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a two-sample Mendelian randomization study
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Abstract

Background The etiology of nonalcoholic fatty liver disease (NAFLD) involves a complex interaction of genetic and
environmental factors. Previous observational studies have revealed that higher leptin levels are related to a lower
risk of developing NAFLD, but the causative association remains unknown. We intended to study the causal effect
between leptin and NAFLD using the Mendelian randomization (MR) study.

Methods We performed a two-sample Mendelian randomization (TSMR) analysis using summary GWAS data from
leptin (up to 50,321 individuals) and NAFLD (8,434 cases and 770,180 controls) in a European population. Instrumental
variables (IVs) that satisfied the three core assumptions of Mendelian randomization were selected. The TSMR analy-
sis was conducted using the inverse variance weighted (IVW) method, MR-Egger regression method, and weighted
median (WM) method. To ensure the accuracy and stability of the study results, heterogeneity tests, multiple validity
tests, and sensitivity analyses were conducted.

Results The findings of the TSMR correlation analysis between NAFLD and leptin were as follows: IVW method

(odds ratio (OR) 0.6729; 95% confidence interval (95% Cl) 0.4907-0.9235; P=0.0142), WM method (OR 0.6549; 95% Cl
0.4373-0.9806; P=0.0399), and MR-Egger regression method (P=0.6920). Additionally, the findings of the TSMR cor-
relation analysis between NAFLD and circulating leptin levels adjusted for body mass index (BMI) were as follows: VW
method (OR 0.5876; 95% C1 0.3781-0.9134; P=0.0181), WM method (OR 0.6074; 95% C| 0.4231-0.8721; P=0.0069),
and MR-Egger regression method (P=0.8870). It has also been shown that higher levels of leptin are causally linked to
a lower risk of developing NAFLD, suggesting that leptin may serve as a protective factor for NAFLD.

Conclusions Using TSMR analysis and the GWAS database, we investigated the genetic relationship between
elevated leptin levels and lowered risk of NAFLD in this study. However, further research is required to understand the
underlying mechanisms.
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Background

Over the past two decades, nonalcoholic fatty liver dis-
ease (NAFLD) has progressed from a relatively unknown
disease to the leading cause of chronic liver disease
worldwide [1]. Its global frequency is quickly increas-
ing, reaching up to 25% in developed countries like the
United States [2]. NAFLD is a degenerative disease
caused by the buildup of intracellular lipid droplets in
liver cells, which can induce inflammation, cell death,
and even more advanced stages such as nonalcoholic
steatohepatitis (NASH) (with or without fibrosis), cir-
rhosis, and liver cancer [3, 4]. Currently, pharmacological
options for NAFLD are limited. Treatment cornerstones
are a healthy lifestyle and weight loss. There is still an
unmet therapeutic need [5].

NAFLD is bidirectionally associated with components
of the metabolic syndrome [6], a cluster of alterations
that includes centripetal obesity, decreased HDL choles-
terol concentrations, increased triglyceride concentra-
tions, arterial hypertension, and hyperglycemia [7-9].
This syndrome has become one of the epidemics of the
twenty-first century. Causative factors include insulin
resistance, leptin, lipocalins, microbiota alterations, and
epigenetics [10, 11]. Among these, leptin is a molecule
secreted primarily from adipose tissues. The circulating
levels of leptin are proportional to abrupt changes in per-
cent body fat mass or caloric intake. It is a key regulator
of metabolism and energy homeostasis [12]. A potential
dual role has been shown between leptin and NAFLD,
with leptin possibly exerting an anti-teratogenic effect
while also having a pro-inflammatory and pro-fibrotic
impact [13-16]. At the same time, observational clini-
cal studies have shown a relationship between persis-
tent hyperleptinemia and the development of steatosis,
fibrogenesis, and hepatocellular carcinoma, suggesting
that hyperleptinemia is an independent predictor of the
presence or development of NAFLD [12, 17, 18]. Accord-
ing to one study, leptin modulated the function of target
cells (hepatocytes and macrophages) and controlled their
pyroptosis-like cell death via CD8+T lymphocytes. The
interference of leptin and immune cell-related pathways
may provide promising strategies for the treatment of
NAFLD [19]. However, the relationship between leptin
and NAFLD still needs to be clarified.

