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Abstract: Background: Dairy intake has been reported to be both pro-inflammatory and anti-
inflammatory. To address this, we have used genetic data to perform a causal analysis of the link
between lactose intolerance, rheumatoid arthritis (RhA) and body mass index (BMI). Lactose
intolerance necessarily leads to reduced dairy intake; we separately consider congenital lactose
intolerance, and adult-onset lactose intolerance where a prolonged period of dairy intake has
occurred. RhA is an autoimmune disease which has been linked to both increased and reduced dairy
intake. Dairy intake has also been associated with elevated BMI which is itself pro-inflammatory and
is associated with increased risk of RhA. Method: We combined Mendelian randomization (MR) and
rare genetic variant association testing to determine the relationship between genetic liability to
lactose intolerance, risk of RhA and BMI. As a positive control to optimise instruments for
measurement of lactose intolerance we used the causal link between lactose intolerance and
osteoporosis. Rare variant analysis was performed under a recessive model. Conditional analysis of
the effect of lactose intolerance on risk of RhA via BMI was used multivariable MR (MVMR). Results:
We observed an opposite effect of congenital and adult-onset lactose intolerance on RhA risk.
Congenital lactose intolerance increases risk of RhA but adult-onset lactose intolerance reduces risk
of RhA. The protective effect of adult-onset lactose intolerance on RhA is conditional on reduced BMI.
Conclusion: We conclude that dairy intake is anti-inflammatory, which explains why congenital
lactose intolerance increases the risk of RhA. However, adult-onset lactose intolerance can reduce the
risk of RhA because of an association with reduced BMI, which is also anti-inflammatory. Our
findings have translational implications and offer a mechanistic understanding of contradictory
literature.

Keywords: mendelian randomization; rheumatoid arthritis; congenital lactose intolerance; adult-
onset lactose intolerance; body mass index

What is already known

Intake of dairy products is globally widespread but it is controversial as to whether this is
beneficial. For example, dairy intake has been reported to be both pro-inflammatory and anti-
inflammatory in different studies; this includes in relation to the autoimmune disease rheumatoid
arthritis (RhA).

What this study adds

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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We have used genetic data to perform a causal analysis of the links between lactose intolerance,
RhA and body mass index (BMI). Congenital lactose intolerance increases the risk of RhA but adult-
onset lactose intolerance reduces the risk of RhA. The protective effect of adult-onset lactose
intolerance on RhA is conditional on reduced BMI.

How this study might affect research, practice or policy

Our findings have translational implications and offer a mechanistic understanding of
apparently contradictory findings in the literature. We conclude that dairy intake is likely to be anti-
inflammatory, which explains why congenital lactose intolerance increases the risk of RhA. Moreover
dairy intake is unlikely to cause harmful inflammation in the context of normal BML

1. Introduction

Dairy intake is an important source of calories globally, but it has been reported to be both pro-
inflammatory and anti-inflammatory in different studies. As non-dairy substitutes become
increasingly available, determining whether or not dairy products carry specific benefits or harms
has significant translational implications.

Lactose intolerance necessarily results in reduced intake of dairy products. To be absorbed from
the intestine, lactose, which is present within dairy products, must be hydrolysed by the enzyme
lactase. Lactose intolerance consists of adverse gastrointestinal symptoms after consuming lactose-
containing foods and beverages [1] caused by incomplete lactose digestion due to deficiency of
functional lactase. Lactose intolerance can be congenital as a result of homozygous or complex
heterozygous mutations within lactase [2]. However, even without genetic loss-of-function, levels of
lactase reduce through life in a majority of individuals [3] and thus the majority of lactose intolerance
actually presents in adulthood. Indeed globally, ~68% of the population is lactose intolerance to some
degree, with varying prevalence across regions [4]. In order to determine the effect of impact of dairy
products, we have used genetic liability to lactose intolerance as a natural experiment leading to
reduced dairy intake.

The role of dairy intake and systemic inflammation is debated. A recent meta-analysis concluded
that dairy products are likely to be anti-inflammatory except in relatively rare cases of milk allergy
[5]. Consistent with this, dairy products contain a number of anti-inflammatory lipids [6]. In contrast,
lactose-intolerant individuals tend to have higher levels of bifidobacteria and other bacteria within
their gut microbiome [7] that produce anti-inflammatory short-chain fatty acids from undigested
lactose [8]. Rheumatoid arthritis (RhA) is an autoimmune disease driven by inappropriate
inflammation. It has been suggested that dairy products can trigger autoimmune diseases including
RhA [9]. However, other evidence points to a negative association between consumption of dairy
products and risk of RhA [10]. In our study of intake of dairy products we have taken genetic liability
to RhA as a proxy for harmful inflammation resulting from dietary changes.

