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Background & Aims: Non-alcoholic fatty liver disease (NAFLD), type 2 diabetes (T2D) and 

obesity are epidemiologically correlated with each other but the causal inter-relationships among 

them remains incompletely understood. We aim to explore the causal relationships among the 

three diseases.

Methods: Using both UK BioBank and the largest-to-date publicly available GWAS data, we 

performed a two-sample bidirectional Mendelian Randomization (MR) analysis to test the causal 

interrelationships among NAFLD, T2D, and obesity. Transgenic mice expressing the human 

PNPLA3-I148M isoforms (TghPNPLA3-I148M) were used as an example to validate the causal 

effects and explore the underlying mechanisms.

Results: Genetically-instrumented NAFLD significantly increased the risk for T2D and central 

obesity but not insulin resistance or generalized obesity, while genetically-driven T2D, BMI and 

WHRadjBMI causally increase the NAFLD risk. The animal study focusing on PNPLA3 well-

corroborated these causal effects: compared to the TghPNPLA3-I148I controls, the TghPNPLA3-

I148M mice developed glucose intolerance and increased visceral fat, but normal insulin 

sensitivity, reduced body weight, and decreased circulating total cholesterol. Mechanistically, the 

TghPNPLA3-I148M mice demonstrated decreased pancreas insulin but increased glucagon 

secretion, which was associated with increased pancreatic inflammation. There were significantly 

suppressed transcription of hepatic cholesterol biosynthesis pathway genes while activation of 

thermogenic pathway genes in subcutaneous and brown adipose tissues but not in visceral fat of 

the TghPNPLA3-I148M mice compared to the TghPNPLA3-I148I mice.

Conclusions: Our study suggests that lifelong, genetically-driven NAFLD causally promotes 

T2D with a late onset Type-1 like diabetic subphenotype and central obesity; while genetically-

driven T2D, obesity, and central obesity all causally increase the NAFLD risk. This causal 

relationship revealed new insights into the nature and nurture of these diseases and provided novel 

hypotheses for disease subphenotyping.

Graphical Abstract

LAY SUMMARY

Genetically caused nonalcoholic fatty liver disease (NAFLD) was found to cause diabetes mellitus 

and central obesity but protects against overall obesity; while diabetes and obesity also cause 

NAFLD. The study further suggested that each of the three closely related diseases, NAFLD, T2D 

and obesity should be further stratified to different subtypes. This is important for accurate 

diagnosis, prevention and treatment for these diseases.
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INTRODUCTION

Non-alcoholic Fatty Liver Disease (NAFLD) is characterized by the presence of excess 

hepatic fat accumulation (≥ 5%) without significant alcohol use, hepatitis virus infection, or 

other secondary causes of hepatic fat accumulation[1]. The spectrum of NAFLD ranges from 

simple non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH), which 

over time can lead to cirrhosis, hepatocellular carcinoma, and organ failure[2]. Compelling 

observational epidemiological studies have shown that NAFLD is highly correlated with 

metabolic disorders such as type 2 diabetes (T2D)[3–5] and obesity[6, 7].

Dissecting the causal relationship between the three diseases is crucial for both 

understanding the disease etiology and developing effective diagnostic, therapeutic and 

preventive strategies. However, observational associations are limited in elucidating the 

causality due to various confounding factors (e.g. lifestyle, socioeconomic status) or the 

reverse causation bias[8]. As a result, the three diseases are often treated as comorbidities for 

each other in various biomedical research settings. Without clearly knowing the causality 

among the three diseases, treatments or preventive interventions may often lead to 

conflicting research findings and inconsistent responses among patients.

Mendelian randomization (MR) analysis, which uses genetic variants as proxies for the risk 

factors of interest, has been widely applied in understanding the causal relationship between 

various risks factors and human diseases, e.g. estimation of the causal effect of plasma HDL 

cholesterol on myocardial infarction risk[9]. Since during the process of meiosis the alleles 

of the parents are randomly segregated to the offspring, the MR method is considered to be 

analogous to a randomized controlled trial (RCT) but less likely to be influenced by 

confounding factors and reverse causation[10]. Bidirectional MR is an extension of 

traditional MR in which the exposure-outcome causal relationship was explored from both 

sides. The bidirectional framework provides an efficient way to ascertain the direction of a 

causal relationship, which helps alleviate the potential bias from reverse causation[11].

Recent MR studies have partially explored the causal relationships among the three diseases. 

Dongiovanni et al. showed genetically instrumented hepatic steatosis was associated with 

insulin resistance and a small increase in T2D risk[12]. A study by De Silva et al. indicated 

that genetically raised circulating ALT and AST increased the risk of T2D[13]. Stender et al. 

found that the genetic predictors of BMI were associated with NAFLD[14]. However, a 

systematic bidirectional MR study leveraging the latest GWAS data is particularly needed to 

elucidate the causal relationships among the three diseases under a uniformed setting. In 

addition, experimental analysis e.g. animal models with a characterized natural history under 

controlled conditions would also help further establish the causality.

In this study, we first aimed to explore whether NAFLD casually increases risks for T2D, 

obesity and their related intermediate traits. We then investigated the reverse relationships, 
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i.e. whether T2D and obesity causally affect NAFLD risk. Further, we used a newly 

constructed transgenic mice model expressing human PNPLA3-I148M isoforms, a known 

genetic NAFLD model as a typical example to validate the causal effects of NAFLD on T2D 

and obesity identified in humans, as well as to explore the potential mechanisms underlying 

these causal relationships.

MATERIALS AND METHODS

Ethics statement

The summary-level GWAS data used for mendelian randomization analyses are publicly 

available[15–24] (Fig. 1 and Supplementary Table 1). Therefore, no specific ethical approval 

is required. The study of the transgenic mice experiments has been reviewed and approved 

by the IACUC of both Wayne State University and the Indiana University School of 

Medicine. This research has been conducted using the UK Biobank Resource under 

application number 24460.

MR analyses

GWAS summary data—We extracted the significant variants (p<5e-8) associated with 

hepatic steatosis and histologic NAFLD from the largest-to-date GWAS study[15]. For the 

purpose of estimating the reverse causal relationship, we generated the full GWAS summary 

statistics of NAFLD in UK Biobank (UKBB) samples consisting of 1,122 cases and 399,900 

controls. The details of the GWAS of NAFLD in UKBB are described in the section below.

We downloaded full GWAS summary data of 22 glycemic and obesity traits from the largest 

published studies as of March 2019. Only association results from participants of European 

descent were used in the present study. The details on the phenotype information, sample 

size, and PubMed ID of the original study are summarized in Supplementary Table 1.

GWAS of NAFLD and T2D in UK Biobank—NAFLD was defined based on ICD-9 

571.8 “Other chronic nonalcoholic liver disease”) and ICD-10 K76.0 [“Fatty (change of) 

liver, not elsewhere classified”] from inpatient hospital diagnosis within the UK Biobank 

dataset. Individuals with Hepatitis B or C or with other known liver diseases (e.g. liver 

transplant, hepatomegaly, jaundice, or abnormal liver function study results) were excluded 

from the analysis. It is noteworthy that, we recognized that this medical record-based 

phenotype may not exactly reflect the clinically/histologically characterized NAFLD. 

However, we found that the top genetic risk alleles identified in our GWAS well matched the 

patterns of previously identified loci for NAFLD/NASH, suggesting that the phenotypic 

definition in the UKBB reflect that of clinical NAFLD very well. The white British subset of 

UK Biobank was used for analysis in SAIGE[25] with sex, birth year, and 4 principle 

components as covariates.

