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ABSTRACT

Objective: Epidemiological studies have reported an association between primary hypothyroidism
and metabolic dysfunction-associated steatotic liver disease (MASLD). However, the magnitude of
the risk and whether this risk changes with the severity of MASLD remains uncertain. We performed
a meta-analysis of observational studies to quantify the magnitude of the association between
primary hypothyroidism and the risk of MASLD.

Design: We systematically searched PubMed, Scopus, and Web of Science from database inception
to January 31, 2024, using predefined keywords to identify observational studies in which MASLD
was diagnosed by liver biopsy, imaging, or International Classification of Diseases codes. Meta-
analysis was performed using random-effects modelling.

Results: We identified 24 cross-sectional and four longitudinal studies with aggregate data on ~76.5
million individuals. Primary hypothyroidism (defined as levothyroxine replacement treatment,
subclinical hypothyroidism, or overt hypothyroidism) was associated with an increased risk of
prevalent MASLD (n=24 studies; random-effects odds ratio 1.43, 95%Cl 1.23-1.66; °=89%).
Hypothyroidism was also associated with a substantially higher risk of metabolic dysfunction-
associated steatohepatitis or advanced fibrosis (n=5 studies; random-effects odds ratio 2.84, 95%ClI
2.07-3.90; °=0%). Meta-analysis of data from 4 longitudinal studies showed that there was a
marginally non-significant association between hypothyroidism and risk of developing MASLD over
a median 4.5-year follow-up (random-effects hazard ratio 1.39, 95%Cl 0.98-1.97; I’=85%). Sensitivity
analyses did not modify these findings. The funnel plot did not reveal any significant publication
bias.

Conclusion: This large and updated meta-analysis provides evidence that primary hypothyroidism is

significantly associated with both an increased presence of, and histological severity of MASLD.

Keywords: Non-alcoholic fatty liver disease; NAFLD; metabolic dysfunction-associated steatotic liver

disease; MASLD; hypothyroidism; meta-analysis



SUMMARY BOX

What is already known about this subject: Observational studies reported an association between
primary hypothyroidism and metabolic dysfunction-associated steatotic liver disease (MASLD).
However, the magnitude of the risk and whether this risk changes with the severity of MASLD

remains uncertain.

What are the new findings: This comprehensive meta-analysis (~76.5 million participants) provides
substantive evidence that primary hypothyroidism is associated with a higher risk of prevalent
MASLD. Hypothyroidism is also associated with a ~2.8-fold increased risk of metabolic dysfunction-
associated steatohepatitis or advanced liver fibrosis. Finally, there is a marginally non-significant

association between hypothyroidism and the risk of developing MASLD.

How might it impact on clinical practice in the foreseeable future: Health care professionals should
be aware that the risk of MASLD is increased in patients with primary hypothyroidism. Health care
professionals should have a high index of clinical suspicion that their patients with hypothyroidism

may have MASLD and these patients are at higher risk of MASH or advanced liver fibrosis.



INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously known as non-
alcoholic fatty liver disease (NAFLD), has become the leading cause of chronic liver diseases globally
[1, 2]. MASLD affects ~30% of adults in the general population [3], ~65% of patients with type 2
diabetes [4] and more than 80% of patients with severe obesity [5]. MASLD pathophysiology
involves many diverse pathways, such as altered glucose and lipid metabolism, insulin resistance,
dietary factors, lipotoxicity, and energy balance dysregulation [2, 6]. Thyroid hormones, namely free
thyroxine (FT4) and free triiodothyronine (FT3), play a critical role in hepatic glucose and lipid
metabolism. The actions of thyroid hormones in the liver are mediated through binding to their
specific nuclear receptor, i.e., THR-B1, and modulated by deiodinases, mainly deiodinase 1 [7-9].
Hepatic deiodinase 1 converts FT4 to the biologically active FT3, which is released into the
bloodstream [9]. Evidence shows that patients with MASLD or metabolic dysfunction-associated
steatohepatitis (MASH) have impaired intrahepatic THR-B (thyroid hormone receptor-B) signaling
[9]. In particular, the MASLD/MASH-related lipotoxicity may induce a state of intrahepatic
hypothyroidism, resulting in reduced conversion of FT4 to FT3 in favor of increased conversion of

FT4 to the inactive metabolite reverse T3 [9].

