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Abstract
Background and Aims

Interleukins (ILs) are associated with non-alcoholic fatty liver disease (NAFLD), however the direction and
causal effects of them susceptibility remain unclear. Two-sample Mendelian randomization (MR) study
was performed to investigate the causal relationship.

Materials and Methods

Single nucleotide polymorphisms associated with 10 ILs were used as instrumental variables. Summary-
level results of estimates for the associations of NAFLD were obtained from two large multi-centered
NAFLD genome-wide association study (2,377 cases and 23,5679 controls). For univariable MR, inverse-
variance weighted (IVW) method was applied, while MR-Egger, Weighted Median and MRPRESSO were
conducted as sensitivity analyses. Lastly, we performed meta-analyses with estimates from the two
cohorts.

Results

IL-1 receptor antagonist (IL-1Ra) demonstrated a suggested signi�cant association with an increased risk
of NAFLD in both cohorts, with OR 1.435 (95%CI, 1.041–1.977, P = 0.0270) and 1.424 (95%CI, 1.011–
2.004, P = 0.0430), respectively. The combined estimate OR 1.430 (95%CI, 1.132–1.807, P = 0.0027).
Furthermore, genetically proxied IL-6 and IL-6 receptor alpha (IL-6Ra) levels displayed consistent positive
trend with an increased risk of NAFLD, although none of them reach suggestive signi�cance. Notably, the
pooled estimates were 1.827 (95% CI, 1.328–2.514, P = 0.0002) for IL-6 and 1.098 (95% CI, 1.026–1.176,
P = 0.0068) for IL-6Ra, respectively. The sensitivity analysis showed consistent positive trend towards the
increased NAFLD susceptibility, though none of them achieved statistical signi�cance.

Conclusion

The results suggested genetically proxied circulating of IL-1Ra, IL-6, and IL-6Ra are causally associated
with the risk of NAFLD. Moreover, our data highlights the potential targeted measures and drug
repurposing strategies in the NAFLD prevention and treatment.

Lay Summary
This study �rst time showed the causal relationship between IL-1ra, IL-6 and NAFLD development by MR
analysis, which highlights the potential targeted measures in NAFLD prevention and treatment.

Introduction
Nonalcoholic fatty liver disease (NAFLD) is de�ned as the development of an abnormal accumulation of
fat in the liver associated with systematic metabolic dysfunction instead of being attributed by the
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alcohol intake. It covers a wide spectrum of liver damage ranging from steatosis, non-alcoholic
steatohepatitis (NASH), �brosis, and cirrhosis, and /or hepatocellular carcinoma (HCC) [1]. NAFLD has led
to a signi�cant health burden, which up to 30% of adults and up to 10% of children in developed countries
are diagnosed with NAFLD. Moreover, many patients will undergo continuous disease progression to the
end stage and require liver transplantation eventually [2]. Since the pathogenesis of NAFLD is not fully
understood and the therapeutics are still limited [3, 4], there is an unmet clinical demand for research to
have a better understanding of how NAFLD develops and progresses as well as potential novel drug
discovery for patient bene�t.

A variety of complex factors have been reported to contribute to NAFLD susceptibility and progression,
such as adipokines, nutritional factors, gut microbiota, and genetic and epigenetic predispositions to
elevated oxidative stress and in�ammatory responses [5]. Numerous cross-sectional and retrospective
cohort studies based on human samples veri�ed a potential association between NAFLD and pro-
in�ammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and IL-6 cytokine
family, play crucial roles in NAFLD process [6, 7]. These cytokines can lead to the recruitment of
circulating monocytes to the liver and the activation of liver resident macrophages (Kupffer cells) to
mediate in�ammation in NASH [8]. A meta-analysis revealed that compared with the control group, IL-6,
TNF- α, and C-reactive protein (CRP) level were higher in NAFLD patients [9], and the IL-6 level was higher
in NAFLD patients with signi�cant �brosis and advanced histological manifestations [10].