In epidemiological studies, the presence of confound-
ers dramatically perturbs causality inferences between
exposures and outcomes because causality inferences in
observational studies are often challenged by potential
confounding biases and reverse causality. Additionally,
randomized controlled trials (RCTs) have limitations
related to ethical issues, observation time, and resources
and costs [20]. Mendelian randomization (MR) is an
approach that uses genetic variants associated with
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specific exposures of interest to study the causal effects
of modifiable exposures (potential risk factors) on health,
social, and economic outcomes [20—24]. In recent years,
genome-wide association studies (GWAS) have accu-
mulated millions of data points on associations between
genetic variants and complex diseases or phenotypes
[25, 26]. Two-sample Mendelian randomization (TSMR)
analysis is an optimized extension of the one-sample
Mendelian randomization (OSMR) analysis, in which
aggregated statistics from published GWAS are used
instead of individual-level data, with distinct samples for
exposure variables and outcome markers. It allows for
the evaluation of the causal impact of exposure factors on
outcomes without the need for additional studies, reduc-
ing research expenditures and improving the bioinfor-
matic application [23, 27, 28].

To the best of our knowledge, no MR investigations
have been conducted to investigate the potential causa-
tive link between leptin and NAFLD. In this study, to
provide some basis for the prevention and treatment of
NAFLD and lower the incidence and disease burden,
TSMR analysis was utilized to analyze the possible causal
relationship between leptin and NAFLD from a genetic
perspective using GWAS summary statistics for leptin
and NAFLD with leptin-related gene polymorphisms as
instrumental variables (IVs).

Methods

We performed a TSMR using publicly available sum-
mary-level data from several large-scale cohorts. An
overview of this study design is shown in Fig. 1.

Genetic instruments for
exposures
obtained from GWAS

l

Selection and validation of
instrumental variables

|

Two-sample Mendelian
randomization analysis

|

Organizing and analyzing
data and drawing charts

Independence assumption
—> Relevance hypothesis
Exclusivity hypothesis

Effectiveness indicators
Quality control
Sensitivity analysis

Fig. 1 Workflow of this Mendelian randomization study. GWAS,
genome-wide association study
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Data type

The TSMR analysis method’s data type requires the anal-
ysis of data for exposure factors and outcome indicators
from two samples. The information required consists of
the rs code for single nucleotide polymorphism (SNP),
the exposure factor corresponding to the SNP, and the
practical value and standard error from the outcome
indicator database. Nonessential but useful information
includes the frequency of the influencing gene, the name
of the gene-coding phenotype, and some information
that may be useful in subsequent analyses, such as sam-
ple size, number of cases and controls, and chromosomes
where SNPs are located. Wherever possible, we also
included an indication of the importance of risk genes in
exposure factors [29].

GWAS summary data for leptin

We retrieved genetic data for leptin from the online plat-
form of the Integrated Epidemiology Unit (IEU) Open
Genome-Wide Association Studies (GWAS) project
(https://gwas.mrcieu.ac.uk/), a database developed by
the MRC-IEU at the University of Bristol [30]. It is a col-
lection of the complete GWAS abstract dataset, and data
can be downloaded as an open-source file. Two sets of
genetic tools were used to reveal the causal relationship
between leptin and NFALD. The search codes were "ebi-
a-GCST90007310" and " ebi-a-GCST90007322". In this
GWAS [31], genetic data on leptin were obtained from a
cohort of 35 adults (>18 years), including 57,232 adults
of European origin, 4387 of African origin, 2036 of East
Asian origin, and 488 of Hispanic origin. Furthermore,
because of the phenotypic association between leptin
concentration and body mass index (BMI), which was
positively associated, this GWAS was corrected for BMI
as a confounder between leptin and obesity. To minimize
any potential bias induced by the phenotypic association
between leptin levels and body mass index, circulating
leptin levels were adjusted for BMI using data from this
GWAS which included 49,830 sample size. In addition,
it included only participants in the European population.
Participants were asked to select one of the three cate-
gories, "about average," "thinner," or "fuller,” to describe
their body size at the age of 10 years in comparison to the
average. The above two sets of genetic tools were used
simultaneously to reveal the causal relationship between
leptin and NFALD, increasing the reliability and signifi-
cant correlation of our study [31].