The new liver-directed, selective THR-B agonists, such as resmetirom, help regulate intrahepatic
thyroid hormone concentrations in patients with MASLD/MASH, potentially addressing the
underlying pathophysiology related to impaired intrahepatic THR- signaling in these patients [9]. In
this regard, resmetirom has been shown to be effective for treating MASH and liver fibrosis in
preclinical and randomized clinical studies, thus further supporting the role of thyroid hormones in

MASLD pathophysiology [7, 9, 10].

After the publication of our previous 2018 meta-analysis of 15 observational studies (44,140
participants) that reported an association between primary hypothyroidism and the risk of NAFLD
[11], it is important to note that new large observational studies have been published on this hot
topic. However, the findings of these observational studies remain conflicting, and it remains

uncertain whether subclinical hypothyroidism could be associated with a higher risk of MASLD.

Based on this background of evidence, we have therefore carried out a comprehensive systematic

review and meta-analysis of observational studies to quantify the risk of MASLD in patients with



primary hypothyroidism. Moreover, we also aimed to assess whether there was an association
between hypothyroidism and risk of having more severe histologic forms of MASLD. Clarification of
the magnitude of the risk of MASLD associated with primary hypothyroidism may directly impact

the development of prevention strategies for MASLD.

METHODS
Registration of review protocol
The protocol of this systematic review was registered on the Open Science Framework (OSF)

database (registration DOI: https://doi.org/10.17605/0SF.I0/22)Q4).

Data sources and searches

This systematic review has been performed following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) and the Meta-analysis Of Observational Studies in
Epidemiology (MOSE) guidelines [12, 13]. We systematically searched PubMed, Scopus, and Web of
Science from database inception to January 31, 2024, to identify relevant observational studies
examining the association between primary hypothyroidism and the risk of MASLD. Search free text
terms were "hypothyroidism" OR "subclinical hypothyroidism" OR "thyroid dysfunction" AND “non-
alcoholic fatty liver disease” OR “NAFLD” OR “non-alcoholic steatohepatitis” OR “metabolic
dysfunction-associated fatty liver disease” OR “MAFLD” OR “metabolic dysfunction-associated
steatotic liver disease” OR “MASLD”. Searches were restricted to human studies. No language
restrictions were imposed. Furthermore, we reviewed references from relevant review articles to

identify additional eligible studies not covered by the original database searches.

Study selection

Eligible studies were included in the meta-analysis if they met the following inclusion criteria: 1)
observational (cross-sectional, case-control or longitudinal) studies that examined the association
between primary hypothyroidism and risk of MASLD (or NAFLD); 2) studies that reported odds ratios
(ORs) or hazard ratios (HRs) with 95% confidence intervals (95% Cls) values for the outcome of
interest; 3) the diagnosis of MASLD (or NAFLD) was based on liver biopsy, imaging or International
Classification of Diseases (ICD) codes, in the absence of significant alcohol consumption (defined as

<20 g/day for women and <30 g/day for men) or other competing causes of chronic liver disease


https://doi.org/10.17605/OSF.IO/Z2JQ4

(e.g., viral hepatitis, iron overload and use of potentially hepatotoxic drugs); and 4) the diagnosis of
primary hypothyroidism was based on a self-reported history of hypothyroidism with use of
levothyroxine replacement treatment or based on measurements of serum thyroid stimulating
hormone (TSH), FT4 or FT3 concentrations for identifying patients with subclinical or overt
hypothyroidism. Subjects included in the meta-analysis were of either sex without any age, race, or

ethnicity restrictions.

The exclusion criteria of the meta-analysis were as follows: 1) congress abstracts, case reports,
reviews, practice guidelines, commentaries or editorials; 2) studies in which the diagnosis of MASLD
(or NAFLD) was based exclusively on serum aminotransferase levels or other blood-based
biomarkers of MASLD or NAFLD (e.g., the fatty liver index); 3) studies which did not exclude
individuals with significant alcohol consumption or other known causes of chronic liver disease; 4)
studies that only examined the associations between continuous levels of serum TSH or thyroid

hormones and the risk of MASLD; and 5) studies that included exclusively euthyroid individuals.

Data extraction and quality assessment
Data from studies eligible for the aggregate data meta-analysis were independently extracted by two
investigators (AM and GT). Any disagreements between investigators about the inclusion of eligible

studies were resolved by consensus and a third investigator if needed (AC).