Genetic predictors selection—We used the two strongest genetic predictors of NAFLD, 

Patatin-like phospholipase domain-containing protein 3 (PNPLA3) rs738409 and 

Transmembrane 6 superfamily member 2 (TM6SF2) rs58542926, as the proxy for hepatic 

steatosis and histologic NAFLD. We chose these two variants as the instruments based on 
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the following rationale: 1) These two variants have been consistently shown to be associated 

with the whole spectrum of the NAFLD [15, 26–29]. Among numerous genetic association 

analyses, the association between these two variants and NAFLD and related traits are the 

most significant as compared to other genetic factors. Their associations with NAFLD are 

also much stronger as compared to those with other traits. 2) Mechanistic studies have 

clearly demonstrated that these two variants are causal to NAFLD [27, 30–32]. 3) Both 

genes are only highly expressed in limited tissue/organ, especially in the liver. According to 

the GTEX data, PNPLA3 is mainly expressed in the liver and skin/adipose tissue as oppose 

to other tissues, while TM6SF2 is almost exclusively expressed in the intestine and liver. 4) 

These two variants have been broadly accepted as genetic proxies to infer the causal 

relationship between NAFLD/liver fat/liver function enzyme and complex traits including 

liver damage and insulin resistance [12], ischaemic heart disease [33], and vitamin D intake 

and deficiency [34]. As TM6SF2 rs58542926 is not genotyped in most of the GWAS 

summary data used in this study, rs2228603 at the NCAN gene locus, which is in strong 

linkage disequilibrium with TM6SF2 rs58542926 (pairwise R2 = 0.76 based on the Phase 3 

data of the 1000 Genomes Project in European individuals) and significantly associated with 

both hepatic fat content and NAFLD histology[35], was used as the proxy for TM6SF2 
rs58542926. For the 22 glycemic and obesity traits, we selected the significant and 

independent genetic predictors in two steps: we first obtained all the variants that passed the 

genome-wide association significance level of p<5e-8. Then the independent genetic 

predictors were identified by clumping the top GWAS loci through PLINK 1.9 (https://

www.cog-genomics.org/plink2) with the threshold of LD R2 < 0.1 in a 500-kb window. The 

linkage disequilibrium was estimated based on the European samples in phase 3 of the 1000 

Genomes Project[36]. We omitted 10 traits including 2h glucose, HOMA-IR, HOMA-B, and 

seven OGTT traits due to lack of enough significant and independent genetic variants 

(number of valid variants < 3). Therefore, 12 traits were analyzed for the causal effects on 

NAFLD. The F statistics of all the genetic predictors in the present study were larger than 

the empirical threshold of 10[37] (Table 1 and Table 2).

MR estimation—For MR estimation with NAFLD as the exposure, we used the inverse 

variance weighted (IVW) method to estimate the combined causal effect of PNPLA3 and 

TM6SF2 (NCAN) variants by assuming a fixed-effect model[38]. As a sensitivity analysis, 

Wald’s method was used to estimate the causal effect with each of the genetic variant 

respectively. We considered a significant causal relationship if the directions of the estimates 

by PNPLA3, TM6SF2 (NCAN), and the two variants combined were consistent, and the 

combined estimate passed the Bonferroni-adjusted significance of p<0.05.

For the MR estimation with NAFLD as the outcome, besides the IVW method, we estimated 

the causal effects using additional methods including weighted median estimator[39] and 

MR-Egger[40] as a sensitivity analysis. To assess the heterogeneity and identify horizontal 

pleiotropic outliers, we used the Q’ statistics[41] with modified second order weights and 

MR-PRESSO global test[42]. If the horizontal pleiotropy is significant, MR-PRESSO was 

used to identify outliers at p<0.05. We then removed the outliers and retested if the causal 

relationship and pleiotropic effects were significant. We considered as significant if the 

directions of the estimates by three methods (IVW, weighted median, and MR-Egger) were 
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consistent, IVW method passed the Bonferroni-adjusted significance of p<0.05, and no 

significant pleiotropy tested by MR-PRESSO global test and modified Q’ statistics. MR 

analyses were performed with “MendelianRandomization”[43], “MRPRESSO”[42], and 

“RadialMR”[44] packages in R version 3.5.0 (http://www.r-project.org/).

Sensitivity analysis—To test the robustness of the MR estimation, we incorporated more 

known but less significant GWAS-identified NAFLD risk variants as the genetic proxy. The 

sensitivity analysis was performed using two independent NAFLD GWAS summary data. 

Firstly, we re-estimated the causal effects of the hepatic steatosis and histologic NAFLD on 

T2D, obesity, and their related traits using all the 5 NAFLD risk variants (PNPLA3 

rs738409, NCAN rs2228603, GCKR rs780094, PPP1R3B rs4240624, and LYPLAL1 

rs12137855) identified in the GOLD cohort. Next, to incorporate other two known NAFLD 

risk variants (MBOAT-TMC4 rs641738 and HSD17B13 rs6834314), we extracted the 

summary statistics of all aforementioned 7 known variants from the UKBB NAFLD GWAS 

summary data. The MR estimation was performed using different combinations of the 

variants through the inverse variance weighted method.

Animal experiments

We constructed transgenic mouse model expressing human PNPLA3-I148I and PNPLA3-

I148M isoforms, respectively. The mice were either fed with a high sucrose diet (HSD)[31] 

for 4 weeks to induce hepatosteatosis, and a high fat, high fructose and high cholesterol 

AMLN) diet[45–48] for 20 weeks to induce NASH. T2D and obesity phenotypes where 

characterized during the dietary feeding. Various experimental analyses were performed to 

explore the mechanism underlying the causal relationships between NAFLD, T2D and 

obesity, including histologic analyses of the mouse liver tissue, immunofluorescent staining 

of inflammation makers in both liver and pancreas tissue as well as the insulin and glucagon 

signaling in pancreas tissue, Western blotting analysis of the Akt signaling in the liver and 

skeletal muscle tissues, as well as real-time PCR to examine the gene expression levels of 

hepatic cholesterol biosynthesis and thermogenesis pathway genes in brown as well as 

subcutaneous and epidydimal white adipose tissues. Details on the transgenic mouse model 

construction and technical methods and materials for various phenotypic characterization 

and molecular assays were described in the Supplementary materials.

Statistical analyses

Power assessment of the animal study was described in the supplementary methods. 

Statistical significance of the experimental data on animal study were performed using 

ANOVA, Students’ t-test or Pearson correlation wherever appropriate. Tukey corrected p 

value<0.05 was considered significant. All statistical analyses for animal experiments were 

performed using GraphPad Prism Version 6.00 (GraphPad Software, CA, USA).

RESULTS

Study overview

The design of this study consists of three steps (Fig. 1). We first aimed to explore whether 

NAFLD (both CT-measured hepatic steatosis and biopsy-proven histologic NAFLD) 
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casually affects T2D, obesity and their related intermediate traits (Step 1). To this end, we 

used the summary GWAS data for CT scan-measured steatosis (GOLD) as well as the 

histologic NAFLD (case and control) (NASH CRN/MIGen) presented in Speliotes et al.[15], 

which is thus far the largest GWAS comprehensively covering multiple phenotypes of 

NAFLD. We also use the summary GWAS meta-analysis data for T2D (DIAGRAM)[16], 

obesity (GIANT)[23], glycemic (MAGIC)[17–22] and lipid (GLGC)[24] traits as outcomes 

(Step 1), which are the largest-to-date GWAS data on these phenotypes as well. The causal 

role of NAFLD on T2D and obesity was conducted first by using two well-established 

NAFLD-associated polymorphisms in PNPLA3 and TM6SF2/NCAN loci as proxies for 

hepatic steatosis and histologic NAFLD. We then performed a GWAS on the NAFLD 

phenotype in the UK biobank dataset. Based on this new summary data, we further 

performed a sensitivity analysis by including other 5 GWAS-identified variants as a broad 

proxy for NAFLD to further examine the causal relationship between NAFLD and T2D or 

obesity. Second, using the aforementioned summary level data of UK Biobank, DIAGRAM 

and GIANT, we then investigated the reverse relationships, i.e. whether T2D or obesity 

causally affect NAFLD risk in the UK Biobank samples (Step 2). Finally, we constructed a 

transgenic mouse model expressing human PNPLA3-I148I or PNPLA3-I148M isoform. We 

aim to use this established typical genetic model for NAFLD as an example to further 

validate the causal effects of hepatic steatosis or NAFLD on T2D and obesity, as well as to 

explore the potential mechanisms underlying these causal effects (Step 3). To test the effect 

of steatosis and histologic NAFLD on the susceptibility to T2D and obesity, we used a high 

sucrose diet (HSD) known to induce steatosis in PNPLA3-I148M mice[31], as well as a high 

fat, high fructose and high cholesterol diet (known as the Amylin or AMLN diet) known to 

induce NASH in mice[45–48]. A schematic representation of the three assumptions for an 

MR analysis was shown in Supplementary Fig. 1A, and the MR methods and heterogeneity 

tests used in the study were listed in Supplementary Fig. 1B.

