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Nonalcoholic fatty liver disease
and type 2 diabetes: an
observational and Mendelian
randomization study

Yuetian Yu †, Yuefeng Yu †, Yuying Wang, Yi Chen,
Ningjian Wang*, Bin Wang* and Yingli Lu*

Institute and Department of Endocrinology and Metabolism, Shanghai Ninth People’s Hospital,
Shanghai JiaoTong University School of Medicine, Shanghai, China
Introduction: Nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes

mellitus (T2DM) are both chronic multisystem diseases that cause tremendous

health burdens worldwide. Previous epidemiological studies have found a

bidirectional relationship between these two diseases; however, their causality

remains largely unknown. We aim to examine the causal relationship between

NAFLD and T2DM.

Methods: The observational analysis included 2,099 participants from the

SPECT-China study and 502,414 participants from the UK Biobank. Logistic

regression and Cox regression models were used to examine the bidirectional

association between NAFLD and T2DM. Two-sample Mendelian randomization

(MR) analyses were conducted to investigate the causal effects of the two

diseases using summary statistics of genome-wide association studies from

the UK Biobank for T2DM and the FinnGen study for NAFLD.

Results: During the follow-up, 129 T2DM cases and 263 NAFLD cases were

observed in the SPECT-China study, and 30,274 T2DM cases and 4,896 NAFLD

cases occurred in the UK Biobank cohort. Baseline NAFLDwas associated with an

increased risk of incident T2DM in both studies (SPECT-China: OR: 1.74 (95%

confidence interval (CI): 1.12–2.70); UK Biobank: HR: 2.16 (95% CI: 1.82–2.56)),

while baseline T2DM was associated with incident NAFLD in the UK Biobank

study only (HR: 1.58). Bidirectional MR analysis showed that genetically

determined NAFLD was significantly associated with an increased risk of T2DM

(OR: 1.003 (95% CI: 1.002–1.004, p< 0.001)); however, there was no evidence of

an association between genetically determined T2DM and NAFLD (OR: 28.1 (95%

CI: 0.7–1,143.0)).

Conclusions: Our study suggested the causal effect of NAFLD on T2DM

development. The lack of a causal association between T2DM and NAFLD

warrants further verification.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is defined as an

abnormal accumulation of fat in the liver without significant

alcohol intake (1). With a global estimated prevalence of 25%, it

is the most prominent cause of liver disease worldwide (2). Due to

its high potential in developing liver fibrosis, liver cirrhosis, and

hepatocellular carcinoma, NAFLD has already caused considerable

clinical and health burdens worldwide (3, 4).

NAFLD is a multisystem disease that can affect extrahepatic

organs and regulatory pathways, causing other chronic diseases and

related complications (5). Over the past decade, compelling

observational studies have demonstrated that NAFLD and type 2

diabetes mellitus (T2DM) are two pathologic conditions that

frequently coexist, and there seems to be a bidirectional

relationship between them (6). The presence of NAFLD

substantially increases the risk of incident T2DM, and such risk

parallels the severity of NAFLD (7–9). However, the studies targeting

baseline NAFLD and incident T2DM have been mostly conducted in

the Asian population, and relevant evidence in the Western

population is lacking (10). On the other hand, the prevalence of

NAFLD is more than twofold higher in patients with T2DM than in

the general population. This association remains similar among

different races, but the strength of the association seems to be

stronger in white Europeans than in Asians (11).

Although the bidirectional relationship between NAFLD and

T2DM has been widely reported, the causality remains largely

uncertain due to potential confounding factors or the reverse

causation bias within observational studies (12). As a result, it is

crucial to dissect the causal relationship between NAFLD and

T2DM to better understand the disease etiology and inform

effective diagnostic, therapeutic, and preventive strategies.

In recent years, Mendelian randomization (MR) analysis, a form

of instrumental variable (IV) analysis, has profoundly equipped

researchers with tools for estimating causal inference between

exposures and outcomes (13). This approach carries two merits of

minimizing confounding and diminishing reverse causality because

genetic variants are randomly allocated at conception (thus unrelated

to self-adopted and environmental factors) and cannot be modified

by the development and progression of the disease. Bidirectional MR

is an extension of traditional MR in which the exposure–outcome

causal relationship was explored from both sides, providing an

efficient way to ascertain the direction of a causal relationship (14).