For each eligible study, we extracted data on publication year, study design, sample size, country,
population characteristics, methods used for the diagnosis of hypothyroidism and MASLD, severity of
MASLD on liver histology (i.e., defined as the presence of either MASH or fibrosis stage F>2), outcomes
of interest, matching and confounding factors included in multivariable regression analyses, and
length of follow-up (only for longitudinal studies). In the case of multiple publications of the same

database, we included the most up-to-date or comprehensive information.

The overall quality of the studies included in the aggregate data meta-analysis was assessed using
the Newcastle-Ottawa scale (NOS) by two independent authors (AM and GT). Any disparities in
scoring were reviewed, and consensus obtained following discussion. The NOS scale is a validated
scale for non-randomized studies in meta-analyses, which uses a star system to assess the quality of

a study in three domains: selection, comparability, and outcome/exposure. The NOS assigns a



maximum of four stars for selection (or five stars in the case of cross-sectional studies), two for
comparability, and three for outcome/exposure. We judged studies that received a score of at least

8 stars to be at low risk of bias, thus reflecting the highest quality.

Data synthesis and analysis

The primary outcome measure of the meta-analysis was the presence of MASLD (or NAFLD) for
cross-sectional studies or the risk of developing incident MASLD (or NAFLD) over the follow-up for
longitudinal studies. The ORs (for cross-sectional studies) or HRs (for longitudinal studies) and their
95% Cls were considered as the effect size (ES) for all the eligible studies. When studies reported
ORs/HRs with varying degrees of covariate adjustment, we extracted those that reflected the
maximum extent of adjustment for potentially confounding variables. When studies used multiple
definitions of hypothyroidism, we chose the ORs (for cross-sectional studies) or HRs (for longitudinal
studies) and their 95% Cls for defining hypothyroidism that identified the most severe endocrine
disorder. The adjusted OR/HRs of all eligible studies were pooled, and an overall ES estimate was
calculated using a random-effects model since high heterogeneity was expected for a meta-analysis

of observational studies.

The statistical heterogeneity among studies was evaluated by the chi-square test and the /?-statistic,
which estimates the percentage of variability across studies due to heterogeneity rather than chance
alone. The proportion of heterogeneity accounted for by between-study variability was assessed
using the /*-statistic and adjudicated to be significant if the ’-index was >50% [14]. The possibility of
publication bias was examined using the visual inspection of funnel plots and the Egger’s regression

asymmetry test [15].

To explore the possible sources of (expected) heterogeneity among the studies and to test the
robustness of the observed associations, we also performed stratification-sensitivity analyses by
study population (adults vs. children/adolescents), study country, methodologies used for
diagnosing hypothyroidism and MASLD, severity of MASLD histology (presence of either MASH or
fibrosis stage F>2) and quality of studies (>8 stars on the NOS scale, i.e., studies with low risk of
bias). We also tested for possible excessive influence of individual studies using a meta-analysis
influence test that eliminated each of the included studies at a time. Finally, we performed

univariable meta-regression analyses to test the impact of specific moderator variables (i.e., age,



sex, body mass index, percentage of pre-existing type 2 diabetes, hypertension, and serum TSH

concentrations) on the effect size for the association between hypothyroidism and MASLD.

All statistical tests were two-sided and used a significance level of p<0.05. We used R version 4.3.2
(R Core Team 2023, R Foundation for Statistical Computing, Vienna, Austria. <https://www.R-
project.org/>) for all statistical analyses with the following packages: meta (version 7.0-0) and

metafor (version 4.4-0).

RESULTS

Literature search and characteristics of included studies

Supplementary Figure 1 shows the PRISMA flow diagram of the meta-analysis. After examining the
titles and abstracts of these publications and excluding duplicates, we identified 60 potentially
eligible studies from three large electronic databases (PubMed, Web of Science and Scopus) from
the inception to January 31, 2024. We further excluded 32 studies because of unsatisfactory
inclusion criteria or unsatisfactory outcome measures (as specified in Supplementary Table 1).
Consequently, we identified 28 unique observational studies (24 cross-sectional and four

longitudinal) for inclusion in the meta-analysis.