The causal effect of NAFLD on T2D risk and glycemic traits

We first used two well-established NAFLD-associated variants in PNPLA3 (rs738409) and 

TM6SF2/NCAN (rs2228603) gene loci as the genetic instruments to test the causal effect of 

NAFLD on T2D and glycemic traits in the latest publicly available GWAS data. As listed in 

Table 1, we observed a significant association between genetically instrumented hepatic 

steatosis and T2D risk, in which a one-standard deviation (SD) increase in CT measured 

hepatic steatosis caused a 30% increased risk of T2D (OR: 1.3, 95% CI: [1.2, 1.4], 

p=8.3e-14). As for glycemic traits, we detected nominal weak associations of steatosis with 

increased fasting glucose (β: 0.026 mmol/L, 95% CI: [8.5e-5, 0.051], p=0.049), fasting 

insulin (β: 0.025 pmol/L, 95% CI: [0.0035, 0.046], p=0.022). These results were not 

significant after adjusted with Bonferroni correction (p<2.5e-3, correction for 20 traits 

except HOMA-IR and HOMA-B due to the collinearity with glucose and insulin levels). 

There was no causal relationship between genetically instrumented hepatic steatosis and 

insulin resistance (HOMA-IR) (β: 0.03 (mU/L)*(mmol/L), 95% CI: [−0.0016, 0.061], 

p=0.063) levels. Other tested glycemic traits including HbA1c, fasting proinsulin, 2-h 

glucose, HOMA-B, and seven insulin secretion and action indices during OGTT did not 

show any significance as well.
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We then tested if genetically increased risk for the histologic NAFLD also has causal effect 

on T2D susceptibility and glycemic traits. Consistent with the result of hepatic steatosis, 

there was evidence of a significant effect of histologically characterized NAFLD severity on 

an increased risk of T2D (OR: 1.06, 95% CI: [1.03, 1.09], p=2.8e-4). Again, no significant 

causal relationship was found between genetically driven NAFLD and glycemic traits 

especially when after adjusted for multiple testing (Table 1). Taken together, the genetically 

instrumented NAFLD causally increased risk for T2D, but not insulin resistance or other 

glycemic traits.

The causal impact of NAFLD on obesity

While obesity is a well-known risk factor for NAFLD, the reverse relationship, i.e. the 

causal effect of NAFLD on obesity, has not been explored before. Using the same genetic 

predictors of steatosis and histologic NAFLD, we implemented MR and observed a 

significant causal association of a one-SD increase in hepatic fat with a 0.027-SD decrease 

in BMI (β:−0.027, 95%CI: [−0.043, −0.013], p=1.3e-4), but a 0.039-SD increase in 

WHRadjBMI (WHR adjusted for BMI), an established marker for abdominal or central 

obesity (β:0.039, 95%CI: [0.023, 0.054], p=8.2e-7). Similar relationships were found 

between genetically raised histologic NAFLD with decreased BMI (β:−0.0071, 95%CI: 

[−0.012, −0.0023], p=3.4e-3) but increased WHRadjBMI (β:0.0072, 95%CI: [0.0022, 

0.012], p=4.5e-3). Taken together, our analyses suggested a consistent negative causal 

relationship between NAFLD and generalized obesity (proxied by BMI), but a positive 

association with central or visceral obesity (proxied by WHRadjBMI).

We next investigated the causal effect of NAFLD on blood lipid levels including HDL, LDL, 

total cholesterol (TC), and triglycerides (TG). Our analyses demonstrated a significant 

negative correlation between genetically raised hepatic fat and TC levels (β:−0.12 SD, 

95%CI: [−0.17, −0.074, p=3.3e-7) as well as the LDL levels (β: –0.098 SD, 95% CI [−0.14, 

−0.053], p=2.3e-5). These negative relationships also exist for histologic NAFLD (β:−0.019 

SD, 95%CI: [−0.033, −0.0054], p=6.8e-3; and β: −0.014 SD, 95%CI: (–0.026, −0.0012), 

p=3.1e-02 for TC and LDL, respectively). No significant causal relationship was found with 

other lipids (Table 1). Taken together, our analysis demonstrated a causal role of genetically 

driven NAFLD on central fat accumulation, reduced circulating cholesterol, but not 

generalized obesity.

Sensitivity analysis using additional NAFLD genetic risk variants

It is known that horizontal pleiotropic effect of the genetic instruments may invalid the MR 

analysis. This risk can be reduced by using multiple genetic variants as instruments [49]. For 

this reason, we first performed a post-hoc analysis by separately examining the causal role 

of PNPLA3 and TM6SF2/NCAN polymorphisms separately, which generated similar results 

on the majority of phenotypes (Supplementary Table 4). Moreover, we tested if adding more 

NAFLD risk variants would change the results of the causal inference. As shown in 

Supplementary Tables 7–8, the MR estimates using all the 5 GWAS-identified NAFLD risk 

variants (PNPLA3 rs738409, NCAN rs2228603, GCKR rs780094, PPP1R3B rs4240624, 

and LYPLAL1 rs12137855) identified in the GOLD cohort were largely consistent with that 

using PNPLA3 and TM6SF2/NCAN alone. Similarly, we re-estimated the causal 
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relationships by incorporating all the 7 known NAFLD risk variants (the aforementioned 5 

variants plus MBOAT-TMC4 rs641738 and HSD17B13 rs6834314) using the UKBB 

samples. The results were still consistent with the original estimates using PNPLA3 and 

TM6SF2/NCAN only, in terms of the causal association between NAFLD and T2D, insulin 

resistance, BMI and WHRadjBMI (Supplementary Table 9). This result further confirmed 

that the causal relationship between NAFLD and T2D or obesity is highly likely a general 

mechanism rather than a biased association driven by a specific genetic variant.

Reverse MR testing the causal effects of T2D, obesity, and their related traits on NAFLD

To understand the causal relationships among the three diseases, we implemented MR 

analyses to test the existence of the reverse or bidirectional causal relationships between 

T2D or obesity and NAFLD. We used the data from our newly performed GWAS on 

NAFLD as an outcome, while the DIAGRAM and GIANT summary data for T2D and 

obesity as eposures, respectively. We found that genetic predictors of T2D exert positive 

effects on NAFLD (OR: 1.1, 95% CI: [1.0, 1.2], p=1.67e-3) without evidence of significant 

heterogeneity (PMR-PRESSOGlobal=0.31, Pmodified Q=0.33) after removing outlier variants 

identified by MR-PRESSO (Table 2). Initial MR estimates without removing outliers were 

shown in Supplementary Table 5. Consistent with the previous MR estimate[14], we found 

BMI causally increased the NAFLD risk (OR: 2.3, 95% CI: [2.0, 2.7], p=1.4e-25), but with 

remaining heterogeneity (PMR-PRESSOGlobal<2.5e-3, Pmodified Q=3.9e-3) after removing 

outliers. BMI adjusted WHR significantly aggravated NAFLD risk (OR: 1.5, 95% CI: [1.3, 

1.8], p=1.1e-6) without significant heterogeneity (PMR-PRESSOGlobal=0.46, Pmodified Q=0.45). 

The circulating TG was also causally increase the NAFLD risk (OR: 1.6, 95% CI: [1.3, 1.9], 

p=5.1e-7), with a mild remaining heterogeneity (PMR-PRESSOGlobal=7.0e-3, 

Pmodified Q=7.8e-3). In summary, T2D, increased BMI and central obesity as well as 

circulating TG are likely causally increase the risk for NAFLD.