Since various ILs participates in in�ammation of NAFLD development, the evaluation of the relationship
of IL family and NAFLD would help have a deeper understanding of the mechanism of NAFLD.
Meanwhile, given that targeted antibody-based therapies have been widely applied in cancers and auto-
immune diseases, such analysis can provide novel insights on drug repurposing. However, since most of
human studies are cross-sectional or retrospective, researchers are neither unable to remove pleiotropic
effects from the confounders nor rule out the possibility of reverse causation. To date, there is no
su�cient evidence to clarify the causal association between ILs and the NAFLD risk. With the emergence
of high-throughput technology, Genome-wide association study (GWAS) has been widely employed to
discover genetic loci related with complex human traits. Various methods on the basis of the summary-
level statistics have been created for investigation between the correlations of various traits. Among
them, Mendelian randomization (MR) has been used to effectively estimate the potential causal
relationship between the exposures and the outcomes or diseases [11] and it was convenient, low cost
and less likely to be confounded by covariables [12]. Moreover, such method has also been adopted for
potential drug targets development [13]. Here we applied a two-sample MR approach and meta-analysis
by leveraging summary-level datasets of several large-scale GWASs datasets and protein quantitative
trait loci to investigate the causal relationships between circulating interleukins levels and the risk of
NAFLD and provide novel insights for potential targeted therapeutics.

Materal And Methods
Study design
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Here, we performed univariable two-sample MR to investigate the causal effects of genetically proxied
interleukins on the risk of NAFLD. We extracted the instrumental variables (IVs) and the effect values
(beta coe�cient, standard error, and P-value) from published pQTL datasets conducted in European
Ancestry. The outcome datasets are derived from two largest NAFLD GWAS cohorts (listed in
Supplementary Table S1), abbreviated as Anstee cohort and FinnGen R5 cohort. Lastly, we pooled the
causal estimates by meta-analysis with the �xed-effect model.

In prior to the analysis, we veri�ed that the three major assumptions of MR can be satis�ed. First, the
selected IVs are directly associated the exposures of interest. Second, the IVs are independent of any
known confounders. This was accomplished by searching for pleiotropic effect achieved on
Phenoscanner (http://www.phenoscanner.medschl.cam.ac.uk/) and linkage disequilibrium (LD) analyses
(details later). Finally, the effects of the genetic proxied variants on the outcomes are mediated solely by
the exposures of interest.

The selection of genetic proxied variants and data source

We selected IVs for each interleukin measurements based on the criteria described from several original
publications [13]. The detailed information about the pQTL study were described in Supplementary Table
S1. In brief, except IL-1β, IL-2 receptor alpha subunit (IL-2Ra) and IL-17, all the other interleukin traits were
extracted from the summary statistics of Olink CVD-I protein pQTL data [13] were obtained from 13
cohorts recruiting more than 30,000 participants in European ancestry. In this study, the between-study
heterogeneity was used to guide the selection of IVs. The genetic variants need to surpass a Bonferroni-
corrected P-value threshold (P < 5.6 × 10-10) in discovery studies and demonstrate suggestive signi�cance
in the replication studies with the same directional beta coe�cients. They also need to demonstrate
conventional genome-wide signi�cance (P < 5 × 10-8) in the meta-analyses of discovery and replication
datasets. Next, we selected independent (LD r2 = 0) variants, including cis- and trans-pQTLs, as genetic
proxies for the level of individual interleukin measurement. Lastly, we searched the SNPs on
Phenoscanner with a strict P= 1× 10−5 and R2 = 0.8 to rule out measurable confounding factors. For IL-1β,
only 1 SNP was obtained from a GWAS involving over 10,000 individuals, based on the following criteria:
P < 5 × 10-8 and LD r2 < 0.01. For IL-2Ra and IL-17, similarly, only one SNPs was used as genetic
instrument based on a GWAS done in over 8,000 European population. The complete information on the
selected IVs for each IL measurement is shown in Supplementary Table S2.

The summary-statistics of two largest NAFLD GWAS cohorts were extracted to calculate the causal
estimates. The �rst dataset, done by Anstee et al, included 1,483 European NAFLD cases and 17,781
genetically matched controls recruited from multiple European tertiary liver centers [14]. All patients were
unrelated, and the diagnosis was con�rmed by liver biopsy due to a former abnormal biochemical testing
or ultrasonography with signs of metabolic syndrome or macroscopic appearances of the steatotic liver
in bariatric surgery. Patients with other liver diseases, such as excessive alcohol consumption (women:
alcohol intake <20 g/d; men: alcohol intake <30 g/d), chronic viral hepatitis (hepatitis B and C),
autoimmune liver diseases, hereditary hemochromatosis, α1-antitrypsin de�ciency, Wilson’s disease, and
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drug-induced liver injury, were strictly excluded. The control data were retrieved from pre-existing genome-
wide genotype data. The second NAFLD GWAS dataset was accomplished by FinnGen Round 5
(https://r5.�nngen.�/). This dataset included 894 cases and 217,898 controls from Finnish population.
The SNPs were analyzed using SAIGE software (https://github.com/weizhouUMICH/SAIGE) adjusted
with sex, age, �rst 10 principal components, genotyping batch, and genetic relatedness. The detailed
information of NAFLD GWAS datasets were summarized in Supplementary Table S3.