In this study, we first examined the observational association

between T2DM and NAFLD in both the Chinese and White

populations. We then investigated the direction of the causal

relationship using the bidirectional MR method based on online

genome-wide association study (GWAS) data.
Methods

Study population

SPECT-China (registration number ChiCTR-ECS-14005052;

www.chictr.org.cn) is a population-based study investigating the
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prevalence of metabolic diseases and risk factors in East China. A

stratified cluster sampling method was used to select a sample in the

general population at 23 sites across Shanghai, Zhejiang, Jiangsu,

Anhui, and Jiangxi Province. The sampling process was stratified

according to rural/urban areas and economic development. Chinese

citizens aged 18 years old and above who have lived in their current

residence for 6 months or longer were selected for our study. After

excluding those with acute illness, severe communication problems,

or unwilling to participate, a total of 6,899 subjects were included in

the SPECT-China study from February to June 2014 (15).

Between January and June 2019, the participants were invited to

attend a first-round follow-up visit. A total of 2,171 participants

attended the follow-up survey. We then excluded 72 participants

with missing liver ultrasound results at baseline or in the follow-up,

leaving 2,099 eligible participants for further analysis

(Supplementary Figure S1).

The study protocol was approved by the Ethics Committee of

Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University

School of Medicine (approval number 2013 (86)). All procedures

followed were in accordance with the ethical standards of the

responsible committee on human experimentation (institutional

and national) and with the Helsinki Declaration. Informed consent

was obtained from all participants in the study.

The UK Biobank (UKB) is a population-based prospective cohort

study, including more than 500,000 community-dwelling adults aged

37–73 years across the UK between 2006 and 2010 (https://

www.ukbiobank.ac.uk/). We declare that all data are publicly

available in the UKB repository (16). The UKB received ethical

approval from the UK National Health Service, the National

Research Ethics Service North West, the National Information

Governance Board for Health and Social Care in England and

Wales, and the Community Health Index Advisory Group in

Scotland. All participants provided written, informed consent. This

study was approved by the UK Biobank (application number 77740).
Data collection and measurements

Sociodemographic characteristics, medical history, family

history, and lifestyle factors were obtained through our

questionnaire. Regional economic status was assessed by the gross

domestic product per capita at each site and categorized into high

and low economic status according to the national level in 2013

($6,807 per capita from the World Bank) (17). Well-trained and

experienced staff conducted anthropometric measurements

according to a standard protocol at each study site, providing us

with weight, height, waist circumference, and blood pressure.

Venous blood samples were drawn after overnight fasting for at

least 8 h. These samples were immediately stored at −20°C and sent

to the central laboratory by air on dry ice within 4 h.
Instrumental variables

First, we extracted independent SNPs for diabetes from the

summary statistics of GWAS, which were publicly downloadable
frontiersin.org
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from the IEU OPEN GWAS PROJECT (https://gwas.mrcieu.ac.uk/),

with the same Batch ID of “ukb-b.” We then explored the FinnGen

dataset, which had no overlapped participants with the dataset

mentioned before, for GWAS summary statistics of NAFLD. The

FinnGen Biobank GWAS was performed by the FinnGen team

(https://r4.finngen.fi/) and is available on the IEU OPEN GWAS

PROJECT. Finally, we pruned the genetic variants within a 250-kb

window to include independent SNPs (r2< 0.1). All the SNPs used in

the study are shown in Supplementary Table S1.
Definition of variables

In the SPECT-China dataset, current smoking was defined as

having smoked at least 100 cigarettes in one’s lifetime and currently

smoking cigarettes. T2DM was determined by fasting plasma glucose

at ≥7.0 mmol/l and/or HbA1c ≥48 mmol/mol (6.5%) and/or a self-

reported previous diagnosis by healthcare professionals according to

the 2010 ADA criteria (18). Liver fat accumulation (steatosis) was

detected by ultrasound; the presentation of steatosis included

increased liver echogenicity, stronger echoes in the hepatic

parenchyma as compared with the renal parenchyma, vessel

blurring, and narrowing of the lumen of the hepatic veins

according to the criteria of Saadeh et al. (19). NAFLD was defined

as ultrasound evidence of fatty liver and the exclusion of secondary

causes (having a history of excessive consumption (30 g/day in men

and 20 g/day in women) of pure alcohol, self-reported viral hepatitis,

and using medications associated with secondary NAFLD

(corticosteroids, amiodarone) (20).

In the UK Biobank dataset, T2DM and NAFLD were

ascertained using linkage with hospital inpatient records. The

date and cause of hospital admissions were obtained from record

linkage to Health Episode Statistics (England and Wales) and the

Scottish Morbidity Records (Scotland). We defined outcomes

according to the International Classification of Diseases, edition

10 (ICD-10): E11 for T2DM and K76.0 for NAFLD after the

exclusion of viral hepatitis (B15–B19).