Transgenic mice study on the relationship between NAFLD and susceptibility to T2D and 
obesity.

To further examine the causal effect of NAFLD on T2D and obesity, we set out to induce 

hepatosteatosis and NASH using transgenic animal models expressing human PNPLA3 

isoforms, and during which, to observe the development of T2D and obesity phenotypes. To 

do so, we constructed mice models transduced with the bacterial artificial chromosome 

(BAC)-containing the PNPLA3–148I isoform (TghPNPLA3-I148I) or that was engineered 

to the PNPLA3–148M (TghPNPLA3-I148M) isoform. The mice were then fed with a 

previously established high sucrose diet (HSD) for 4 weeks to induce hepatosteatosis[31]. To 

examine the effect of more severed NAFLD and NASH phenotypes on T2D or obesity 

phenotypes, we also fed the mice with the “Western diet” characterized with high fat, high 

fructose and high cholesterol (known as the AMLN diet) for 20 weeks, which has been an 

established NASH-inductive diet as demonstrated before[45–48].

After 4 weeks of HSD diet, the TghPNPLA3-I148M mice developed severe hepatosteatosis 

as compared to their TghPNPLA3-I148I littermates or the non-transgenic controls, 

characterized with significantly increased lipid droplets formation in the liver 

(Supplementary Fig. 2A) as well as hepatic triglycerides (TG) accumulation (Supplementary 
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Fig. 2B). Meanwhile, as compared to the TghPNPLA3-I148I controls, the TghPNPLA3-

I148M mice also demonstrated a trend of increased circulating glucose, but the insulin level 

remained unchanged (Supplementary Fig. 3A, B). After 4 weeks of HSD diet feeding, the 

TghPNPLA3-I148M mice demonstrated no significant change in total body weight 

(Supplementary Fig. 3C), but a marginal trend to a reduced total circulating cholesterol 

(Supplementary Fig. 3D, p=0.038), but not the circulating TG levels (Supplementary Fig. 

3E), as compared to their TghPNPLA3-I148I littermates.

To examine the effect of NASH progression on the susceptibility to T2D and obesity, we fed 

the mice with the NASH-inducing AMLN diet for 20 weeks. The TghPNPLA3-I148M mice 

developed significantly more severe NAFLD/NASH phenotypes as compared to the 

TghPNPLA3-I148I littermates, as characterized by increased inflammation and fibrosis 

(Supplementary Figures 4–7), confirming that PNPLA3 I148M possesses a strong genetic 

predisposition to NAFLD and NASH. H&E staining results indicated that all the three 

groups have developed hepatosteatosis after 20 weeks of AMLN diet (Supplementary Fig. 

7).

We next evaluated the effect of PNPLA3 I148M on glucose homeostasis over a 20-week 

follow-up in the cohort fed with AMLN diet. As shown in Fig. 2A, we observed a significant 

genotype-time interaction on the fasting glucose level (two-way repeated measure ANOVA, 

p<0.0001), suggesting that the effect of PNPLA3 148M on glucose levels depended on 

disease progression. At week 16 and 18, the TghPNPLA3-I148M mice displayed 

significantly higher fasting glucose levels than their TghPNPLA3-I148I littermates 

(p=0.0048 and 0.0082, respectively). There is also a significant interaction between 

genotype and time on fasting insulin levels between the TghPNPLA3-I148I and 

TghPNPLA3-I148M groups (p=0.0009). However, there is no significant difference between 

the TghPNPLA3-I148M and non-transgenic wildtype mice. Beginning at week 12, the 

insulin levels between the latter two groups remain unchanged (Fig. 2B). Results of the 

glucose tolerance test (GTT) showed that TghPNPLA3-I148M mice experienced a reduced 

clearance of blood glucose as compared to the TghPNPLA3-I148I controls (p=0.012) (Fig. 

2C). However, we did not observe a significant genotypic difference in response to insulin 

challenge in the insulin tolerance test (ITT) between (Fig. 2D).

The body weight change of the mice on AMLN diet over time was shown in Fig. 2E. The 

TghPNPLA3-I148M mice were significantly lighter than the TghPNPLA3-I148I controls 

beginning at week 15 (all p<0.05). Magnetic resonance imaging (MRI) examination at week 

20 showed that less total fat was accumulated in the TghPNPLA3-I148M mice than the 

TghPNPLA3-I148I controls (p=0.012), while the lean mass of non-fat tissues was not 

significantly different (Fig. 2F). Further investigation on the composition of the isolated fat 

showed that there was a significantly more epidydimal white adipose tissue (eWAT) 

accumulation relative to the total peripheral adipose tissue in the TghPNPLA3-I148M mice 

than their TghPNPLA3-I148I littermates or non-transgenic controls (p=0.034 and 0.0015, 

respectively) (Fig. 2G). Examining the plasma lipid profile showed a significant decrease in 

total cholesterol levels beginning at week 16 in TghPNPLA3-I148M mice as compared to 

the TghPNPLA3-I148I controls (Fig. 2H). No significant difference in circulating TG levels 
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between the three groups was observed (Fig. 2I). The representative image of the mice after 

20 weeks of AMLN diet feeding was shown in Fig. 2J.

Assessment of insulin and glucagon signals and inflammatory status of the mouse 
pancreas

The increased glucose level, reduced glucose clearance and the lower level of insulin in the 

TghPNPLA3-I148M mice as compared to the TghPNPLA3-I148I controls suggested a 

potentially lower pancreatic secretion of insulin in the TghPNPLA3-I148M mice. To verify 

this. we next stained the insulin and glucagon signals in the pancreas tissue of all three 

groups of mice. Immunofluorescence (IF) assay revealed a significantly lower staining 

signal of insulin but higher glucagon in the pancreas of TghPNPLA3-I148M mice than in 

the TghPNPLA3-I148I mice (p=0.0149 and p=0.0197, respectively) (Fig. 3A).

In order to further understand the reason underlying this imbalanced insulin and glucagon 

signals in the islets, we hypothesized that the central organ fat accumulation promoted by 

PNPLA3–148M may increase the chronic inflammation in pancreas tissue. To test this 

hypothesis, we stained the murine macrophage marker F4/80 using IF in the pancreas. 

Indeed, the analysis revealed that the F4/80+ staining signals were significantly more 

abundant in the pancreas of the TghPNPLA3-I148M mice than that of the TghPNPLA3-

I148I littermates (p=0.0111) (Fig. 3B), though no significant distribution of the F4/80+ 

signals within or around the islets were observed (data not shown). Taken together, these 

data indicated that increased chronic pancreatic inflammation may lead to decreased insulin 

but increased glucagon secretion in the TghPNPLA3-I148M mice as compared to the 

TghPNPLA3-I148I controls.

Akt signaling in mouse liver and muscle tissues

In order to further investigate the insulin signaling in these three groups mice, hepatic and 

muscle Akt phosphorylation levels were examined using Western blotting. The results 

showed that phosphorylation of Akt (pSer473) signal in TghPNPLA3-I148M group was 

marginally increased in the liver (p=0.0079) but not in the muscle tissues as compared to 

their TghPNPLA3-I148I littermates (Fig. 3C), suggesting that TghPNPLA3-I148M mice did 

not develop tissue insulin resistance as compared to the TghPNPLA3-I148I mice on the 

AMLN diet feeding.

Transcriptional changes of the thermogenesis and cholesterol metabolism pathways in 
adipose and liver tissues, respectively

We further set out to understand the potential mechanism underlying the reduced body 

weight while increased central fat accumulation in the TghPNPLA3-I148M mice. Previous 

studies have demonstrated that thermogenesis is a physiological defense against obesity by 

limiting weight gain in response to metabolic stress [50, 51]. We thus measured and 

compared the expression level of key thermogenic pathway genes in the intrascapular brown 

adipose tissue (iBAT), epidydimal white adipose tissue (eWAT) and subcutaneous white 

adipose tissue (scWAT) of the three groups mice. The results showed that there was 

significantly increased expression of thermogenic marker genes in iBAT (Ucp-1 and Nrf1) 

and scWAT (Ucp-1, Nrf1 and cox8b) (p<0.05 for all tests) but not in eWAT of the 
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TghPNPLA3-I148M mice as compared to their TghPNPLA3-I148I littermates (Fig. 3D). 