Statistical Methods

The inverse-variance weighted (IVW) was used as the major method for causal estimation as it is
sensitive to identify causal associations when there is in absence of potential pleiotropic effects. The
heterogeneity was examined with Cochran’s Q values, I2 statistics, and the H statistics [15]. The meta-
analysis was performed to combine the IVW causal estimates with a �xed-effect model. In addition, we
conducted several sensitivity analyses including MR-Egger, weighted median, and Mendelian
Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) to consolidate the IVW results. The
MR-Egger method was mainly used to identify the potential pleiotropy effect based on the p-value for the
intercept [16]. The weighted median method is utilized to strengthen causal estimates when half the
weight in the MR analysis comes from invalid IVs [17]. MR-PRESSO method was used for the detection of
potential outliers and provided corrected values after adjustment of potential horizontal pleiotropy [18].
The F-statistics was also calculated based on the approximation method described by Bowden et al, to
indicate the strength of IVs [19]. IVs with F-statistic < were considered as weak instruments; while IVs with
F-statistics ≥ 10 were considered as effective. The power calculation was performed for each genetically
proxied interleukin measurement using the web-based tool mRnd
(https://shiny.cnsgenomics.com/mRnd/) [20].

The MR results are 2-sided, and a P-value < 0.005 (0.05/10 adjusted with the Bonferroni method) was
considered statistically signi�cant. A P-value between 0.05 and 0.005 was considered suggestively
signi�cant. For the meta-analysis, a P-value < 0.05 was considered statistically signi�cant. All the
analyses were performed on the R platform (version 4.0.2). The “TwoSampleMR” (0.5.5), “Mendelian
Randomization” (0.5.0), and “MR-PRESSO” packages were used for statistical analyses. The meta-
analyses were conducted using the “meta” and “forestplot” R package.

Results
Basic characteristics of IVs

In total, 238,146 individuals (2,377 NAFLD cases and 235,679 controls), were included to analyze the
effects of the genetically proxied IL measurements on the risk of NAFLD. Based on R2, the variances
explained by the IVs for IL measurement ranged from 0.02% to 28.90%. Weak instrument was not
identi�ed for both cohorts. No statistically signi�cant heterogeneity and pleiotropy was observed for each



Page 6/16

trait in both cohorts (Supplementary Table S4). The power for all outcomes in our study was listed in
Supplementary Table S5.

Genetic proxied interleukin levels on the risk of NAFLD

Based on IVW method, only IL-1 receptor antagonist (IL-1Ra) demonstrated suggested signi�cant
association with an increased risk of NAFLD, with ORs equal to 1.435 (95% con�dence interval [CI], 1.041-
1.977, P = 0.0270) in Anstee cohort and 1.424 (95% CI, 1.011-2.004, P = 0.0430) in FinnGen cohort,
respectively. The combined estimate equals to 1.430 (95% CI, 1.132-1.807, P = 0.0027). Despite IL-1Ra,
genetically proxied IL-6 and IL-6 receptor alpha subunit (IL-6Ra) levels displayed consistent positive trend
with an increased risk of NAFLD, although none of them reach suggestive signi�cance in both cohorts.
However, the pooled estimates equal to 1.827 (95% CI, 1.328-2.514, P = 0.0002) for IL-6 and 1.098 (95%
CI, 1.026-1.176, P = 0.0068) for IL-6RA, respectively. There is limited evidence showing causal effects of
other interleukin traits on the risk of NAFLD. The summarized results of IVW estimates and meta-analysis
were presented in Figure 1.

Figure 1 IVW estimates and meta-analysis

Furthermore, although the ORs given by MR-Egger and weighted median method did not achieve
statistical signi�cance (shown in Supplementary Table S6), we noticed a consistent positive trend
towards the increased NAFLD susceptibility, which further consolidate our �ndings.

Discussion
To our knowledge, the present study included the �rst MR analysis to explore the association of IL family
member levels with NAFLD and suggested that a potential the causal relationship between IL-1ra, IL-6,
and IL-6RA on the risk of NALFD.