We alternatively used the fatty liver index (FLI), a noninvasive

algorithm for identifying liver steatosis at baseline. The formula of

FLI was as follows:

FLI =
(e0:953*loge(triglycerides)+0:139*BMI+0:718*loge(ggt)+0:053*waistcircumference� 15:745)

(1 + e0:9533*loge(triglycerides)+0:139*BMI+0:718*loge(ggt)+0:053*waistcircumference� 15:745) *
100

I was expressed as a value ranging from 0 to 100, and previous

studies have validated that it matched the observed percentages of

patients with hepatic steatosis accurately (21). NAFLD was based on

an FLI ≥ 60 and the exclusion of viral hepatitis, excessive alcohol

consumption (alcohol consumption: ≥ 30 g/day for male

participants and 20 g/day for female participants), or aspartate

transaminase or alanine aminotransferase > 500 U/L (11).
Statistical analysis

Continuous variables were expressed as mean (standard

deviation), and categorical variables were described as
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percentages (%). Characteristics of the study sample were

compared by the t-test for continuous variables and Pearson’s

Chi-square test for categorical variables. The multivariate Cox

regression model was used in the UK Biobank dataset, and the

logistic regression model was used in the SPECT-China dataset to

evaluate the association between NAFLD and diabetes. The

follow-up time was calculated from the baseline date to the

diagnosis of outcome, death, or the censoring date (30 May

2022), whichever came first. The model was adjusted for age,

gender, education level, living area, smoking status, drinking

status, economic status, and BMI. Family history of diabetes was

additionally adjusted when assessing the association between

baseline NAFLD and incident T2DM.

For the two-sample MR method, we mainly performed an

inverse-variance–weighted (IVW) MR analysis to verify the causal

association between NAFLD and diabetes. Moreover, we applied

MR-Egger regression and the weighted median approach. If there

was no evidence of directional pleiotropy (p-value for MR-Egger

intercept > 0.05), the estimate from the IVW method was

considered the most reliable indicator.

A two-tailed p< 0.05 was considered statistically significant. All

analyses were performed using R version 4.2.0 and SPSS software

version 26.0.
Results

Baseline characteristics

Table 1 shows the baseline characteristics of the participants. In

the SPECT-China dataset, a total of 2,099 participants (mean age ±

SD: 53.54 ± 11.35 years) were included in the final analyses.

Participants who developed diabetes were relatively older, richer,

had a lower education level, and tend to have a habit of drinking.

They also had a higher level of BMI, were more likely to have a

family history of diabetes, and had a higher prevalence of NAFLD.

Meanwhile, compared with those who did not develop NAFLD

during follow-up, participants with incident NAFLD were more

likely to be women, have a habit of drinking and smoking, have a

higher economic status, live in urban areas, and have a higher level

of BMI. Further analysis of the UK Biobank dataset showed similar

results (Table 1; Supplementary Table S2).
Association between diabetes and NAFLD

Figure 1 demonstrates the association between baseline NAFLD

and incident T2DM. After adjusting for age, gender, education level,

living area, smoking status, drinking status, economic status, and

BMI, we found that baseline NAFLD was associated with a

significantly higher risk of incident T2DM both in the SPECT-

China dataset (OR: 1.74 (95% confidence interval (CI):1.12–2.70);

p = 0.013) and the UK Biobank dataset (HR: 2.16 (95% CI: 1.82–

2.56); p< 0.001). This result remained unchanged when we

additionally used FLI to define NAFLD (HR: 1.76 (95% CI: 1.71–

1.81); p< 0.001).
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TABLE 1 Baseline characteristics of the study population.

Participants without baseline T2DM Participants without baseline NAFLD

Incident T2DM No incident T2DM Incident NAFLD No incident NAFLD

SPECT-China

Number of participants 129 1,707 263 882

Age at recruitment (years) 57.67 ± 8.60* 52.38 ± 11.52 52.90 ± 10.92 52.03 ± 10.92

Gender (%)

Women 58.1% 58.3% 42.6%* 35.8%

Men 41.9% 41.7% 57.4%* 64.2%

Current smoking (%) 29.5%* 19.3% 24.3%* 17.6%

Current drinking (%) 31% 32% 38.1%* 29.3%

Economic status (%)

High 89.9%* 80% 90.9%* 77.7%

Low 10.1%* 20% 9.1%* 22.3%

Living area (%)

Rural 65.9% 61.2% 74.5%* 64.7%

Urban 34.1% 38.8% 25.5%* 35.3%

College education or above (%) 10.1%* 22.1% 16.7% 19.2%

BMI (kg/m2) 26.43 ± 3.45* 23.81 ± 3.23 24.27 ± 2.96* 22.30 ± 2.66

Family history of diabetes (%) 15.5%* 9.8%

Baseline NAFLD (%) 43.4%* 19.2%

Baseline T2DM (%) 8.4% 6.5%

UK Biobank

Number of participants 30,274 458,610 4,896 496,867

Age at recruitment (year) 59.2 ± 7.3* 56.2 ± 8.1 56.8 ± 7.9* 56.5 ± 8.1

Gender (%)