This result suggested that the body weight loss in TghPNPLA3-I148M mice may be 

attributed to, at least in part, the activation of thermogenesis in both iBAT and scWAT.

To further understand the mechanism underlying the lower circulating total cholesterol in the 

TghPNPLA3-I148M mice, we measured the expression of genes involved in hepatic cell 

transporting (Ldlr, Mylip), cholesterol biosynthesis (Sqle, Lss, Fdft1, Hmgcs1, Soat2, 
Dhcr7, Scd5, Nsdh1, Hsd17b7, and Cyp51) and cholesterol secretion (Tm7sf2, Abcg1, 
Abca1 and Apob). We found that while there is no significant change in the expression of 

genes involved in cholesterol transporting and secretion, the expression of multiple genes 

involved in cholesterol biosynthesis were significantly downregulated in the TghPNPLA3-

I148M mice compared to the wild-type groups (p<0.05 for all tests) (Fig. 3E).

Discussion

This is the first large-scale study to simultaneously delineate the causal inter-relationship 

between NAFLD, T2D, and obesity using a two-sample and bidirectional MR analysis. The 

findings were also in part, experimentally validated using an established genetic murine 

model of NAFLD, which largely corroborated the causal relationship between NAFLD and 

the susceptibility to T2D and obesity observed in humans. Overall, we found that genetically 

driven NAFLD is a causal risk factor for T2D but with a unique phenotype characterized as 

normal insulin sensitivity that is further associated with reduced insulin secretion, thus likely 

a late-onset type I-like diabetic phenotype. The genetically instrumented NAFLD also 

protects against overall or generalized obesity (indexed by BMI), but increases the risk for 

central obesity. On the other hand, genetically driven T2D and central or generalized obesity 

all causally increase risk for NAFLD. Our study thus suggests that genetically driven 

NAFLD while is likely “lean” given the low BMI, actually a “lipodystrophic NAFLD” 

phenotype characterized as reduced peripheral but increased central fat accumulation with 

normal or low circulating lipid profile. This phenotype may be distinct from the NAFLD that 

is metabolically driven by T2D, obesity and/or increased TG, thus a “metabolic NAFLD” 

subphenotype. Our findings hence reveal new insights into the nature and nurture of these 

three diseases, and provided strong evidence for disease subphenotyping.

It has been long regarded that NAFLD and NASH are the central manifestations of T2D and 

obesity. Due to the lack of data in the natural history of NAFLD/NASH in humans, it 

remains largely unclear with regard to the causal relationship between NAFLD and T2D or 

obesity. Addressing this issue is of critical importance to patient stratification, clinical 

management, as well as guiding various research for drug discovery and development. Our 

study for the first time, under a uniformed setting dissected the three diseases into important 

subtypes. First, we observed that genetically driven NAFLD is a causal risk factor for T2D. 

Our study confirmed the findings of a previous small-scale MR analysis[12], and is in line 

with the results from numerous observational studies, including a recent meta-analysis of 19 

observational studies with 296,439 individuals which indicated that patients with NAFLD 

had a two-fold risk of developing T2D than those without NAFLD[3]. Interestingly, while a 

strong causal effect between NAFLD and T2D was observed, there was no significant causal 

relationship between genetic NAFLD and insulin resistance. This observation in human data 
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was confirmed in the animal study: there is no genotypic difference in the glucose level in 

response to insulin as demonstrated in the ITT assay (Fig. 2D). Also, no evidence of tissue 

insulin resistance was observed as demonstrate by the Akt signaling in the liver and skeletal 

muscle tissues. While in humans there is no strong causal association between PNPLA3–

148M and other glycemic traits, the PNPLA3–148M mice demonstrated a hyperglycemia 

and prolonged glucose clearance in the GTT assay. Why there is such a dissociation between 

T2D and insulin resistance, and why there are discrepancies between human and mouse? 

There are a few possibilities: First, the glucose disturbance associated with PNPLA3-driven 

NAFLD may be an atypical T2D phenotype, thus a disease subtype. Indeed, in our animal 

study, we found that the circulatory insulin level showed a significant decrease in the 148M 

mice as compared to the 148I mice after 12 weeks (Fig. 2B). After staining the insulin and 

glucagon signal in the pancreas, we found that the stained insulin signal was significantly 

lower in the 148M than the 148I mice, while glucagon signal was higher in 148M mice than 

the 148I mice (Fig. 3A), suggesting an imbalanced pancreatic production of insulin and 

glucagon in the 148M mice. We further hypothesize that this may be due to chronic 

pancreatic inflammation given the increased central organ fat accumulation associated with 

this model. By staining the F4/80, a murine macrophage marker in the pancreas, we found 

that the pancreatic inflammation level of the 148M mice was indeed significantly higher 

than that of the 148I mice (Fig. 3B). Therefore, it seems that PNPLA3–148M may lead to 

increased chronic pancreatic inflammation, which further alters the insulin/glucagon 

secretion balance. This resembles a Type I-like diabetes phenotype. This finding is 

consistent with the normal insulin sensitivity of the PNPLA3–148M mice as compared to 

the wild-type littermates in the ITT assay (Fig. 2D). In fact, the dissociation between the 

PNPLA3–148M-driven hepatic steatosis and insulin resistance has been consistently 

observed among human populations but lacks a clear mechanism [26, 52–54]. Our animal 

study provides new evidence to this question. Second, in contrast to a well-controlled animal 

study, in human populations, as compared to the disease diagnosis (here means T2D yes/no), 

metabolic markers e.g. glucose, insulin, or HbA1c are more likely modified by other factors, 

e.g. medications, co-morbidities or other disease conditions. Medication intake may likely 

normalize these markers thus weaken the genetic association. Meanwhile, insulin levels and 

insulin resistance status could be further modified by other disease conditions, e.g. systemic 

obesity. Co-existence of various risk factors in PNPLA3–148M individuals may also 

increase susceptibility to obesity, which may further lead to elevated insulin resistance thus 

compromises the normal insulin sensitivity conferred by PNPLA3–148M. This may be the 

reason underlying the mixed results in the association between PNPLA3–148M and insulin 

resistance. If this is true, then individuals carrying 148M without obesity or metabolic 

stresses would maintain a normal response to insulin. Indeed, in a large-scale study by 

Palmer et al [55], the association between 148M allele and insulin resistance disappeared 

among individuals after bariatric surgery, and no association was observed among obese 

individuals with BMI<35. Taken together, these data suggest that the PNPLA3-driven 

NAFLD may lead to a late-onset Type I-like diabetes that is distinct to the typical T2D 

characterized with insulin resistance. Increasing evidence has demonstrated that the Type-I 

diabetes (T1D) may commonly (40–50% of all T1D) occur in adulthood, and these patients 

are often misdiagnosed and treated as T2D, which can lead to serious clinical 

consequences[56, 57]. Interestingly, in humans late onset T1D is significantly associated 

Liu et al. Page 13

J Hepatol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with low BMI[56], similar to what we observed in our study. However, whether the 

phenotypes we have observed in our study match the typical late onset T1D defined in 

humans remains further confirmation. Upon confirmed, this would help stratify the T2D 

patients with different clinical managements. Our data again highlights the importance of 

disease subphenotyping.

Our study also revealed an interesting relationship between NAFLD and obesity. 

Interestingly, although epidemiologically obesity is highly correlated with NAFLD, the 

genetically instrumented NAFLD is actually not a causal risk factor for overall obesity. 