In addition, in causal inference, we are interested not
only in the extent to which exposure affects outcome, but
also in the mechanisms or pathways by which exposure
affects that outcome [32]. Therefore, to further inves-
tigate the potential mechanisms by which genetically
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determined leptin reduces the risk of NAFLD and to
assess whether body composition and adipose tissue can
mediate the causal effect of leptin on NAFLD, we further
introduced body composition and adipose tissue mass,
all of which GWAS data can be found in the IEU (https://
gwas.mrcieu.ac.uk/) via ID. Leptin was considered as
exposure and body composition and adipose tissue mass
such as body fat mass (Visceral adipose tissue volume,
Arm fat mass), waist circumference and waist-hip ratio
were considered as outcomes to explore potential media-
tors of the relationship between exposure and outcome.
Estimates of IVW were assessed as the main results.
P<0.05 was regarded as significant.

GWAS summary data for NAFLD

GWAS data for NFALD from a genome-wide meta-anal-
ysis were based on 4 European cohorts containing 8,434
cases and 770,180 controls. The diagnosis of NAFLD in
these 4 cohorts was determined based on the electronic
health records of all participants [33]. We download these
GWAS data from the GWAS catalog (https://www.ebi.
ac.uk/gwas/) and their GWAS Catalog accession num-
ber is GCST90011885. More detailed documentation of
this GWAS data can be obtained from the original litera-
ture. In addition, NAFLD was defined by the use of EHR
codes (ICD9: 571.5, ICD9: 571.8, ICD9: 571.9, ICD10:
K75.81, ICD10: K76.0 and ICD10: K76.9. Exclusion crite-
ria included, but were not limited to alcohol dependence,
alcoholic liver disease, alpha-1 antitrypsin deficiency,
Alagille syndrome, liver transplant, cystic fibrosis, hepa-
titis, abetalipoproteinemia, LCAT deficiency, lipodystro-
phy, disorders of copper metabolism Reye’s syndrome,
inborn errors of metabolism, HELLP syndrome, starva-
tion and acute fatty liver (as suggested by the American
Association for the Study of Liver Disease [AASLD]).
This study performed a new GWAS for NAFLD in the
UK Biobank (data application number 25205). NAFLD
diagnosis was established from hospital records (ICD10:
K74.0 and K74.2 (hepatic fibrosis), K75.8 (NASH), K76.0
(NAFLD) and ICD10:K76.9 (other specified diseases of
the liver). The ICD codes used to define the International
Classification of Diseases diagnosis for NFALD can be
searched at https://risteys.finngen.fi/.

Selection and validation of instrumental variables

According to the requirements of MR analysis, genetic
variants as IVs must satisfy the following three basic
assumptions: (I) instrumental variables and exposure
factor X have a strong relationship; (II) instrumental
variables are not associated with any confounders of
the exposure-outcome association; and (III) instru-
mental variables have no effect on outcome Y, other
than perhaps through their association with exposure
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X [34-36]. Basic assumptions of Mendelian randomiza-
tion are shown in Fig. 2.

Statistical analysis

This study used R studio 4.1.1 for statistical analysis,
and the TwoSampleMR package is publicly available for
download at https://mrcieu.github.io/TwoSampleMR/.
First, the effect values and standard errors between IVs
and exposure factors and IVs and outcome indicators
were obtained by selecting IVs, respectively. Leptin,
circulating leptin levels adjusted for BMI, and NAFLD-
related GWAS data were imported into R software and
assigned to exposure and outcome groups, respectively.
To confirm that the effect allele was associated with
higher levels of exposure, we harmonized the GWAS
data of exposures and outcomes. Next, MR analyses
were carried out using various MR methods. Finally, the
causal effect values between leptin and NAFLD were
estimated using the TSMR method, and quality control
and sensitivity analyses were performed. The inverse
variance weighted (IVW) method was used as the pri-
mary statistical analysis method and supplemented by
two additional sensitivity analyses [37], including the
weighted median (WM) [38] and MR-Egger methods
[39, 40]. The IVW method was used as the primary sta-
tistical analysis to estimate the causal effect between
exposure factors and outcome indicators. The IVW
method requires certainty that all SNPs included meet
the three assumptions of IV selection, especially the
exclusion assumption, which states that genetic vari-
ation influences the outcome indicators only through
the exposure factors in the study [41]. This study also
used the MR-Egger regression and WM methods to
test the stability and reliability of the results. The MR-
Egger regression method modifies the IVW method to
account for pleiotropy bias [42]. The WM method only
requires a minimum of 50% of the weights contributed
by genetic variation. When some genetic variations in