Women 41.8* 55.7 53.1* 54.4

Men 58.2* 44.3 46.9* 45.6

Smoking status (%)

Never 45.3* 55.7 45.9* 54.9

Previous 40.8* 33.9 39.4* 34.6

Current 13.9* 10.4 14.7* 10.5

Drinking status (%)

Never 8.1* 4.1 6.7* 4.4

Previous 6.1* 3.3 7.0* 3.6

Current 85.8* 92.6 86.3* 92.0

Townsend deprivation index −0.4 ± 3.4* −1.4 ± 3.0 −0.4 ± 3.4* −1.3 ± 3.1

Living area (%)

Rural 11.2* 15.0 12.1* 14.7

Urban 88.8* 85.0 87.9* 85.3

(Continued)
F
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Figure 2 shows the association between baseline T2DM and

incident NAFLD. After multivariable adjustment, we observed that

baseline T2DM is significantly associated with incident NAFLD

(HR: 1.58 (95% CI: 1.42–1.77); p< 0.001) in the UK Biobank dataset.

However, this association was not significant in the SPECT-China

dataset (OR: 1.13 (95% CI: 0.64–1.99); p = 0.669). Further

adjustment for total cholesterol, triglycerides, and systolic blood

pressure did not attenuate these results (Supplementary Table S3).
Bidirectional MR analysis

When analyzing online GWAS datasets using the IVWmethod,

we found that genetically instrumented NAFLD was consistently

associated with a higher risk of T2DM (OR: 1.003 (95% CI: 1.002–

1.004); p< 0.001), but there was no association between genetically

instrumented T2DM and NAFLD (ORs ranged from 3.13 to 345.8,

all p > 0.05) (Table 2). Pleiotropy bias was not detected in these

analyses (both p > 0.05).
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Discussion

In the observational analysis, we found a significant association

between baseline NAFLD and an increased risk of incident T2DM

in the SPECT-China and the UK Biobank datasets. The association

between baseline T2DM and increased risk of incident NAFLD was

observed in the UK Biobank dataset but not in the SPECT-China

dataset. Further bidirectional two-sample MR analysis showed

consistent evidence that genetically instrumented NAFLD

increased T2DM risk while the T2DM!NAFLD relationship was

unlikely to be causal.

Over the past decade, several population-based studies have

focused on the relationship between NAFLD and T2DM. Almost all

of the studies that have used noninvasive imaging techniques

(predominantly ultrasonography) to diagnose NAFLD have

shown that NAFLD increases the risk of incident T2DM (7–9),

echoing our results. However, all of these studies are conducted in

the Asian population, mainly South Koreans, and evidence derived

from other populations is lacking. Therefore, we conducted the
TABLE 1 Continued

Participants without baseline T2DM Participants without baseline NAFLD

Incident T2DM No incident T2DM Incident NAFLD No incident NAFLD

College Education or above (%) 21.0* 33.1 21.4* 32.2

BMI (kg/m2) 31.4 ± 5.6* 27.0 ± 4.5 31.3 ± 5.7* 27.4 ± 4.8

Family history of diabetes (%) 24.6* 13.5

Baseline NAFLD (%) 0.4* 0.1

Baseline T2DM 8.1* 2.6
Continuous variables were expressed as mean ± SD, and categorical variables were described as a percentage (%). Characteristics of the study sample were compared by the t-test for continuous
variables and Pearson’s Chi-square test for categorical variables.
*p< 0.05, significantly different from that in the nonprogressor group.
NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes mellitus.
FIGURE 1

Association between baseline NAFLD and incident T2DM in SPECT-China and UK Biobank. aNAFLD was ascertained according to hospital inpatient
records. bNAFLD was defined by fatty liver index. Model 1 was adjusted for age, and gender. Model 2 was further adjusted for education level, living
area, smoking status, drinking status and economic status. Model 3 was additionally adjusted for BMI and family history of diabetes based on Model
2. OR, odd ratio; HR, hazard ratio; CI, confidence interval; NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes mellitus.
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analysis in the UK Biobank cohort of European descent, and similar

results were found. Since the diagnosis of NAFLD in the UK

Biobank depended on hospital admission records, the prevalence

of NAFLD was only 0.98%, which was significantly lower than the

average prevalence worldwide. To reduce this selection bias, we

further used the FLI to assess the association between NAFLD and

incident diabetes, and the results remained unchanged.