Rather, it protects against the overall BMI elevation. However, genetically driven NAFLD 

causally increases risks for central obesity, characterized as an increased waist-to-hip ratio in 

humans, thus a lipodystrophy. Our analysis suggests that genetically driven NAFLD may 

promote the remodeling of the fat distribution in the whole body. This finding is consistent 

with numerous observational studies on the associations between NAFLD, visceral fat or 

WHR and BMI[58, 59], and corroborates the widely discussed hypothesis about “lean 

NAFLD” and “obese NAFLD” [60, 61]. Our study echoes this observation and indicates that 

genetically driven NAFLD may be more likely progressed to “lean” (given the low BMI) 

NAFLD while does not promote the development of overall obesity, therefore actually a 

“lipodystrophic NAFLD”. This is also consistent with the observation that lean NAFLD is 

associated with adipose tissue disfunction, impaired glucose tolerance, and the PNPLA3 

I148M allele [60, 61]. Our mouse study accurately recapitulated these relationships. Further 

mechanistic analyses revealed that the thermogenic pathway gene expression was 

significantly upregulated especially in subcutaneous white adipose tissue and brown adipose 

tissue but not in the epidydimal fat, suggesting that the TghPNPLA3-I148M mice may have 

an increased thermogenesis by turning the subcutaneous fat into heat. This is the first time to 

observe the effect of PNPLA3–148M on adipose tissue browning or thermogenesis. We 

postulate that this increased visceral fat accumulation and activated thermogenesis in the 

subcutaneous fat may reflect a genetic adaption to cold stress during human evolution and 

migration, given the dramatically increased PNPLA3 148M allele frequency from Africans 

(<10%) to Eurasians (20–40%) and Native Americans (70%−80%) [62]. The underlying 

mediator for this genotype-specific activation of thermogenesis remains unclear thus 

warranting continued investigation.

Another interesting observation in our study is that, both the MR and animal data indicated 

that genetic NAFLD causally decrease circulating cholesterol (TC and LDL). This 

phenotype was similar in the mice fed with either HSD or the AMLN diet, suggesting a diet-

independent mechanism. Mechanistically, this may be related to the hepatic VLDL retention 

associated with PNPLA3–148M as previously observed [63]. After profiling the key genes 

involved in cholesterol metabolism in the liver, we found that the cholesterol biosynthesis 

pathway genes were particularly downregulated. Therefore, central obesity, at least in part, 

may possess a subtype attributed to genetically-driven NAFLD. This is particularly 

significant, as both TC and TG are generally correlated with visceral fat accumulation as 

demonstrated in many studies[64, 65]. The dissociation observed in our study suggests that 

the NAFLD-driven central obesity is likely a unique subphenotype as well.
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On the other hand, our findings also demonstrated that T2D, obesity (both generalized and 

central) and increased TG are likely causal risk factors for NAFLD, though certain 

pleiotropic effects may remain. This is not surprising. First, hyperglycemia and adiposity 

could amplify or modify the effect of genetic risk factors to promote the development of 

NAFLD. High glucose level can increase the expression of PNPLA3 via regulating 

carbohydrate-response element-binding protein (ChREBP)[66], which is a necessary step for 

the accumulation of PNPLA3–148M protein on the surface of lipid droplet in hepatocytes 

[30, 31, 67]. This accumulation further alters the dynamics of hydrolysis of triglycerides and 

lead to hepatic steatosis[68]. Similarly, adiposity has also been demonstrated to synergize 

the effects of genetic risk factors on the development of NASH or more severe liver 

injuries[14]. Second, impaired glycose perturbation and adiposity can also increase the risk 

for NAFLD independent of genetic risk factors. Numerous studies in humans have shown 

that NAFLD and NASH can be developed among T2D or obese individuals carrying 

wildtype genotypes of PNPLA3 or other genetic variants [69]. And many diet-induced 

animal models without genetic modification also develop NAFLD/NASH [45–48]. In this 

case, NAFLD/NASH should be a co-morbidity of T2D or obesity. This highlights the impact 

of “nurture” on the development of NAFLD.

Taken together, it is now clear that NAFLD should be re-classified into at least two subtypes: 

1) “genetic NAFLD” (nature) which is characterized with central fat deposition 

(lipodystrophy), type-1 like diabetic symptom without insulin resistance as well as normal or 

low lipid profile; and 2) “metabolic NAFLD” (nurture) which is a comorbidity of diabetes 

mellitus and/or obesity. Distinguishing these two subtypes may have important clinical 

implication. First, as the genetically driven NAFLD generally has a low or normal BMI (thus 

generally “lean”) and lipid profile, Individuals with this subtype may seem to be “healthier” 

than the “metabolic NAFLD”. For this reason, they may be under diagnosed for their liver 

injuries. This is especially an issue as “lean” NAFLD patients have demonstrated even a 

more advanced liver histology as compared to that of obese NAFLD patients [70]. Second, 

distinguishing the two subtypes would be critical for a precision treatment of NAFLD/

NASH given the currently limited therapeutic strategy. Given the different causes for the two 

subtypes, designing of the treatment for genetic NAFLD should be focused on the causal 

genes and underlying pathways. To this end, to develop genotype-based, targeted therapies 

would be an intriguing direction [71]. Indeed, recent PNPLA3-targeting strategy has 

demonstrated promising results in ameliorating NASH in mouse [72]. Similar investigation 

is currently ongoing in our group as well. On the other hand, metabolic NAFLD as a 

comorbidity for diabetes or obesity should be managed by focusing on the metabolic 

disease, e.g. to reduce the body weight. These new hypotheses should be examined in future 

studies.

It is worth noting that our MR analyses using various combinations of multiple genetic 

variants as instruments generated similar results about the causal relationships between 

NAFLD, T2D, obesity as well as insulin resistance. This strongly suggests that these causal 

relationships are general to all genetically driven NAFLD rather than a biased association 

caused by a specific gene (e.g. due to horizontal pleiotropy). Of course, it is still possible 

that the mechanisms underlying these relationships observed in our animal study is specific 

to PNPLA3. Notably, our collaborator’s (co-author Y.E.C) unpublished work on a mouse 
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model expressing the TM6SF2 variant also demonstrated a similar phenotype. In addition, 

although we used the largest-to-date dataset for our analysis, we only focused on using 

hepatic steatosis or binary histologic NAFLD as exposures. Previous studies demonstrated 

that severity of liver damage may lead to different causal impact on other metabolic diseases. 

Therefore, it would be important to dissect the severity of NAFLD to further delineate the 

potential causal impact on other perturbations. Unfortunately, there currently lacks sufficient 

high quality GWAS data on well-characterized NAFLD/NASH especially in large cohorts. 

Future studies should further explore this question.

In summary, our study combined both a large-scale bidirectional MR analysis and animal 

models to delineate the causal relationships between NAFLD, T2D, and obesity. Our 

findings provided strong evidence for disease subphenotyping and fostered new hypotheses 

to the development of precision diagnostic, preventive and therapeutic strategies for the three 

diseases. The PNPLA3-specific study demonstrated that the 148M variant leads to NAFLD 

and central organ fat accumulation, which may result in chronic tissue inflammation and 

alters insulin/glucagon signaling, further reducing glucose tolerance. Meanwhile, the genetic 

NAFLD may also promote browning and thermogenesis of peripheral adipose tissue but 

maintains a normal circulating lipid profile. Together with the central fat deposition, this 

pattern may reflect a general defensive mechanism against the cold stress during human 

evolution and migration. A schematic about this mechanism was summarized in Fig. 4.
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HIGHLIGHTS

• Genetic NAFLD promotes risks for a late onset Type 1-like diabetes

• Genetic NAFLD promotes central obesity but protects against overall obesity

• Genetic NAFLD leads to lower circulating cholesterol

• Genetically driven T2D and obesity causally increase the NAFLD risk

• PNPLA3-148M-driven NAFLD impairs insulin secretion but not insulin 

resistance

• PNPLA3-148M-driven NAFLD activates thermogenesis pathway in 

peripheral fat tissue
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Fig. 1. Flowchart of the study design.
The summary-level associations were taken from the following genomics consortium: 