V3

l confounder

1A%
genetic variants ——> exposure(X) —> outcome(Y)

| |

v2

Fig. 2 Basic assumptions of Mendelian randomization. IV1: IVs
are strongly correlated with exposure. IV2: Vs are independent of
outcomes. IV3: IVs are not related to confounding factors
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the analysis are invalid for the IVs, this approach pro-
duces consistent results [37].

This study used the odds ratio (OR) as the primary
effect indicator, including the 95% confidence interval
(CI). Due to data from numerous distinct GWAS cohort
studies with potential variances between the studies,
such as alternative platforms for gene annotation analy-
sis, additional inclusion and exclusion criteria for cases,
and unreliable population sources, the TSMR analysis
approach may be heterogeneous and result in biased
estimations of causal effects. Cochran’s Q test was used
in this work to assess the heterogeneity of the IVW and
MR-Egger regression [43, 44]. Heterogeneity does not
affect the study results if the heterogeneity test result
P>0.05 is not statistically significant. For the test of mul-
tiplicity, the presence of genetic diversity was tested for
causal inference between exposure factors and outcomes
according to the exclusion hypothesis. The magnitude
of horizontal pleiotropy was expressed as the intercept
term in the MR-Egger regression [42], where the closer
the intercept was to 0, the smaller the intercept. When
the test result for horizontal pleiotropy was P>0.05, there
was considered to be none [45]. It was required to run a
leave-one-out sensitivity analysis on the data, remove one
SNP in turn, and determine the Mendelian randomiza-
tion analysis effect of the remaining SNPs because there
could have been some inevitable random errors while
selecting IVs for inclusion [46]. The influence of each
SNP on the results can be judged visually by displaying
forest plots, and thus, the stability of the TSMR analysis
results can be considered. The forest plot can be used to
visually determine the effect of each SNP on the results
and, therefore, the stability of the TSMR analysis results.

Results

Determination of IVs

We extracted the intersection of SNPs as IVs from the
gene instrument. To include more SNPs that contrib-
uted to circulating leptin levels, a more relaxed thresh-
old (P<5x107%) was used, and after removing linkage
disequilibrium (LD) (R?<0.01), we retained five eligible
SNPs. We then evaluated the remaining SNPs’ power
using the F statistics (F=beta2/se2) for each SNP and
calculate general F statistics for all SNPs. SNPs with less
statistical power (rs10938397, rs1121980 and rs780094)
were removed (F statistics <10) [47]. Finally, seven SNPs
were considered suitable, and the relevant information
included the chromosome number, position, p coeffi-
cient, Ses, and P value. In addition, a total of seven eligi-
ble SNPs were obtained from circulating leptin levels that
were adjusted for BMI. The information about the above
two groups of SNPs is shown in Table 1.
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Table 1 The genetic instruments used in this study
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Trait SNP CHR POS BETA- SE-exposure Pval-exposure BETA- SE-outcome Pval-outcome
exposure outcome

Leptin rs10195252 2 165,513,091 0.0547642 0.382155 340E-14 —0.02402 0442346 0.1455
rs1167827 7 75163,169 00338376 0.545837 484E—06 —00137983 0.539761 04038
162621812 7 127,015,083 —0.0976946 0.0314287 8.18E—-08 0.0114977 0.019881 0.7895
rs675209 6 7,102,084 0.0358979 0.723037 6.25E-07 —00071326  0.730616 0.6937
rs713586 2 25158008  0.0311325 0466499 245E-06 0.0045135 0470179 0.781
rs900399 3 156,798,732 —0.0330473 0.396124 243E-06 0.0330816 0.389662 0.04598
rs972283 7 130,466,854 —0.041373 0521301 1.12E=10 0.0246088 0.560636 0.132