On the other hand, several studies point to T2D as a risk factor

for NAFLD as well as the progression toward NASH, fibrosis, and

HCC (22–24). In our study, the relationship between T2DM and

NAFLD was found in the UK Biobank dataset but not in the

SPECT-China dataset. This result requires verification in larger

cohorts as it may be specific to the Chinese population or just a

chance finding due to the small sample size.
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However, an observational study is not capable of investigating

the causal effect between these two diseases and has many

limitations. First of all, the golden standard for diagnosing

NAFLD is liver biopsy, which is not feasible in epidemiological

studies. Using liver ultrasound and FLI instead may cause

diagnostic bias. Moreover, though we carefully adjusted for

various confounders, bias from residual and unmeasured

confounding may still exist. Therefore, we further conducted

bidirectional MR analysis to minimize the effects of confounding

factors and elucidate the causal effect between these two diseases,

where we found a NAFLD!T2DM relationship. A previous study

revealed that genetically predicted higher circulating ALT and AST

were related to an increased risk of T2DM (25). Another study

found a weak association between genetically instrumented hepatic
FIGURE 2

Association between baseline T2DM and incident NAFLD in SPECT-China and the UK Biobank. Model 1 was adjusted for age and gender. Model 2
was further adjusted for education level, living area, smoking status, drinking status, and economic status. Model 3 was additionally adjusted for BMI
based on model 2. OR, odd ratio; HR, hazard ratio; CI, confidence interval; NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes mellitus.
TABLE 2 MR estimates of the causal association between T2DM and NAFLD.

Effect size (95% CI) p-value

T2DM ! NAFLD

IVW (fixed effects) 28.1 (0.7–1,143.0) 0.08

IVW (multiplicative random effects) 28.1 (0.3–2,386.2) 0.14

MR-Egger 345.8 (0.01–24,295,450.8) 0.31

Weighted median 3.13 (0.01–886.1) 0.69

Test for heterogeneity: p = 0.015 (IVW) and p = 0.013 (MR-Egger)

Test for horizontal pleiotropy: MR-Egger intercept = −0.01 (−0.05 to 0.03), p = 0.63

NAFLD!T2DM

IVW (fixed effects) 1.003 (1.002–1.004) <0.001

IVW (multiplicative random effects) 1.003 (1.001–1.005) 0.002

MR-Egger 1.01 (1.02–1.00) 0.18

Weighted median 1.003 (1.002–1.005) <0.001

Test for heterogeneity: p = 0.016 (IVW) and p = 0.366 (MR-Egger)

Test for horizontal pleiotropy: MR-Egger intercept = 0.994 (0.990 to 0.998), p = 0.224
The effect size was presented as the odds ratio and its 95% confidence interval.
CI, confidence interval; T2DM, type 2 diabetes mellitus; NAFLD, nonalcoholic fatty liver disease; IVW, the inverse-variance–weighted (IVW) method; MR, Mendelian randomization.
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steatosis and two glycemic traits: fasting glucose and fasting insulin.

This study also demonstrated that a one-standard deviation (SD)

increase in CT-measured hepatic steatosis led to a 30% increased

risk of T2D (26). Since circulating ALT and AST are markers for

NAFLD and the glycemic trait is a marker for T2DM, our results are

in accordance with their results and provided a more

direct supplement.

The NAFLD!T2DM causality is biologically plausible. The key

features of NAFLD are hepatic lipid accumulation and hepatic

inflammation. In the early period of NAFLD, an elevated hepatic

lipid availability combined with the inadequate adaptation of

mitochondrial function owing to lipid oxidation could induce the

hepatic production of DAG and ceramides, affecting hepatic insulin

resistance (27). Moreover, patients with NAFLD have moderate

increases in total bile acids (28). Primary bile acids are produced in

the liver from cholesterol and then secreted into the intestine as

glycine and taurine conjugates. The intestinal microbiota then

converts primary bile acids into secondary bile acids, which

interact with various nuclear receptors in the intestine such as

farnesoid X receptor (FXR) and Takeda G protein-coupled

membrane receptor 5 (TGR5) (29, 30). These interactions play an

important role in insulin clearance and the regulation of hepatic

lipid and glucose metabolism. Insulin clearance is decreased in

patients with NAFLD, causing less sensitivity to insulin. By contrast,

in the later stages of liver disease, the activation of Toll-like receptor

4 (TLR4) by lipopolysaccharide induces inflammation, ceramide

biosynthesis, and insulin resistance (31). With de novo ceramide

synthesis, ceramides derived from palmitic acid are the most potent

at decreasing insulin action and causing insulin resistance (32, 33).