A third factor to consider is that both lactose intolerance and RhA have been linked to elevated
body mass index (BMI). Elevated BMI is pro-inflammatory and is associated with autoimmune
diseases including RhA [11]; similarly low BMI has been observed to suppress pro-inflammatory
cytokines [12]. Mendelian randomisation (MR) evidence has associated adult-onset lactose
intolerance with reduced BMI [13,14] and atypical lactase persistence has been associated with
increased BMI [13]. If adult-onset lactose intolerance leads to a reduction in BMI this may reduce the
risk of RhA, even if consumption of dairy products is anti-inflammatory. Here we have controlled
for BMI as a potential confounder of the relationship between dairy intake and harmful inflammation.

We have used genetics to perform a causal analysis of the links between dairy intake, RhA and
BMI. Our approach is summarised in Figure 1. Genetic measures are by-definition upstream of an
environmental exposure such as intake of dairy products or BMI. MR is a method used to assess
whether an exposure, like lactose intolerance, significantly affects an outcome, such as RhA. MR uses
genetic variants as natural experimental instruments, assigning participants into groups at
conception based on their genetic liability to a particular exposure. These groups are compared to
determine if the exposure has a causal effect on disease outcomes [15]. The methodology relies on
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using single nucleotide polymorphisms (SNPs) as instrumental variables to estimate causal effects.
For MR to establish causation, three assumptions must be met: the genetic instruments should affect
the exposure, not be related to confounders, and must influence the outcome only through the
exposure. In our rare variant analysis, we have identified individuals likely to suffer congenital
lactose intolerance because of homozygous or complex heterozygous mutations within the LCT gene,
which encodes lactase.

By comparing congenital lactose intolerance with adult-onset lactose intolerance and genetic
liability to both RhA and BMI we can dissect the various contributing causes. We conclude that dairy
products are anti-inflammatory and, although adult-onset lactose intolerance is protective against
RhA, this is mediated by reduced BMI. Our data suggest that dairy intake, in the context of a normal
BMI, may offer protection against RhA. Our findings have significant translational implications and
offer a mechanistic understanding of apparently contradictory findings in the literature.
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Figure 1. Approaches to study the effects of dairy product intake on pathological inflammation as exemplified
by Rheumatoid arthritis (RhA). Dairy product intake has been proposed to both increase and decrease harmful
inflammation. We have studied this problem using lactose intolerance, which necessarily reduces intake of dairy
products, BMI which is pro-inflammatory but which is impacted by dairy intake, and RhA as a marker of
pathological inflammation. We used genetic measures of each trait which are not subject to reverse causation or
selection bias. We observed that congenital lactose intolerance is harmful suggesting that dairy intake is anti-
inflammatory. Observed protective effects of adult-onset lactose intolerance could be explained by an indirect
effect of reduced BML

2. Materials and Methods
2.1. Exposure and Outcome Genome Wide Association Studies (GWAS)

GWAS used to measure genetic liability to adult-onset lactose intolerance was obtained from the
FinnGen Biobank and included 453,733 Finnish biobank donors of whom 445 reported lactose
intolerance with a mean age of onset of 38.3 years.

GWAS used to measure genetic determinants of BMI was a meta-analysis of 125 studies
performed by the GIANT consortium [16] which included 339,224 participants, of whom 322,154
individuals were of European descent.

GWAS used to measure genetic liability to osteoporosis was performed in UK Biobank
participants and included 484,598 participants of European ancestry of whom 7,751 were diagnosed
with osteoporosis [17].
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GWAS used to measure RhA was a meta-analysis of UK Biobank, FinnGen and Biobank Japan
cohorts including 628,000 participants [18]. Specific to RhA the study included 8,255 European
ancestry cases and 409,001 European ancestry controls; and 5,348 East Asian ancestry cases and
173,268 East Asian ancestry controls.