The main characteristics of these studies are summarized in Supplementary Table 2 and Table 3,
respectively. Twenty-four studies had a cross-sectional design [16-38], 21 of which recruited adult
individuals [16-35] and three studies enrolled overweight or obese children and adolescents [36-
38]. Four studies had a longitudinal design [39-42]. Regarding the cross-sectional studies
(Supplementary Table 2), the diagnosis of MASLD was based on liver biopsy (n=5 studies),
ultrasonography or other imaging methods (n=16 studies), and ICD-10/SNOMED-CT codes (n=3
studies). The diagnosis of primary hypothyroidism was either based on a self-reported history of
hypothyroidism with the use of levothyroxine replacement therapy or based on serum TSH and
thyroid hormone measurements identifying subclinical hypothyroidism (i.e., elevated TSH with
normal thyroid hormones) or overt hypothyroidism (elevated TSH with low thyroid hormones). Eight

studies were carried out in Asia (China, South Korea, Iran, India and Philippines), seven in Europe



(Germany, Spain and Italy), six in the USA and two in Mexico, while a study included an international
cohort of individuals. Eight of these 24 studies obtained at least 8 stars on the NOS scale, thus
reflecting a low risk of bias; three studies obtained 7 stars, and the remaining 13 studies obtained 6
stars or less. Overall, these 24 cross-sectional studies included a total of 76,424,439 adult individuals
(22.3% men; age 45+14 years; BMI 28.4+5.5 kg/m?; 17% had a diagnosis of MASLD; 7.6% had a
diagnosis of primary hypothyroidism [as described above]; 9% had established type 2 diabetes) and
3,009 overweight or obese children and adolescents (age 1242 years; 45.9% had a diagnosis of

MASLD; 12.8% had hypothyroidism).

Cross-sectional studies on the association between hypothyroidism and MASLD

The distribution of cross-sectional studies (involving 76,427,448 individuals) by estimate of the
association between primary hypothyroidism and the risk of MASLD is plotted in Figure 1. We found
that hypothyroidism was significantly associated with a higher risk of prevalent MASLD (pooled
random-effects OR 1.43, 95% Cl 1.23-1.66; I°=89%). Specifically, this pooled risk was 1.35 (95% ClI
1.16-1.56; I’=90%, n=21 studies) in studies enrolling adults and 2.30 (95% Cl 1.63-3.24, I°=0%, n=3
studies) in those involving overweight or obese children and adolescents. Since we have always used
the fully adjusted OR estimates for each study, this pooled random-effects OR was independent of
age, sex, ethnicity, adiposity measures, diabetes, dyslipidemia, or other common metabolic risk

factors (as specified in Table 1).

Subgroup analyses

We undertook subgroup analyses to explore the possible sources of heterogeneity across the cross-
sectional studies. As shown in Supplementary Figure 2, the association between hypothyroidism
and the risk of MASLD was consistent even when the comparison was stratified by study country,
with the higher random-effects ORs observed in studies conducted in the USA (n=6 studies; random-
effects OR 1.59, 95% Cl 1.55-1.64; ’=0%) and Europe (n=7 studies; random-effects OR 1.52, 95% Cl
1.13-2.06; I°=62%), as well as in the single international study (n=1 study; random-effects OR 2.79,
95% Cl 1.10-7.06; I’=not applicable). This association was marginally non-significant in Asian studies

(n=7 studies; random-effects OR 1.26, 95% Cl 0.99-1.61; ’=60%).

Stratifying the studies by different methods used for diagnosing MASLD (Supplementary Figure 3),

the association between hypothyroidism and the risk of prevalent MASLD was significant in studies



in which MASLD was evaluated by liver histology (n=5 studies; random-effects OR 2.05, 95% Cl 1.55-
2.71; ’=0%), ultrasonography (n=15 studies; random-effects OR 1.35, 95% C| 1.09-1.66; °’=78%) or
ICD-10/SNOMED-CT codes (n=3 studies; random-effects OR 1.43, 95% Cl 1.17-1.75; I’=98%).

Stratifying the studies by different methodologies used for identifying primary hypothyroidism
(Supplementary Figure 4), the association between hypothyroidism and the risk of MASLD was
significant both in studies in which the diagnosis was based on a self-reported history of
hypothyroidism with the use of levothyroxine replacement and in those in which the diagnosis was

based on abnormal serum thyroid function tests (subclinical or over hypothyroidism).