Circulating 11260326 2 27,730940  0.0477379 0607045 432E-13 —0.0755351 0.589463 5.98E—06

‘aedﬁﬂstgfo'i rs13389219 2 165,528,876  0.0525424 0.393889 1.13E-13 —00258577 0435388 0.1189

BMI 13799260 6 53519605 —00382049  0.818308 3.83E-06 —00275366  0.795229 02117
14731702 7 130433384  0.0551502 0483626 6.58E—18 —00305338  0.449304 0.05943
175193761 16 67,233,243 0.0726956 0.0453025 345E-06 0012859 0030815 0.7553
rs791600 7 127,865,816 —0.0626202 0411084 535E-19 0.0149012 0421471 03673
rs900399 3 156,798,732 —0.040245 039616 9.25E—09 0.0330816 0.389662 0.04598

Association between genetically predicted NAFLD

and leptin

The causal effect between NAFLD and leptin was esti-
mated using the IVW, MR-Egger, and WM methods, as
described in the methodology section. The results of the
TSMR correlation analysis between NAFLD and leptin
were as follows: IVW (OR 0.6729; 95% CI 0.4907-0.9235;
P=0.0142), WM method (OR 0.6549; 95% CI 0.4373—
0.9806; P=0.0399), and MR-Egger regression method
(P=0.6920). It indicates that elevated leptin levels are
causally associated with a reduced risk of NAFLD. Also,
this study further analyzed the association between
NAFLD and circulating leptin levels that were adjusted
for BMI. The results of the TSMR correlation analysis
were as follows: IVW (OR 0.5876; 95% CI 0.3781-0.9134;
P=0.0181), WM method (OR 0.6074; 95% CI 0.4231-
0.8721; P=0.0069), and MR-Egger regression method
(P=0.8870). It adds to the credibility of the preceding
outcomes. The results of the TSMR correlation study are
shown in Table 2. In addition, the findings found limited
evidence to support a causal relationship between leptin

and body composition and adipose tissue, as shown in
Table 3.

Heterogeneity analysis and Pluripotency analysis

Heterogeneity tests between NAFLD and leptin
genetic variants using Cochran’s Q revealed the follow-
ing: IVW (P=0.762) and MR Egger (P=0.659). There
was no heterogeneity, hence the fixed-effects model
was preferred for MR analysis. The heterogeneity and
pluripotency analysis results are shown in Table 4. Five
methods were used to evaluate the results of MR anal-
ysis, and scatter plots were generated (Fig. 3). Among
them, MR-Egger was used to measure the pluripotency
of IVs. There was no statistical difference between the
intercept of MR-Egger and the zero intercept of IVW
(P=0.769); hence, there was no horizontal pluripo-
tency. The results of pluripotency analysis between
NAFLD and corrected BMI leptin concentration also
showed no statistical difference between the intercept
of MR-Egger and the zero intercept of IVW. There was
no statistical difference (P=0.614); hence, there was
no horizontal multi-effectiveness. Another piece of

Table 2 TSMR correlation analysis of leptin/Circulating leptin levels adjusted for BMI and NAFLD

Exposure Outcome Method nSNP Beta SE OR (95% Cl) Pval

Leptin NAFLD MR Egger 7 —0232333254 0553353711  079(026-234) 069201616
Weighted median 7 —0423262908 0205995127  065(043-098)  0.039905775
Inverse variance weighted 7 —0396048774 016149831 067 (049-092) 0014193046

Circulating leptin lev-  NAFLD MR Eqger 7 0209529839 1402200441  123(0.07-19.25) 0887055213

els adjusted for BMI Weighted median 7 —0498410207  0.184491007 060 (042-0.87) 0006901876
Inverse variance weighted 7 —0531548597 0224986582  0.58 (037-091)  0.018148268
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Table 3 TSMR correlation analysis between leptin and body composition and adipose tissue mass

Exposure ID Outcome Pval OR (95% ClI)

Leptin ebi-a-GCST90016671 Visceral adipose tissue volume 0.1695895 1.32(0.88-1.97)
Leptin ukb-b-6704 Arm fat mass (right) 0.05145062 1.82(0.99-3.33)
Leptin ukb-b-8338 Arm fat mass (left) 0.053347628 1.83(0.99-3.38)
Leptin ukb-b-9405 Waist circumference 0.178025885 1.55(0.81-2.93)
Leptin ieu-a-73 Waist-to-hip ratio 0.666751872 1.17(0.57-2.39)