NAFLD is characterized by the excessive accumulation of lipids (triglycerides) in the liver and represents
a spectrum of liver conditions with the possible outcomes of liver failure and hepatocellular carcinoma [1,
2]. Patients with NAFLD and NASH can present a variable combination of all of these different conditions,
and NAFLD is thus considered a multifactorial disease with highly heterogeneous clinical manifestations
[21]. In�ammation participants in NAFLD development [6, 7], and insulin resistance has also been
suggested to be an independent risk factor for NAFLD progression, since insulin resistance in both the
adipose tissue and the liver leads to an accumulation of free fatty acids in hepatocytes, which results in
lipotoxicity [22, 23]. To better understand the pathogenesis of metabolic diseases and to identify
prevention and treatment strategies, it is required to identify factors causally related to disease
developments. The genomics revolution offers new opportunities to perform MR studies to establish
causal relationships between a wide range of biomarkers (exposure) and disease (outcomes).

IL-1ra is usually regarded as anti-in�ammatory factor, since it is a naturally anti-in�ammatory cytokine
that competitively blocks the signaling of IL-1α and IL-1β [24]. IL-1ra behaves as an acute-phase protein
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with its serum concentrations increasing in in�ammatory conditions. It has been shown that mice with IL-
1ra de�ciency are associated with chronic in�ammation and leaner phenotype which is the result of
aberrant lipid metabolism [25]. Even though being associated with fat, a close association between IL-1ra
and CRP and �brinogen was still found after adiposity adjustment [26, 27]. Accordingly, recombinant IL-
1ra has been used to reduce the in�ammatory markers in obese and non-obese diabetic patients [28] and
treat several autoimmune and systemic in�ammatory diseases [29].

However, one prior study analyzed liver biopsies from 119 morbidly obese subjects, reported that serum
IL-1ra level was associated with NAFLD development, and suggested serum IL-1ra concentration could
improve non-invasive diagnosis of NASH [31], also our result showed it was positively associated with
NAFLD risk. As mentioned above, IL-1ra can prevent the binding of IL-1α and IL- 1β to IL-1R1 and
attenuates in�ammation. The dysregulation of this equilibrium has been reported in metabolic-related
diseases [32]. In our MR analysis, IL-1β was not increased along with NAFLD risk, so as the observation in
the study among NASH [31], indicating imbalance between IL-1ra and IL-1β may play a role in NAFLD
development. Moreover, IL-1ra was generated from adipose tissue and liver, and function both in
systematic and organs, therefore, the systematic IL-1ra level tested in database may not re�ect the roles
in the liver.

Besides, IL-1ra are related to adipose tissue amount and insulin sensitivity [27, 33], that serum IL-1ra
concentrations are increased in obesity and are further elevated in those with type 2 diabetes mellitus
(T2DM), and IL-1ra is correlated with insulin levels and several surrogated markers of insulin resistance or
sensitivity such as homeostasis model assessment (HOMA), quantitative insulin sensitivity check index
(QUICKI) and triglyceride-glucose index (Tyg index), even after adjustment by the percentage of body fat.
Thus IL-1ra upregulation is associated with IR, which can increase hepatic de novo lipogenesis and
impairs insulin-mediated suppression of adipose tissue lipolysis with consequent increased �uxes of free
fatty acids into the liver [22]. All these factors may contribute to hepatic fat accumulation and increased
lipids in circulation. IR is regarded as one of the key pathophysiological features in human NAFLD [23,
34], and is contributed by TNF-α, IL-6 and various IL-1 type cytokines [35]. A rise in IL-1ra precedes the
onset of T2DM [36] and discriminates which individuals will develop T2DM [37]. One MR study revealed
that genetically predicted IR was positively correlated with the higher risk of severe steatohepatitis and
liver �brosis and indicated IR would be a reason for steatohepatitis [38]. The role of IL-1ra in IR is
independent of binding to the IL-1R1, which suggests an alternative mechanism of IL-1Ra in metabolic
regulation [39].

Our MR study provides another insight on the causal correlation of IL-1ra on the risk of NAFLD. IL-1ra has
dual roles in regulating metabolism; its anti-in�ammatory properties can prevent hepatic steatosis via
blocking IL-1R1, and it can lead to IR via IL-1R1-independent mechanisms. For instance, IL-1ra can cause
leptin resistance by inhibiting the anti-appetite signaling pathway of leptin [40]. moreover, our study
included patients diagnosed with NAFLD, but no further disease grading was carried out. IL-1ra may play
different roles in different stages, which cannot be distinguished. Further comprehensive mechanistic
research is warranted in investigate such effects on various organs and various cell compositions.
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In this MR analysis, we also found IL-6 and IL-6RA are associated with risk of NAFLD. Many studies have
demonstrated chronic exposure to IL-6 promotes hepatic gluconeogenesis, impaired lipid metabolism
[41], and hepatic insulin resistance (IR) [23], indicating IL-6 blockade may offer a potential therapeutic
target for NAFLD. Recently, researchers introduced the concepts of “pro-in�ammatory diet” and “anti-
in�ammatory diet”. The former, including the consumption of a large amount of red meat, processed
meat, re�ned carbohydrates and added sugar can promote chronic in�ammation by the induction of
in�ammatory factors such as IL-6, TNF-α-R1, TNF-α-R2, CRP, etc., while the latter, including whole grains,
fruit, and green leafy and dark yellow vegetables can inhibit the expression of in�ammatory factors [42].
Moreover, dietary supplements, such as n-3 poly-unsaturated fatty acids (PUFAs), vitamin C, and vitamin
D, etc [43, 44], and physical exercise [45], can downregulate the production of a wide range of pro-
in�ammatory cytokines.