Stratifying the studies by risk of bias evaluated using NOS scale (Supplementary Figure 5), the
association between hypothyroidism and risk of MASLD was significant in studies with a low risk of
bias (NOS scale >8) (n=7 study; random-effects OR 1.63, 95% Cl 1.39-1.93; ’=20%) and in those with
a medium-high risk of bias (NOS scale <8) (n=17 study; random-effects OR 1.31, 95% CI 1.08-1.59;
P=92%).

Sensitivity analyses and meta-regressions

A sensitivity analysis using the one-study remove (leave-one-out) approach to test the influence of
each study on the overall effect size showed that eliminating each of the studies from the pooled
primary analysis did not have any significant effect on the overall risk of prevalent MASLD
(Supplementary Figure 6). The results of univariable meta-regression analyses to examine the
impact of potential moderator variables showed a significant association between the proportion of
patients with pre-existing diabetes and risk of MASLD (Supplementary Figure 7). Conversely, meta-
regression analyses did not show any significant effects of age (Supplementary Figure 8), sex
(Supplementary Figure 9), BMI (Supplementary Figure 10), hypertension (Supplementary Figure
11), or serum TSH levels (Supplementary Figure 12) on the association between hypothyroidism and

MASLD (in cross-sectional studies of adult patients).
Publication bias

As shown in Supplementary Figure 13, the Egger’s test did not show any statistically significant

asymmetry of the funnel plot for cross-sectional studies (p=0.526), thus suggesting that the
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publication bias was low. Since there were only four longitudinal cohort studies, we did not perform

a formal publication bias analysis for these studies.

Cross-sectional studies on the association between hypothyroidism and more severe MASLD

The distribution of eligible studies by estimate of the association between primary hypothyroidism
and the risk of more severe MASLD is plotted in Figure 2. Five liver biopsy-based studies [16, 18, 25,
26, 43], involving 9,640 adult individuals from different countries, provided data for this pooled
secondary analysis. We found that hypothyroidism was associated with a ~2.8-fold increased risk of
having MASH or fibrosis stage F>2 (n=5 studies; random-effects OR 2.84, 95% Cl 2.07-3.90; 1°=0%).
This risk was independent of age, sex, ethnicity, adiposity measures, diabetes, and other common
metabolic risk factors. As shown in Figure 2, the association between hypothyroidism and MASLD
severity was consistent even when the comparison was stratified by MASH or fibrosis stage F>2,

separately.

Longitudinal studies on the association between hypothyroidism and incident MASLD

Four retrospective cohort studies [39-42] examined the association between primary
subclinical/overt hypothyroidism and the risk of developing MASLD (Supplementary Table 3).
Overall, these studies included a total of 31,518 middle-aged individuals from China, South Korea,
or the Netherlands (48.4% men; age 52+15 years; BMI 24.4+2.5 kg/m?; 10.8% of whom had a
diagnosis of primary hypothyroidism at baseline, most frequently subclinical hypothyroidism).
During a median follow-up of 4.5 years (interquartile range: 3.3-6.2 years), there were 3,969 new
cases of incident MASLD. In all studies, the diagnosis of MASLD was based on ultrasonography. Three

of these studies obtained at least 8 stars on the NOS scale, thus reflecting a low risk of bias.

The distribution of cohort studies by estimate of the association between primary hypothyroidism
and the risk of developing MASLD is plotted in Figure 3. We found that hypothyroidism was
marginally associated with an increased risk of developing MASLD over a median of 4.5 years
(random-effects HR 1.39, 95% Cl 0.98-1.97; I°=85%). Notably, as shown in Supplementary Figure 14,
the one-study remove (leave-one-out) approach to test the influence of each study on the overall
effect size showed that the association between hypothyroidism and the risk of developing MASLD
became statistically significant (random-effects HR 1.59, 95%Cl 1.12-2.24; ’=74%) after excluding

the study by Lee et al. [40] from the pooled analysis.
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DISCUSSION