GOLD (Genetics of Obesity-related Liver Disease) for computerized tomography (CT) 

measured hepatic steatosis[15]; NASH Clinical Research Network (NASH CRN) and 

Myocardial Infarction Genetics Consortium (MIGen) for biopsy-proven NAFLD[15]; 

DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) for T2D[16]; Meta-

Analyses of Glucose and Insulin-related traits (MAGIC) consortium for glycemic traits 

including HbA1c[17], fasting glucose[18], fasting insulin[18], fasting proinsulin[19], 2-h 

glucose[20], homeostatic model assessment of insulin resistance (HOMA-IR)[21] and β-cell 

function (HOMA-B)[21], and seven insulin secretion and action indices during oral glucose 

tolerance test (OGTT)[22]; The Genetic Investigation of ANthropometric Traits (GIANT) 

consortium for body mass index (BMI), waist-hip ratio (WHR), and WHR adjusted for BMI 

(WHRadjBMI)[23]; The Global Lipids Genetics Consortium (GLGC) for plasma high-

density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), total 

cholesterol (TC), and triglycerides (TG) levels[24].
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Fig. 2. Phenotypic changes of the mice fed with an AMLN diet.
(A) Change in glucose levels over time of TghPNPLA3-I148I, TghPNPLA3-I148M, and 

non-transgenic wide type mice fed with an AMLN diet for 20 weeks. Error bar represents 

standard deviation (SD). The significance level of the comparison between TghPNPLA3-

I148I and TghPNPLA3-I148M was indicated as follows: **: p<0.01, ANOVA with Tukey’s 

multiple comparison test; (B) Change in insulin levels for 20 weeks. Error bar represents 

SD. The significance level of the comparison between TghPNPLA3-I148I and TghPNPLA3-

I148M was indicated as follows: *: p<0.05, ***: p<0.001, ANOVA with Tukey’s multiple 

comparison test; (C) glucose tolerance test (GTT), Error bar represents SD. The significance 

level of the comparison between TghPNPLA3-I148I and TghPNPLA3-I148M was indicated 

as follows: *: p<0.05, ANOVA with Tukey’s multiple comparison test; and (D) insulin 

tolerance test (ITT) were performed at the 16th week of HFFC diet feeding. Error bar 

represents SD, ANOVA with Tukey’s multiple comparison test, all p>0.05; (E) Change in 

body weight of TghPNPLA3-I148I, TghPNPLA3-I148M, and non-transgenic wide type 

mice fed with the AMLN diet for 20 weeks. Error bar represents SD. The significance level 

of the comparison between TghPNPLA3-I148I and TghPNPLA3-I148M was indicated as 

follows: *: p<0.05, **: p<0.01, ANOVA with Tukey’s multiple comparison test; (F) Body 

composition analysis by magnetic resonance imaging (MRI). Fat tissue weight and non-fat 

lean mass were normalized by the body weight. Error bar represents SD. The significance 

level was indicated as follows: *: p<0.05, ns: not significant, ANOVA with Tukey’s multiple 

comparison test; (G) Epididymal white adipose tissue (EWAT) accumulation at the 20th 

week of AMLN diet feeding. EWAT accumulation was calculated as weight of EWAT 

normalized by the total peripheral adipose tissue weight and then further normalized by the 

body weight. Error bar represents SD. The significance level was indicated as follows: *: 

p<0.05, **: p<0.01, ANOVA with Tukey’s multiple comparison test; (H) Change in serum 

total cholesterol levels over 20 weeks. Error bar represents SD. The significance level of the 

comparison between TghPNPLA3-I148I and TghPNPLA3-I148M was indicated as follows: 

**: p<0.01, ANOVA with Tukey’s multiple comparison test; (I) Change in serum total 

triglycerides levels over 20 weeks. Error bar represents SD. ANOVA with Tukey’s multiple 

comparison test, all p>0.05; (J) The representative image of TghPNPLA3-I148I, 

TghPNPLA3-I148M, and non-transgenic wide type mouse after 20 weeks of AMLN diet 
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feeding. Sample size: TghPNPLA3-I148I (n=7), TghPNPLA3-I148M (n=8), and non-

transgenic wide type (n=7).
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Fig. 3. Underlying mechanism of PNPLA3 I148M in regulating pancreas function and 
inflammation, as well as adipose thermogenic and hepatic cholesterol metabolism pathways.
(A) Immunofluorescence double staining to identify insulin and glucagon secretion with 

antibodies against insulin (green) and glucagon (red) in non-transgenic wide type, 

TghPNPLA3-I148I or TghPNPLA3-I148M mouse pancreas. Nuclei were labeled with DAPI 

(blue). Scale bars: 20 m, 630X magnification. The quantifications of area of stained insulin 

and glucagon signals were shown below. Error bar represents standard deviation (SD). The 

significance level was indicated as follows: *: p<0.05, **: p<0.01, ANOVA with Tukey’s 

multiple comparison test; (B) Immunofluorescence staining for macrophage marker F4/80 

(red) in non-transgenic wide type, TghPNPLA3-I148I and TghPNPLA3-I148M mouse 

pancreas. Nuclei were labeled with DAPI (blue). Scale bars: 20 μm, 630X magnification. 

The quantification of F4/80-positive area was shown in the right. The positive area was 

measured in randomly selected fields (three fields per section). Error bar represents SD. The 

significance level was indicated as follows: *: p<0.05, ANOVA with Tukey’s multiple 

comparison test; (C) Western blot analysis of the level of total and phospho-Akt (Ser473) 

proteins in liver and skeletal muscle tissue. α-Actinin was used as the loading control. The 

densitometry ratio of the expression of p-Akt and total Akt was demonstrated below. Error 

bar represents SD. The significance level was indicated as follows: **: p<0.01, ***: 

p<0.001, ANOVA with Tukey’s multiple comparison test; (D) Fold change in expression of 

thermogenic genes in interscapular brown adipose tissue, epididymal white adipose tissue 

and subcutaneous white adipose tissue. Error bar represents SD. The significance level was 

indicated as follows: *: p<0.05, **: p<0.01, ***: p<0.001, ANOVA with Tukey’s multiple 

comparison test; (E) Fold change in the cholesterol metabolism-related gene expression in 

liver. Error bar represents SD. The significance level was indicated as follows: *: p<0.05, 
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ANOVA with Tukey’s multiple comparison test. Sample size: TghPNPLA3-I148I (n=7), 

TghPNPLA3-I148M (n=8), and non-transgenic wide type (n=7).
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Fig. 4. Schematic summary of the causal relationship between PNPLA3–148M driven NAFLD 
and obesity, diabetes and cholesterol metabolism.
Chol=cholesterol.
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Table 1.

MR estimate with hepatic steatosis or histologic NAFLD as the exposure.

Hepatic steatosis (per SD) Histologic NAFLD (per logOR)

T2D and glycemic traits Effect (95% CI) p Effect (95% CI) p

 T2D (OR) 1.30 (1.21, 1.39) 8.30E-14 1.06 (1.03, 1.09) 2.80E-04

 HbAlc (%) −0.0072 (−0.025, 0.01) 4.20E-01 −0.0025 (−0.0074, 0.0024) 3.10E-01

 Fasting glucose (mmol/L) 0.026 (8.5E-05, 0.051) 4.90E-02 0.0032 (−0.0031, 0.0096) 3.20E-01

 Fasting insulin (pmol/L) 0.025 (0.0035, 0.046) 2.20E-02 0.0064 (0.00034, 0.012) 3.80E-02

 Fasting proinsulin (pmol/L) 0.032 (−0.026, 0.089) 2.80E-01 0.0051 (−0.0091, 0.019) 4.80E-01

 2h glucose (mmol/L) −0.066 (−0.21, 0.079) 3.70E-01 −0.015 (−0.051, 0.021) 4.10E-01

 HOMA-IR ((mU/L)*(mmol/L)) 0.03 (−0.0016, 0.061) 6.30E-02 0.0066 (−0.0016, 0.015) 1.10E-01