2.2. Two-Sample Mendelian Randomization

For all MR tests we report the multiplicative random effects inverse variance weighted (IVW)
[19] estimate of causal inference because this carries the most statistical power and is more robust to
heterogeneity than a fixed effects IVW [15]. Genetic instruments were selected with a conservative p
-value cut-off (p < 5E- 8) except for lactose intolerance where we used a positive control, the causal
link between lactose intolerance and osteoporosis, to guide selection of instruments. Identified SNPs
within a 10kb window were clumped for independence using a stringent cut-off of R?<0.001 within a
European reference panel; where SNPs were in linkage disequilibrium (LD) those with the lowest p
-value were retained. Where an exposure SNP was unavailable in the outcome dataset, a proxy with
a high degree of LD (R? 20.9) was identified within a European reference population. The effects of
SNPs on outcomes and exposures were harmonised in order to ensure that the beta values were
signed with respect to the same alleles.

For palindromic alleles, those with minor allele frequency (MAF) > 0.42 were omitted from the
analysis in order to reduce the risk of errors due to strand issues.

In order to increase confidence in the IVW results, we performed a series of robust MR measures
and sensitivity analyses. We used an F-statistic to measure the strength of the association between
instrumental SNPs and the exposure of interest. An F-statistic > 10 indicates that an SNP-derived
estimate has a bias of < 10% of its intragroup variability and signifies an acceptable instrument.
Pleiotropy occurs between SNPs where the difference in effect size for the exposure is not
proportional to the difference in effect size for the outcome, and is usually due to a violation of one
of the key assumptions underlying MR, the assumption that instrumental SNPs should be associated
with the outcome only through the exposure [15]. To account for pleiotropy, we removed SNPs where
the p-value for the association with the outcome was lower than for the association with the exposure
of interest. As IVW estimates are vulnerable to pleiotropic SNPs, we used Cochran’s Q test (p > 0.05)
as a sensitivity measure to detect heterogeneity indicating pleiotropy. Moreover, radial-MR [20] was
used to remove statistically significant outlier SNPs. The I? statistic was used to measure the
heterogeneity between variant-specific causal estimates, with a low I?indicating bias toward the null
hypothesis [21]. A leave-one-out (LOO) analysis was applied to identify results where one or more
SNPs exert a disproportionate effect. TwoSampleMR (version 0.5.6), Mendelian Randomization
(version 0.5.1) and RadialMR (version 1.0) R packages were used for all MR analyses.

2.3. Multivariable MR (MVMR)

MVMR [22,23] was used to test whether the effect of adult-onset lactose intolerance on RhA was
conditional on changes in BMI. GWAS summary statistics were obtained as for two-sample MR
analyses. The p-value cut-offs used to choose instrumental SNPs for each exposure were chosen so
as to achieve adequate instrument strength for both exposures (conditional F-statistic >10 for each
exposure [24]). Reported results showed no evidence of instrument heterogeneity (Cochran’s Q-test
p>0.05). Exposures were derived from independent cohorts and therefore a correction for the
covariance between the effect of the genetic variants on each exposure was not necessary. MVMR
was implemented using the MVMR (version 0.3)[23] and Mendelian Randomization (version 0.5.1)
[22] R packages.

2.4. Rare Genetic Variant Burden Testing

To perform rare genetic variant burden testing to determine the effect of congenital lactose
intolerance on risk of RhA we used whole-exome sequencing data from UK Biobank (Wang et al.,
2021). We considered variants were high-quality variant-calls based on coverage, mapping quality,
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genotype quality, and Hardy-Weinberg equilibrium. We were aiming to identify individuals with a
complete LOF in LCT and therefore we considered non-synonymous variants which were rare
(MAF<0.0005 in both UK Biobank and GnomAD [25]) and either homozygous or complex
heterozygous (i.e. there were two qualifying but different variants within the same individual).
Identified rare variants with a common biological effect were collapsed into a single Fisher's exact
two-sided test to determine whether the burden of variants is different in RhA cases and controls.

3. Results
3.1. Congenital Lactose Intolerance Increases the Risk of Inflammatory Arthritis

Congenital lactose intolerance is caused by loss-of-function (LOF) mutations within LCT, which
encodes the lactase enzyme [2]. The mutations occur in a homozygote or compound heterozygote
pattern, and compromise both missense and nonsense mutations. We applied this model in UK
Biobank participants to test whether congenital lactose intolerance is causally linked to risk of RhA
(Methods); whole exome sequencing data was available from >100,000 participants (Table 1). RhA
in children is considered within the diagnosis of juvenile arthritis and therefore we considered
association between congenital lactose intolerance and both juvenile arthritis and RhA. Congenital
lactose intolerance is causally associated with juvenile arthritis (Fisher’s exact test, p=0.03, OR=34.8,
Table 1) and, at borderline statistical significance, with adult-onset seropositive RhA (p = 0.07, OR =
2.4, Table 1).