Table 4 Results of heterogeneity and pluripotency analysis test for data related to leptin and NAFLD

Exposure Method Heterogeneity Pval Pleiotropy Pval
Q value (12) Intercept
Leptin Inverse variance weighted 3.356201594 0.762992631 —0.007129678 0.769547522
MR Test MR Test
Inverse variance weighted MR Egger o ‘WEW"‘ s/ W“::::: e
/ Maximum likelihood / Weighted median Simple mode.
0.02-
£ oo I 9 000
3
% % [ B ——— — —— - ——F—
% 0.02- | %

-0.04-

0.025 0.100

0.050 0.075
SNP effect on || id:ebi~a—~GCST90007310

(@)

005 006 007
SNP effect on circulating leptin levels adjusted for BMI || id-ebi-a-GCST90007322

(b)

Fig. 3 TSMR analysis. The intercept estimate can be interpreted as an estimate of the average pleiotropy of all SNPs, and the slope coefficient
estimates the causal effect’s bias. a Leptin; b circulating leptin levels adjusted for BMI

evidence that horizontal multiplicity does not exist is
the symmetry of the funnel plot.

Leave-one-out analysis

Leave-one-out analysis was conducted to calculate the
MR result of the remaining IVs after removing them
one by one. After excluding each SNP, the overall error
line did not change much. The single SNP (rs900399,
rs4731702) relatively affects the robustness of the
results (Fig. 4). Therefore, the TSMR correlation anal-
ysis results of NAFLD with leptin and circulating lep-
tin levels adjusted for BMI were relatively reliable.

Discussion

In this study, we used TSMR to assess the association
between leptin and NAFLD. The OR values obtained
using IVW (OR 0.6729; 95% CI 0.4907-0.9235;
P=0.0142) and WM methods (OR 0.6549; 95% CI
0.4373-0.9806; P=0.0399) provide strong evidence that
elevated levels of leptin are causally associated with a
reduced risk of NAFLD, suggesting that leptin may act
as a protective factor for NAFLD to some extent. There-
fore, even if the exact mechanism is unknown, we believe
that increasing the level of leptin in NAFLD patients can
lower the risk of NAFLD development. Furthermore,
our study initially explored a causal relationship between
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Fig. 4 Forest plots for the TSMR leave-one-out analysis of the significant IVW estimates. Within each panel, the black points represent the causal
estimate of the association between a specific metabolite and epilepsy after discarding each SNP in turn. Red points represent the pooled IVW
estimates. Horizontal lines denote 95% confidence intervals(Cl). a Leptin; b circulating leptin levels adjusted for BMI

leptin-related phenotypes and body composition. How-
ever, no strong evidence was found to support a causal
relationship between leptin and body composition and
adipose tissue.

It is worth noting that a group of experts has pro-
posed altering the nomenclature of NAFLD to met-
abolic-dysfunction-associated  fatty liver disease
(MAFLD), signaling a shift in the paradigm and under-
lying etiology toward a more broad term that does not
specifically address NAFLD in recent years [48, 49].
Instead of being a disease in and of itself, fatty liver is
a histological change in the liver that is a reflection of
anomalies in the human metabolic system. As a result,
the focus of the disease’s treatment is on metabolic
management, although in practical practice, there are
still a number of bottlenecks to treating NAFLD [9]. To
begin with, although there are better recognized and
established methods for monitoring NAFLD in tradi-
tional high-risk categories (diabetes, hypertension, and
overweight), increasing numbers of studies have indi-
cated that NAFLD occurs more commonly in adults
with normal BMI (i.e., visceral obesity) [50]. For such
patients, especially nonobese people with intermittent
transaminase abnormalities, there is still a lack of suf-
ficiently effective biological markers for the diagno-
sis of NAFLD, as well as a lack of effective techniques
for predicting the risk of development. It is due to the
fact that liver aspiration biopsy is still a rare proce-
dure, and current guidelines merely prescribe regular
follow-up, which does not allow for early treatment
[51, 52]. Second, according to the existing guideline
recommendations, lifestyle changes, exercise, and diet