This updated meta-analysis that included 28 observational studies (24 cross-sectional and 4
longitudinal) with aggregate data on approximately 76.5 million individuals from different countries
provides substantive evidence that primary hypothyroidism was significantly associated with a
higher risk of prevalent MASLD as detected by liver biopsy, imaging methods or ICD codes (pooled
random-effects OR 1.43, 95% Cl 1.23-1.66; ’=89%). This risk remained essentially unchanged when
the comparison was stratified by study country, different modalities for diagnosing hypothyroidism
or MASLD, NOS quality scale, or when we analyzed separately the published studies that included
adult individuals and pediatric population. Notably, this risk remained significant in those studies
where statistical analysis was adjusted for age, sex, ethnicity, adiposity measures, pre-existing
diabetes, dyslipidemia, and other common metabolic risk factors (as specified in Supplementary
Table 2). Furthermore, in studies with liver biopsy data, hypothyroidism was associated with a ~2.8-
fold increased risk of either MASH or fibrosis stage F>2 (n=5 studies; random-effects OR 2.84, 95%
Cl 2.07-3.90; ’=0%). Our meta-regression analyses also showed a significant association between
the proportion of patients with pre-existing diabetes and increased risk of hypothyroidism-related
MASLD, suggesting that the association between hypothyroidism and MASLD may be partly
mediated by the rates of diabetes in different studies (thus explaining a part of the high
heterogeneity among studies). This also represents further evidence of a close link existing between
primary hypothyroidism, type 2 diabetes, and MASLD [44]. Finally, meta-analysis of data from 4
retrospective longitudinal studies showed that there was a borderline association between
subclinical hypothyroidism and increased risk of developing MASLD over a median follow-up of 4.5

years (random-effects HR 1.39, 95% Cl 0.98-1.97; I’=85%).

This is the largest and most comprehensive meta-analysis assessing the relationship between
primary hypothyroidism and the risk of MASLD. Our findings corroborate and further expand the
findings of our previous meta-analysis of 15 observational studies (involving 44,140 participants)
[11] and two other smaller meta-analyses published in 2018 and 2021 [45, 46]. Unlike these three
previous meta-analyses, we included much more observational studies (increasing the total number
of individuals from almost 44,000 in our earlier meta-analysis to about 76.5 million individuals from
different countries). In addition, we have included a larger number of liver biopsy-based studies,
thereby proving a more reliable estimate of the association between hypothyroidism and the risk of

having MASH or fibrosis stage F>2. Although we observed that subclinical hypothyroidism was
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marginally associated with a higher risk of incident MASLD over a median follow-up of 4.5 years, we
believe that the most likely explanations for this partly unexpected result are the relatively small
sample size of the eligible cohort studies, the lack of information on the duration of hypothyroidism,
the short duration of the follow-up, and the use of ultrasonography for detecting MASLD (that is not
sensitive enough to detect mild steatosis). That said, it should also be noted that the one-study
remove (leave-one-out) approach showed that the association between hypothyroidism and
incident MASLD became statistically significant (random-effects HR 1.59, 95% CI 1.12-2.24) after

excluding the study by Lee et al. [40] from the pooled analysis.

Taken together, the findings of our meta-analysis may have clinical implications; more specifically,
individuals with primary hypothyroidism should be screened for MASLD since these patients are at
higher risk of having MASH or advanced fibrosis. It should be noted that none of the studies included
in the meta-analysis had data available to investigate the association between hypothyroidism and
the risk of major adverse liver outcomes. Furthermore, no published studies have examined the
effect of thyroid hormone replacement therapy when examining the risk of MASLD in patients with
subclinical hypothyroidism. However, a post-hoc analysis of a small randomized controlled trial of
patients with subclinical hypothyroidism showed that levothyroxine replacement therapy for 15
months resulted in significant reductions of serum liver enzymes and hepatic steatosis on ultrasound
in these patients [47]. In addition, a small phase 2b single-arm study of 20 euthyroid patients with
type 2 diabetes and MASLD showed that low-dose levothyroxine treatment for 16 weeks was able

to reduce hepatic fat content measured by proton magnetic resonance spectroscopy [48].

A detailed discussion of the putative biological mechanisms linking primary hypothyroidism and
MASLD is beyond the scope of this meta-analysis. Briefly, thyroid hormone levels are key modulators
of energy homeostasis with established effects on hepatic glucose and lipid metabolism [7-9, 49]. It
is well known that overt hypothyroidism promotes MASLD development and progression, possibly
by inducing overweight/obesity, dyslipidemia, dysglycemia/insulin resistance, low-grade
inflammation, and increased oxidative stress [7-9]. In the Rotterdam study, a population-based
cohort study, the authors reported a negative linear association between serum FT4 levels and the
risk of incident MASLD and a positive linear association for serum TSH levels. Moreover, compared
to euthyroidism, the risk of MASLD appeared to decrease in hyperthyroidism [41]. Experimentally, it