Table 1. Congenital lactose intolerance is associated with risk of inflammatory arthritis. Mutations within
LCT, which encodes the lactase enzyme, were considered under a recessive model (Methods). Cases were
considered to be individuals who reported either juvenile arthritis, which includes RhA in individuals aged

<16 years, or seropositive adult-onset RhA.

Cases with
Number of Number of
Phenotype P value congenital lactose Odds ratio
samples cases )
intolerance (%)
Juvenile arthritis 0.03 101,923 134 0.75 34.8
Seropositive RhA 0.07 146,073 10,024 0.05 24

3.2. Positive Control Analysis to Guide Genetic Instrument Selection for Measurement of Adult-Onset
Lactose Intolerance in MR

Lactose intolerance is causally related to osteoporosis [26,27] and is associated with a biologically
plausible mechanism due to the reduced calcium intake. We took advantage of this fact to derive an
appropriate set of genetic instruments for inferring lactose intolerance in our subsequent MR study
of RhA.

The p-value cut-off for choice of genetic instruments (SNPs) in MR is a compromise: When the
cut-off is too low, informative instruments will be lost, but when it is too high, non-informative
instruments will be introduced and instrument pleiotropy is more likely to occur [28]. We tested
multiple p-value cut offs between 5e-8 and 5e-4 in order to identify the most appropriate
(Supplementary Table S1). Only one SNP met a genomewide threshold (p<5e-8) for association with
lactose intolerance, which does not enable important quality controls including robust MR tests and
sensitivity analyses (Methods). A p-value cut off of 5e-5 produced the most significant result (IVW,
p=9.4e-4, beta = 2.6e-4, se = 8.0e-5, Table 2, Figure 2A).
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Table 2. Test statistics and sensitivity measures for MR analyses.
Effect of lactose Effect of lactose
Effect of BMI on
Test intolerance on risk of intolerance on risk of
risk of RhA
osteoporosis RhA
P value to select SNPs 5e-5 5e-8 5e-5
IVW P value 9.4e-4 5.6e-4 0.01
IVW beta 2.6e-4 0.22 -0.01
Weighted median P value 0.05 0.04 0.03
Weighted median beta 2.4e-4 0.21 -0.01
Egger P value 0.1 0.7 0.54
Egger beta 2.2e-4 0.06 -0.005
Weighted mode P value 0.07 0.1 0.06
Weighted mode beta 3.5e-4 0.2 -0.02
Mean F test 21.3 68.0 21.0
IVW Cochran's Q test P value 0.99 0.79 0.99
Radial MR outlier SNPs 3 8 5
2 0.95 0.98 0.95
Total LOO with MRE IVW >0.05 0 0 0
Total number of SNPs 75 70 77
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Figure 2. Two-sample Mendelian randomization (MR) tests. Scatter plots demonstrate a significant positive
association of BMI with risk of RhA (A) and adult-onset lactose intolerance with risk of osteoporosis (B); and a
significant protective effect of adult-onset lactose intolerance on risk of RhA (C). Trend lines are shown for the
IVW and robust MR tests. Each point represents the effect size (beta) and standard errors for each SNP-outcome
relationship.

3.3. Adult-Onset Lactose Intolerance Is Protective Against the Development of RhA

Our positive control analysis of the causal relationship between adult-onset lactose intolerance
and osteoporosis enabled optimum instrument selection for a MR test to determine whether adult-
onset lactose intolerance is causally linked to the development of RhA. Genetic liability to adult-onset
lactose intolerance is causally linked to risk of RhA (IVW, p = 0.01, beta = -0.01, se = 0.004, Table 2,
Figure 2B). This result was also statistically significant in robust MR tests and, based on the sensitivity
tests performed, none of these tests was invalidated by instrument pleiotropy or weak instruments
(Methods, Table 2).