These mechanisms worked together in triggering insulin resistance,

which is the key pathology of T2DM.

The major strengths of this study include the investigation of

the bidirectional association between T2DM and NAFLD among

the same Chinese population and validation from a large European

cohort. More importantly, Mendelian randomization analysis was

further performed to determine the causal effects. There are also

several limitations to our study. First, liver biopsy, the current gold

standard for diagnosing hepatic steatosis was not feasible in a large

epidemiological study. Using a blood marker equation to define

liver steatosis may not be accurate enough, and ultrasound has

limited sensitivity in detecting minor amounts of fatty infiltration.

Second, in the SPECT-China study, OGTT 2-h postprandial glucose

was not available to be included in the definition of T2DM.

Consequently, some potential patients with T2DM might be

misclassified. Third, though we carefully adjusted for various

confounders, bias from residual and unmeasured confounding

may still exist. Forth, the Mendelian randomization analysis was

restricted to volunteers of European ancestry, mostly White British,

and the number of SNPs for NAFLD is small. Therefore, whether

these findings could generalize to other populations need further

research. Moreover, although pleiotropy tests were conducted in

our study, there may still be potential SNPs associated with

unknown phenotypes.
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Conclusions

In summary, results from both observational analysis and

bidirectional MR analysis suggest a potentially causal

NAFLD!T2DM relationship. Our findings raise public

awareness of the intrinsic link between NAFLD and T2DM and

emphasize the intervention strategies that target the prevention of

T2DM by active management and treatment of NAFLD.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Materials. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of Shanghai Ninth People’s

Hospital, Shanghai JiaoTong University School of Medicine

(approval number 2013(86)) UK National Health Service,

National Research Ethics Service North West, National

Information Governance Board for Health and Social Care in

England and Wales, and Community Health Index Advisory

Group in Scotland. The patients/participants provided their

written informed consent to participate in this study.
Author contributions

YL, BW and NW conceptualized this paper. YTY and YFY

analyzed the data and wrote the manuscript. All authors

contributed to the article and approved the submitted version.
Funding

This study was supported by the National Natural Science

Foundation of China (82120108008, 91857117), the Project of

Biobank (No. YBKA201909) from Shanghai Ninth People’s

Hospital and Shanghai Jiao Tong University School of Medicine

(19XJ11007). The funders played no role in the design or conduct

of the study, the collection, management, analysis, or

interpretation of data, or in the preparation, review, or approval

of the article.
Acknowledgments

The authors thank all team members and participants for their

efforts in the SPECT-China study.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1156381
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yu et al. 10.3389/fendo.2023.1156381
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Endocrinology 08
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1156381/

full#supplementary-material
References
1. Byrne CD, Targher G. NAFLD: a multisystem disease. J Hepatol (2015) 62(1
Suppl):S47–64. doi: 10.1016/j.jhep.2014.12.012

2. Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, et al.
Global burden of NAFLD and NASH: trends, predictions, risk factors and
prevention. Nat Rev Gastroenterol Hepatol (2018) 15(1):11–20. doi: 10.1038/
nrgastro.2017.109

3. Goh GB, McCullough AJ. Natural history of nonalcoholic fatty liver disease. Dig
Dis Sci (2016) 61(5):1226–33. doi: 10.1007/s10620-016-4095-4

4. Le MH, Devaki P, Ha NB, Jun DW, Te HS, Cheung RC, et al. Prevalence of non-
alcoholic fatty liver disease and risk factors for advanced fibrosis and mortality in the
united states. PloS One (2017) 12(3):e0173499. doi: 10.1371/journal.pone.0173499

5. Armstrong MJ, Adams LA, Canbay A, Syn WK. Extrahepatic complications of
nonalcoholic fatty liver disease. Hepatology (2014) 59(3):1174–97. doi: 10.1002/
hep.26717

6. Mantovani A, Byrne CD, Bonora E, Targher G. Nonalcoholic fatty liver disease
and risk of incident type 2 diabetes: a meta-analysis. Diabetes Care (2018) 41(2):372–
82. doi: 10.2337/dc17-1902

7. Yamada T, Fukatsu M, Suzuki S, Wada T, Yoshida T, Joh T. Fatty liver predicts
impaired fasting glucose and type 2 diabetes mellitus in Japanese undergoing a health
checkup. J Gastroenterol Hepatol (2010) 25(2):352–6. doi: 10.1111/j.1440-1746.2009.05998.x

8. Sung KC, Jeong WS, Wild SH, Byrne CD. Combined influence of insulin
resistance, overweight/obesity, and fatty liver as risk factors for type 2 diabetes.
Diabetes Care (2012) 35(4):717–22. doi: 10.2337/dc11-1853