control are important nonpharmacological options for
people with established NAFLD [53]. Still, these non-
pharmacological therapies lack sufficient quantifiable
indicators, particularly for weight control (guidelines
recommend a 5-10% reduction), which is not feasible
in lean nonalcoholic fatty liver disease. In people with
NAFLD with normal liver enzymes, there is a lack of
evaluable serological indicators [54]. Third, due to
the complex pathological mechanism of NAFLD itself
and the fact that this disease is often only the "tip of
the iceberg" of metabolic system diseases, the current
treatment of fatty liver lacks sufficiently targeted and
recognized effective treatment options. Although, in
recent years, there have been advances in treatment
options, including the use of a combination of drugs
such as semaglutide, firsocostat (ACC inhibitor), and
cilofexor (FXR agonist), their reliability and effective-
ness need to be confirmed by clinical trials [55]. There-
fore, although the treatment of fatty liver is a classic
and relatively old topic, developing its specific drugs is
still a virgin territory to be explored, and the discovery
of more therapeutic targets is of great value for drug
development. Based on a review of the literature, lep-
tin regulates food intake, energy balance/body weight,
and some metabolic functions [56]. In this regard, lep-
tin should have an anti-steatosis impact on hepatocytes
[15]. However, no therapeutics for NAFLD are directed
at this target. As a result, the finding that leptin and
NAFLD are correlated may be useful for assessing
disease risk, preventing NAFLD, combining existing
therapy regimens for potentiation, and identifying pro-
spective targets for novel drug development. Our study,
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based on the literature, did find a significant association
between increased leptin levels and reduced incidence
of NAFLD, and our findings not only coincide with pre-
vious literature but also validate the hypothesis in the
literature through database analysis of real-world case
sources.

Leptin signals through binding to its receptors, mainly
Lep Rb, which is a long stretch of extracellular structure,
a transmembrane region and an elongated intracellular
extension. As Lep Rb does not possess intrinsic kinase
activity, the conformational change of Lep Rb upon leptin
binding to Lep Rb induces the activation of Janus kinase
(JAK2) phosphorylation, which phosphorylates three
tyrosine residues (Y985, Y1077 and Y1138) in the intra-
cellular extension of Lep Rb. These phosphorylated tyros-
ine residues then recruit proteins containing the SH2
phosphorylation recognition domain for downstream
signaling. Currently, the most studied leptin signaling is
the JAK/signal transducer and activator of transcription
(STAT) pathway. Leptin and NAFLD exert their effects
mainly through the JAK2/STAT3 pathway [57, 58]. An
important role of leptin is to direct the storage of tri-
glycerides in adipocytes and prevent their deposition
in non-adipose tissues such as the liver, thus preventing
hepatocyte lipotoxicity and apoptosis. Leptin also inhib-
its the production of hepatic glucose and the formation
of new hepatic fat, acting as an insulin-like agent to pre-
vent the development of NAFLD. Studies have shown
that chronic central leptin infusion can reduce hepatic
lipid synthesis gene expression and triglyceride lev-
els by stimulating hepatic sympathetic activity and that
this effect of leptin is associated with the PI3K signaling
pathway, blocking which can specifically induce hepatic
steatosis without causing obesity. In addition, leptin
promotes fatty acid oxidation in the liver and increases
fatty acid consumption in the liver [59]. In addition to its
direct effects on the liver, leptin also affects hepatic glu-
cose metabolism indirectly through its central regulation.
Leptin infusion into the ventricles of type 1 diabetes mice
inhibited the expression of glucagon, consistent with
the phenotype of peripheral hyperleptinemia [60]. Spe-
cific expression of Lep Rb in the arcuate nucleus of the
rat hypothalamus by adenoviral transfection improves
peripheral insulin sensitivity and reduces hepatic glu-
coneogenesis in leptin receptor-deficient Koletsky rats
[61]. The regulation of hepatic glucose by leptin may be
related to the effect of its phosphatidylinositol 3-kinase
(PI3K), which increases insulin signaling and decreases
the expression of glucose synthesis genes such as glu-
cose-6-phosphatase (G-6-P) and phosphoenolpyruvate
carboxykinase (PEPCK) [61]. In addition, the effects
of leptin can also be mediated by central neural regula-
tion, e.g., selective severance of the hepatic vagus nerve
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can prevent hypothalamic leptin from regulating hepatic
insulin sensitivity.