3.4. Protective Effect of Adult-Onset Lactose Intolerance Against the Development of RhA Is Conditional on
Elevated BMI

BMLl is pro-inflammatory and is associated with autoimmune diseases including RhA [11]. Given
that reduced BMI is associated with adult-onset lactose intolerance [13,14] we hypothesised that the
protective effect of adult-onset lactose intolerance on development of RhA might be mediated via
reduced BMI.

First, we sort to confirm the causal relationship between elevated BMI and risk of RhA. Using a
p-value cut-off of 5e-8 to select instruments, genetic liability to higher BMI has a significant causal
effect on the risk of RhA (IVW, p =5.9e-7, beta = 0.24, se = 0.05, Table 2, Figure 2C). This result was
also statistically significant in robust MR tests and, based on the sensitivity tests performed, none of
these tests was invalidated by instrument pleiotropy or weak instruments (Methods, Table 2).

The protective effect of adult-onset lactose intolerance was non-significant when conditioned on
BMI (adult-onset lactose intolerance p=0.36, beta=-0.002, se=0.003 and BMI p=0.04, beta=0.14, se=0.07).
The MVMR analysis achieved adequate instrument strength for both exposures and there was no
evidence of instrument heterogeneity (Methods).

4. Discussion

Dairy products form a significant portion of the human diet almost universally. Therefore, it is
important that the health benefits or harms of consumption of dairy products are well understood.
Unfortunately, there has been significant controversy in the literature leading to conflicting advice
with respect to the role of dairy intake in terms of systemic inflammatory response. Here, we have
used traits linked to dairy consumption — lactose intolerance and BMI — to dissect the role of dairy
consumption on harmful inflammation as exemplified by RhA. We have confined our analysis to
genetic measures which are fixed at conception, and therefore our results are less vulnerable to
selection bias or reverse causation than a conventional observational study. Moreover, this approach
enables us to take advantage of several large datasets including UK Biobank, FinnGen Biobank and
Biobank of Japan.

We have demonstrated that congenital and adult-onset lactose intolerance have opposite effects
on the risk of RhA. Congenital lactose intolerance is causally linked to risk of RhA which is consistent
with the idea that dairy consumption is anti-inflammatory. This is supported by a recent meta-
analysis [5], and with the observation that dairy products contain a number of anti-inflammatory
lipids [6]. Conversely, adult-onset lactose intolerance has a protective effect and reduces the risk of
RhA. We have provided evidence to explain this apparently contradictory observation, by
demonstrating that the protective effect of adult-onset lactose intolerance is conditional on reduced
BML Indeed, after controlling for BMI, the protective effect of lactose intolerance becomes non-
significant. Similarly, there is evidence from observational studies of a significant inverse relationship
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between dairy intake and BMI after controlling for physical exercise and total dietary energy intake
[29]. This suggests that dairy product intake in moderation does not inevitably lead to harmful
increase in BMI and should, in light of our data, be encouraged for its positive effect on autoimmune
diseases.

We did not control for BMI in our analysis of congenital lactose intolerance because of the
technical challenge of combining common and rare variant analyses. However, dairy intake in babies
and children has been specifically associated with higher BMI [30] suggesting that congenital lactose
intolerance may be protective against obesity, and making the positive association we observe with
RhA more striking.

An alternative explanation for the difference between our observations regarding congenital and
adult-onset lactose intolerance is that dairy products have a different effect in development (e.g. [31])
compared to in adulthood. Congenital lactose intolerance may therefore increase the risk of RhA via
a mechanism which is not affected by adult-onset lactose intolerance where onset occurs after
development has completed. It was not possible to discount this possibility in our analysis, however
we can say that we do not find any evidence for a pro-inflammatory effect of dairy products given
that BMI completely explains the protective effect of adult-onset lactose intolerance.

A limitation of our study is that here is sample overlap between the GWAS used to measure
lactose intolerance and the GWAS used to measure liability to RhA; the lactose intolerance GWAS
was performed in FinnGen which forms a subset of the GWAS used for RhA; if weak instruments are
present this can produce a biassed result [32]. We have countered this by performing a positive
control analysis to guide instrument selection for the measurement of lactose intolerance, and we
showed that as measured by the F-statistic, we achieved adequate instrument strength.

In summary, in this study we have presented evidence that low levels of dairy product
consumption can increase risk of RhA. Our findings may extend to other diseases underpinned by
systemic inflammatory processes, and consequently this study supports the public health
recommendations that dairy should form part of a healthy, balanced health diet
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