IL-6 exhibits a complex biology as it can signal via three different modes [46]. In classic signaling, IL-6
binds to the membrane-bound IL-6RA, which is mainly expressed on hepatocytes and immune cells, and
induces homodimerization of gp130 and downstream signaling in a cell-autonomous manner. In the
trans-signaling mode, IL-6 uses the soluble IL-6RA (sIL-6RA). This mode of signaling is considered to
cause proin�ammatory properties, and enables cells lacking the membrane-bound IL-6RA to be
stimulated by IL-6. In the third type of signaling, cluster signaling (also termed trans-presentation), IL-6 is
presented bound to the IL-6RA on the surface of dendritic cells to cognate T cells, which are activated via
gp130 homodimerization. The classical/ trans-signaling pathway of IL-6 is complicated, and the genetic
variants in the IL-6RA region change how much soluble and membrane-bound IL-6RA is available and
also their proportion, rather than changing the total level. The current study found both IL-6 and IL-6RA
instrumental variables are associated with NAFLD risk, verifying the participation of IL-6 signaling in
NAFLD development, but the SNP of IL-6RA cannot distinguish membrane-bound or soluble IL-6RA, or the
balance between the two.

IL-6 family cytokines are now viewed as an appealing option in many metabolic diseases, including
T2DM and NAFLD [46, 47]. Even though targeting IL-6 signaling through inhibition of IL-6 or IL-6R may
elicit similar effects, classic IL-6 signaling is thought to represent a defense mechanism (eg. against
pathogens), while trans-signaling has been suggested to play pathogenic roles in chronic in�ammation
[45]. We speculated that neutralizing antibodies against IL classic pathway may in�uence the defense
function of IL-6, implicated by infection cases due to impaired acute phase response after the treatment
[48, 49]. The trans-signaling pathway might be a targeting point for NAFLD treatment. The newly
developed target therapy by the blockade of IL-6 trans-signaling, Olamkicept (FE 999301; TJ 301), has
been applied to in�ammatory bowel disease (IBD) patients and induced clinical response in 44% and
clinical remission in 19% of patients [50]. Based on the result of our study, we hypothesized that a
therapeutic approach speci�cally targeting IL-6 trans-signaling could speci�cally treat NAFLD without
interfering with physiologic and host defense activities involving classic signaling.

Strength And Limitation
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Our MR analyses was the �rst to explore the causal relationship between IL and NAFLD by utilizing
independent large public GWASs datasets. The results indicated both in�ammation and IR have potential
role in NAFLD development, and could be used as a potential therapeutic target. By rigorous instrumental
variables selection, our results are less susceptible to confounding factors. We applied a conservative
approach to minimize the heterogeneity and con�rmed the consistency of point estimates before and
after outlier removal and thus strengthened the evidence. Furthermore, we conducted a number of
sensitivity analyses to ensure the consistency of causal estimates and con�rm robustness of the present
�ndings.

However, there are still some limitations in this study. Firstly, this study cannot directly prove that
appropriate management of IL-1ra, IL-6, or IL-6RA would reduce the risk of NAFLD. Such clinical
measurements should be investigated in a future clinical trial. Secondly, our study included individuals
diagnosed with NAFLD based on ICD codes, but no details about disease stage or grading was available
to support a deeper MR analysis. Lastly, the included studies were con�ned to individuals in European
ancestry. Thus, we should be careful to generalize our �ndings to a broader population.

Conclusion
In conclusion, our MR study suggested that IL-1RA, IL-6 and sIL-6RA causally increases NAFLD risk, and
could serve as warning factors for NAFLD development. Moreover, therapeutic strategies and modi�able
lifestyle factors targeting IL-1 and IL-6 trans-signaling pathways might be considered for drug
repurposing in the prevention and treatment of NAFLD. However, further research is certainly required to
corroborate these �ndings in practice.
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