9. Sung KC, Wild SH, Byrne CD. Resolution of fatty liver and risk of incident
diabetes. J Clin Endocrinol Metab (2013) 98(9):3637–43. doi: 10.1210/jc.2013-1519

10. Mantovani A, Petracca G, Beatrice G, Tilg H, Byrne CD, Targher G. Non-
alcoholic fatty liver disease and risk of incident diabetes mellitus: an updated meta-
analysis of 501 022 adult individuals. Gut (2021) 70(5):962–9. doi: 10.1136/gutjnl-2020-
322572

11. Younossi ZM, Stepanova M, Younossi Y, Golabi P, Mishra A, Rafiq N, et al.
Epidemiology of chronic liver diseases in the USA in the past three decades. Gut (2020)
69(3):564–8. doi: 10.1136/gutjnl-2019-318813

12. Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G. Mendelian
randomization: using genes as instruments for making causal inferences in
epidemiology. Stat Med (2008) 27(8):1133–63. doi: 10.1002/sim.3034

13. Smith GD, Ebrahim S. 'Mendelian randomization': can genetic epidemiology
contribute to understanding environmental determinants of disease? Int J Epidemiol
(2003) 32(1):1–22. doi: 10.1093/ije/dyg070

14. Welsh P, Polisecki E, Robertson M, Jahn S, Buckley BM, de Craen AJ, et al.
Unraveling the directional link between adiposity and inflammation: a bidirectional
mendelian randomization approach. J Clin Endocrinol Metab (2010) 95(1):93–9. doi:
10.1210/jc.2009-1064

15. Wang N, Wang X, Han B, Li Q, Chen Y, Zhu C, et al. Is exposure to famine in
childhood and economic development in adulthood associated with diabetes? J Clin
Endocrinol Metab (2015) 100(12):4514–23. doi: 10.1210/jc.2015-2750

16. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK Biobank:
an open access resource for identifying the causes of a wide range of complex diseases of
middle and old age. PloS Med (2015) 12(3) :e1001779. doi : 10.1371/
journal.pmed.1001779

17. Ning F, Ren J, Song X, Zhang D, Liu L, Zhang L, et al. Famine exposure in early
life and risk of metabolic syndrome in adulthood: comparisons of different metabolic
syndrome definitions. J Diabetes Res (2019) 2019:7954856. doi: 10.1155/2019/7954856
18. American Diabetes A. Diagnosis and classification of diabetes mellitus. Diabetes
Care (2010) 33 Suppl 1:S62–9. doi: 10.2337/dc11-S062

19. Saadeh S, Younossi ZM, Remer EM, Gramlich T, Ong JP, Hurley M, et al. The
utility of radiological imaging in nonalcoholic fatty liver disease. Gastroenterology
(2002) 123(3):745–50. doi: 10.1053/gast.2002.35354

20. Tokushige K, Ikejima K, Ono M, Eguchi Y, Kamada Y, Itoh Y, et al. Evidence-
based clinical practice guidelines for nonalcoholic fatty liver disease/nonalcoholic
steatohepatitis 2020. J Gastroenterol (2021) 56(11):951–63. doi: 10.1007/s00535-021-
01796-x

21. Cuthbertson DJ, Weickert MO, Lythgoe D, Sprung VS, Dobson R, Shoajee-
Moradie F, et al. External validation of the fatty liver index and lipid accumulation
product indices, using 1H-magnetic resonance spectroscopy, to identify hepatic
steatosis in healthy controls and obese, insulin-resistant individuals. Eur J Endocrinol
(2014) 171(5):561–9. doi: 10.1530/EJE-14-0112

22. Lonardo A, Nascimbeni F, Maurantonio M, Marrazzo A, Rinaldi L, Adinolfi LE.
Nonalcoholic fatty liver disease: evolving paradigms. World J Gastroenterol (2017) 23
(36):6571–92. doi: 10.3748/wjg.v23.i36.6571

23. Lee YH, Cho Y, Lee BW, Park CY, Lee DH, Cha BS, et al. Nonalcoholic fatty
liver disease in diabetes. Part I: Epidemiol Diagnosis Diabetes Metab J (2019) 43
(1):31–45. doi: 10.4093/dmj.2019.0011

24. Liu K, McCaughan GW. Epidemiology and etiologic associations of non-
alcoholic fatty liver disease and associated HCC. Adv Exp Med Biol (2018) 1061:3–
18. doi: 10.1007/978-981-10-8684-7_2

