iron status), we have the 
potential to lose power by excluding variants associating 
with any iron marker.

This study suggests that iron deficiency may play a 
role in coeliac disease development. A causal relation-
ship should ideally be confirmed with clinical trials, and 
if affirmative, should be followed by prevention studies. 
More broadly, this study raises questions of the poten-
tial ties between iron deficiency and gluten-sensitivity, 
and the potential implications of dietary restrictions 
and avoidant restrictive food intake disorders which are 
common in coeliac disease, inflammatory bowel disease, 
and irritable bowel syndrome.
Twitter Isabel A Hujoel @IsabelHujoel
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