 HOMA-B ((mU/L)/(mmol/L)) 0.007 (−0.019, 0.033) 5.90E-01 0.0011 (−0.0052, 0.0074) 7.30E-01

 AUCins (mU*min/L) −0.012 (−0.18, 0.16) 8.90E-01 −0.0043 (−0.046, 0.038) 8.40E-01

 AUCins/AUCgluc (mU/mmol) −0.01 (−0.18, 0.16) 9.10E-01 −0.0037 (−0.046, 0.038) 8.60E-01

 Incre30 (mU/L) −0.0021 (−0.17, 0.16) 9.80E-01 −0.00033 (−0.041, 0.04) 9.90E-01

 Ins30adjBMI 0.017 (−0.15, 0.19) 8.40E-01 0.00083 (−0.041, 0.043) 9.70E-01

 ISI (mg/dL) 0.011 (−0.18, 0.2) 9.10E-01 0.017 (−0.032, 0.065) 5.00E-01

 CIRadjBMI −0.0055 (−0.18, 0.17) 9.50E-01 −0.0034 (−0.045, 0.039) 8.80E-01

 DI 0.078 (−0.082, 0.24) 3.40E-01 0.022 (−0.018, 0.063) 2.80E-01

Obesity and lipid traits

 BMI (SD) −0.027 (−0.041, −0.013) 1.30E-04 −0.0071 (−0.012, − 0.0023) 3.40E-03

 WHR (SD) 0.021 (0.0062, 0.036) 5.40E-03 0.0029 (−0.00091, 0.0067) 1.30E-01

 WHRadjBMI (SD) 0.039 (0.023, 0.054) 8.20E-07 0.0072 (0.0022, 0.012) 4.50E-03

 HDL (SD) −0.028 (−0.062, 0.0071) 1.20E-01 −0.0096 (−0.021, 0.0013) 8.30E-02

 LDL (SD) −0.098 (−0.14, −0.053) 2.30E-05 −0.014 (−0.026, −0.0012) 3.10E-02

 TC (SD) −0.12 (−0.17, −0.074) 3.30E-07 −0.019 (−0.033, −0.0054) 6.80E-03

 TG (SD) −0.02 (−0.06, 0.021) 3.40E-01 0.0038 (−0.0057, 0.013) 4.40E-01

Effect was estimated by a combined genetic vector of PNPLA3 and TM6SF2(NCAN) variants through inverse variance weighted (IVW) method. 
The F statistics of the genetic predictors of hepatic steatosis and histologic NAFLD are 110 and 10, respectively. P values less than Bonferroni–
adjusted level of significance (p<0.05/20=2.5e–3) were considered as significant.

T2D: type 2 diabetes; HOMA–IR: The homeostatic model assessment (HOMA) insulin resistance; HOMA–B: HOMA beta cell function; AUCins: 
area under the curve (AUC) of insulin levels during oral glucose tolerance test (OGTT); AUCins/AUCgluc: ratio of AUC insulin and AUC glucose; 
Incre30: incremental insulin at 30 min; Ins30adjBMI: Insulin response to glucose during the first 30 min adjusted for BMI; ISI: insulin sensitivity 
index; CIRadjBMI: Corrected Insulin Response adjusted for ISI; DI: disposition index; BMI: body mass index; WHR: waist–hip ratio; 
WHRadjBMI: WHR adjusted for BMI; HDL: high–density lipoprotein cholesterol; LDL: low–density lipoprotein cholesterol; TC: total cholesterol; 
TG: triglycerides; OR: odds ratio; CI: confidence interval; SD: standard deviation.
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Table 2.

MR estimate with NAFLD as the outcome.

IVW Weighted median MR-Egger Pleiotropy test

T2D and 
glycemic 

traits
#

#SNPs F OR 
(95% 
CI)

p OR 
(95% 
CI)

p OR (95% 
CI)

p MR-
PRESSO 
global test 

p

modified 
Q’ p

 T2D 

(logOR)*
315 69 1.1 (1, 

12)
1.67E-03 1.1 (0.93, 

1.2)
3.54E-01 0.99 (0.84, 

1.2)
8.59E-01 3.11E-01 3.26E-01

 HbA1c (%) 67 69 0.33 
(0.17, 
0.66)

1.76E-03 0.33 
(0.11, 
1.11)

7.44E-02 0.17 (0.04, 
0.68)

1.28E-02 3.85E-01 3.69E-01

 Fasting 
glucose 
(mmol/L)

33 68 0.42 
(0.25, 
0.73)

1.60E-03 0.33 
(0.15, 
0.80)

1.34E-02 0.44 (0.12, 
1.52)

1.93E-01 8.78E-02 8.29E-02

 Fasting 
insulin 

(pmol/L)*

9 36 7.7 (1.3, 
46)

2.40E-02 4.6 (0.42, 
51)

2.11E-01 4.2 (0.00035, 
51000)

7.64E-01 3.18E-01 2.82E-01

 Fasting 
proinsulin 
(pmol/L)

15 72 1.13 
(0.79, 
1.62)

4.94E-01 0.99 
(0.58, 
1.67)

9.55E-01 1.57 (0.49, 
4.95)

4.51E-01 4.60E-02 4.74E-02

Obesity and lipid traits

 BMI (SD)* 1839 60 2.3 (2, 
2.7)

1.41E-25 2.1 (16, 
2.8)

1.02E-07 1.7 (1.1, 2.7) 1.58E-02 2.50E-03 3.89E-03

 WHR (SD) 951 53 2.10 
(1.72, 
2.59)

2.85E-12 2.34 
(1.67, 
3.32)

6.91E-07 1.62 (0.94, 
2.72)

8.14E-02 3.62E-01 3.64E-01

 WHRadjB 
MI (SD)

1156 63 1.54 
(1.30, 
1.82)

1.11E-06 1.60 
(1.20, 
2.14)

1.53E-03 1.57 (1.06, 
2.34)

2.37E-02 4.55E-01 4.54E-01

 HDL (SD)* 226 123 0.88 
(0.76, 1)

8.78E-02 0.83 
(0.64, 
1.1)

1.57E-01 0.93 (0.69, 
1.3)

6.62E-01 2.00E-03 1.26E-03

 LDL (SD)* 192 148 0.96 
(0.84, 
1.1)

5.47E-01 1 (0.79, 
1.3)

9.69E-01 0.84 (0.64, 
1.1)

2.11E-01 <5.00E-04 7.29E-06

 TC (SD)* 239 110 0.94 
(0.82, 
1.1)

4.18E-01 0.95 
(0.71, 
1.3)

7.13E-01 0.88 (0.66, 
1.2)

3.85E-01 1.00E-03 6.33E-04

 TG (SD)* 149 119 1.6 (13, 
1.9)

5.10E-07 1.7 (12, 
2.4)

1.45E-03 1.7 (11, 2.4) 8.92E-03 7.00E-03 7.83E-03

We considered as significant if the directions of the estimates by IVW, median, Egger were consistent, IVW method passed the Bonferroni 
corrected threshold (0.05/12=4.2e–3), and no significant pleiotropy tested by MR–PRESSO global test and modified Q’ statistics (both p>0.05).

*
Outlier variants were identified and removed by MR–PRESSO at p<0.05. Initial estimates without removing outliers were shown in 

Supplementary Table 5.

#
Ten traits including 2h glucose, HOMA–IR, HOMA–B, and seven OGTT traits were omitted due to lack of enough significant and independent 

genetic variants (number of valid variants < 3).

IVW: inverse variance weighted; F: F statistics for the strength of correlation between instrument and exposure; MR–PRESSO: MR pleiotropy 
residual sum and outlier; Q’: Q’ statistics with modified second order weights; T2D: type 2 diabetes; BMI: body mass index; WHR: waist–hip 
ratio; WHRadjBMI: WHR adjusted for BMI; HDL: high–density lipoprotein cholesterol; LDL: low–density lipoprotein cholesterol; TC: total 
cholesterol; TG: triglycerides; OR: odds ratio; CI: confidence interval; SD: standard deviation.
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