25. De Silva NMG, Borges MC, Hingorani AD, Engmann J, Shah T, Zhang X, et al.
Liver function and risk of type 2 diabetes: bidirectional mendelian randomization
study. Diabetes. (2019) 68(8):1681–91. doi: 10.2337/db18-1048

26. Liu Z, Zhang Y, Graham S, Wang X, Cai D, Huang M, et al. Causal relationships
between NAFLD, T2D and obesity have implications for disease subphenotyping. J
Hepatol (2020) 73(2):263–76. doi: 10.1016/j.jhep.2020.03.006

27. Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak F, et al.
Adaptation of hepatic mitochondrial function in humans with non-alcoholic fatty liver
is lost in steatohepatitis. Cell Metab (2015) 21(5):739–46. doi: 10.1016/
j.cmet.2015.04.004

28. Bechmann LP, Kocabayoglu P, Sowa JP, Sydor S, Best J, Schlattjan M, et al. Free
fatty acids repress small heterodimer partner (SHP) activation and adiponectin
counteracts bile acid-induced liver injury in superobese patients with nonalcoholic
steatohepatitis. Hepatology (2013) 57(4):1394–406. doi: 10.1002/hep.26225

29. de Aguiar Vallim TQ, Tarling EJ, Edwards PA. Pleiotropic roles of bile acids in
metabolism. Cell Metab (2013) 17(5):657–69. doi: 10.1016/j.cmet.2013.03.013

30. Grabherr F, Grander C, Effenberger M, Adolph TE, Tilg H. Gut dysfunction and
non-alcoholic fatty liver disease. Front Endocrinol (Lausanne) (2019) 10:611. doi:
10.3389/fendo.2019.00611

31. Bikman BT, Summers SA. Ceramides as modulators of cellular and whole-body
metabolism. J Clin Invest (2011) 121(11):4222–30. doi: 10.1172/JCI57144

32. Turpin SM, Nicholls HT, Willmes DM, Mourier A, Brodesser S, Wunderlich
CM, et al. Obesity-induced CerS6-dependent C16:0 ceramide production promotes
weight gain and glucose intolerance. Cell Metab (2014) 20(4):678–86. doi: 10.1016/
j.cmet.2014.08.002

33. Raichur S, Wang ST, Chan PW, Li Y, Ching J, Chaurasia B, et al. CerS2
haploinsufficiency inhibits beta-oxidation and confers susceptibility to diet-induced
steatohepatitis and insulin resistance. Cell Metab (2014) 20(5):919. doi: 10.1016/
j.cmet.2014.10.007
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1156381/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1156381/full#supplementary-material
https://doi.org/10.1016/j.jhep.2014.12.012
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1007/s10620-016-4095-4
https://doi.org/10.1371/journal.pone.0173499
https://doi.org/10.1002/hep.26717
https://doi.org/10.1002/hep.26717
https://doi.org/10.2337/dc17-1902
https://doi.org/10.1111/j.1440-1746.2009.05998.x
https://doi.org/10.2337/dc11-1853
https://doi.org/10.1210/jc.2013-1519
https://doi.org/10.1136/gutjnl-2020-322572
https://doi.org/10.1136/gutjnl-2020-322572
https://doi.org/10.1136/gutjnl-2019-318813
https://doi.org/10.1002/sim.3034
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1210/jc.2009-1064
https://doi.org/10.1210/jc.2015-2750
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1155/2019/7954856
https://doi.org/10.2337/dc11-S062
https://doi.org/10.1053/gast.2002.35354
https://doi.org/10.1007/s00535-021-01796-x
https://doi.org/10.1007/s00535-021-01796-x
https://doi.org/10.1530/EJE-14-0112
https://doi.org/10.3748/wjg.v23.i36.6571
https://doi.org/10.4093/dmj.2019.0011
https://doi.org/10.1007/978-981-10-8684-7_2
https://doi.org/10.2337/db18-1048
https://doi.org/10.1016/j.jhep.2020.03.006
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1002/hep.26225
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.3389/fendo.2019.00611
https://doi.org/10.1172/JCI57144
https://doi.org/10.1016/j.cmet.2014.08.002
https://doi.org/10.1016/j.cmet.2014.08.002
https://doi.org/10.1016/j.cmet.2014.10.007
https://doi.org/10.1016/j.cmet.2014.10.007
https://doi.org/10.3389/fendo.2023.1156381
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Nonalcoholic fatty liver disease and type 2 diabetes: an observational and Mendelian randomization study
	Introduction
	Methods
	Study population
	Data collection and measurements
	Instrumental variables
	Definition of variables
	Statistical analysis

	Results
	Baseline characteristics
	Association between diabetes and NAFLD
	Bidirectional MR analysis

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