The mechanism of leptin in NAFLD has been sup-
ported by a large body of experimental data, and clinical
studies on leptin and NAFLD have focused on the associ-
ation of leptin or leptin receptor levels with NAFLD. The
findings on circulating leptin levels in NAFLD patients
are not very consistent, with some studies reporting high
leptin expression in NAFLD patients [62, 63] and others
finding no difference in leptin levels in NAFLD patients
compared to non-NAFLD populations [64, 65]. Clinical
studies of leptin and Lep R gene expression and SNPs in
the NAFLD population have also been reported sporadi-
cally. Two small clinical studies showed no expression
of the Lep R gene in liver tissue, while in peripheral leu-
kocytes and abdominal adipose tissue Lep gene expres-
sion did not differ significantly between NAFLD patients
and healthy populations [66, 67]. In another study,
immunohistochemical staining of liver tissue for leptin
showed that leptin expression was higher in patients with
NAFLD than in the healthy population, consistent with
altered circulating leptin levels [63]. Some of the Lep R
gene SNP studies have also shown a positive association
with the development of NAFLD, even if this association
is not dependent on the presence of obesity. Given the
complexity of clinical studies and the multilevel nature
of clinical data, it is difficult to obtain direct evidence
that leptin resistance causes NAFLD from the available
clinical research data, which need to be interpreted with
caution.

Our study has several advantages. First, the TSMR
analysis method is based on the principle of Mendelian
randomization-free segregation and combination, which
excludes the influence of acquired factors (social envi-
ronment and natural environment) on the study results
at the genetic level. In order to successfully compensate
for the vulnerability to confounding factors and reverse
causality interference in traditional observational stud-
ies for inferring the etiology of complex disorders, the
genes must arise prior to the disease with a precise causal
time sequence [68, 69]. Second, this study uses publicly
available GWAS summary statistics with a large sam-
ple size to obtain more precise estimates and greater
statistical power, saving research costs and improving
the utilization of biological information while limiting
the study population mainly to individuals of European
ancestry, reducing some of the bias that may arise due to
population stratification. Finally, the value of this study
lies in establishing an association between leptin levels
and the incidence of NAFLD using a database of real-
world sources. Based on our findings, it is reasonable
to believe that leptin levels may be used for the assess-
ment of NAFLD, including the screening of people who
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are traditionally at high risk of developing NAFLD (e.g.,
those with comorbid diabetes and those who are over-
weight), and, more importantly, for the assessment of the
risk of developing lean NAFLD in people with normal
BML. In addition, it can be used as an indicator to evalu-
ate the improvement potential of NAFLD. Since there are
no drugs that target leptin, we believe that, based on the
current state of research, leptin can reduce the incidence
of NAFLD without duplicating the mechanism of action
of other existing drugs for NAFLD and can be used as a
complement to existing treatment regimens. Addition-
ally, there is evidence that leptin regulation may have
favorable effects on a variety of other factors, including
weight loss, reducing blood sugar levels, and controlling
intestinal functions [70]. Therefore, modulation of leptin
levels may be used in multiple aspects of metabolic dis-
orders and may have a wider range of potential applica-
tions. However, there are some limitations to this study.
First and foremost, the majority of these GWAS data are
from European populations. It needs to be determined
if the findings we described would hold in other people.
Second, this study lacks a multidimensional stratifica-
tion of the heterogeneity of patients with NAFLD. In the
future, a multicenter prospective cohort study is needed
to fully consider the heterogeneity of NAFLD, integrate
demographic characteristics, lifestyle, genetics and
other factors to accurately identify high-risk groups for
NAFLD, and develop targeted and individualized body
mass control strategies, with a view to achieving accurate
prevention and control of NAFLD.

Conclusion

In conclusion, our study reveals a causal relationship
between leptin and NAFLD. It thus provides further
insight into the factors that may be associated with a
reduced risk of NAFLD development. Additionally, from
a systems biology standpoint, it aids researchers in better
understanding the connections between diverse diseases.
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