has also been reported that elevated serum TSH levels itself may induce hepatic fat accumulation
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through upregulation of sterol regulatory element-binding protein-1c (SREBP-1c) activity [50].
Furthermore, evidence shows that intrahepatic THR-B signaling is impaired in the liver of patients
with MASLD or MASH [9]. Preclinical studies supported a role of THR-f in MASLD development, as
the THR-B pathway signaling modulates hepatic de novo lipogenesis, cholesterol synthesis, fatty acid
B-oxidation, and the circulating levels of various lipids, such as low-density lipoprotein and
lipoprotein(a) [9]. In recent years, there has been considerable scientific interest in developing liver-
directed, selective THR-B agonists for treating MASLD [7-9]. In this regard, resmetirom has provided
promising results for treating MASH and liver fibrosis in preclinical and clinical studies, thus further
implying a role of thyroid hormones in the development and progression of MASLD [7, 9]. Recently,
Harrison et al. reported the results of the ongoing phase-3 MAESTRO-NASH trial, in which 966 adults
with MASH and liver fibrosis were randomly assigned to receive for 52 weeks once-daily resmetirom
at a dose of 80 mg or 100 mg or placebo [10]. These investigators showed that both resmetirom
doses were superior to placebo for the primary endpoints of MASH resolution without fibrosis
worsening and fibrosis improvement by at least one stage with no worsening of MASH [10].
Therefore, FDA conditionally approved on 14 March, 2024 resmetirom as the first drug for the

treatment of adults with non-cirrhotic MASH and significant liver fibrosis [51]

The present meta-analysis has important limitations inherent to the design of the eligible studies.
First, the retrospective design of the cross-sectional studies does not allow us to define the time line
between the development of primary hypothyroidism and that of MASLD. However, Mendelian
randomization studies are consistent with a causal association between overt hypothyroidism and
MASLD [52]. Second, although most eligible studies adjusted the results for known risk factors and
potential confounders, the possibility of residual confounding by unmeasured factors cannot be
entirely excluded. Third, the cross-sectional studies of the meta-analysis used different definitions
of primary hypothyroidism (ranging from a self-reported history of hypothyroidism with the use of
thyroid hormone therapy to abnormal thyroid function tests with variably different TSH laboratory
cutoffs for defining subclinical hypothyroidism). At first glance, the association between self-
reported history of hypothyroidism with the use of levothyroxine replacement and risk of MASLD
seems surprising. However, as the use of thyroid replacement therapy is only a surrogate for the
diagnosis of hypothyroidism, the results from eligible studies using this definition of hypothyroidism
should be interpreted cautiously because data regarding the time of diagnosis of hypothyroidism, as

well as accurate results of thyroid function tests were not extensively available. It is likely that most
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patients included in the meta-analysis were euthyroid (due to levothyroxine replacement therapy)
or only had subclinical hypothyroidism (but, as expected, few participants had overt primary
hypothyroidism). This is also observable from data shown in Supplementary Table 2 and Table 3,
where most eligible studies reported mean serum TSH levels within the reference range. In addition,
serum TSH and thyroid hormone levels were not routinely monitored, and serum thyroid antibodies
were not constantly measured in all eligible studies. Furthermore, detailed information on the
duration of subclinical or overt hypothyroidism was not available in most studies. This limited our
ability to investigate a potential dose-response relationship between the severity of hypothyroidism
and MASLD. Fourth, most studies used ultrasonography to diagnose MASLD, whereas only a minority
of the studies used liver biopsy, which is the “gold standard” for diagnosing and staging MASLD. Fifth,
although we used a random-effects model, the interpretation of some meta-analysis results requires
some caution because of the observed medium-high heterogeneity for the pooled primary analysis
of studies and the relatively low quality of the studies, suggesting a medium-high risk of bias
according to the NOS. Using subgroup analyses, meta-regressions and sensitivity analyses, we
explored the possible sources of statistical heterogeneity. However, we believe that more detailed
analyses of the causes of heterogeneity will require collaborative pooling of individual participant
data from future large studies. Finally, although all eligible studies have used the NAFLD terminology,
for this meta-analysis, we have assumed that, as the two fatty liver disease definitions are mainly
overlapping [53], the increase in the risk conferred by hypothyroidism was comparable for NAFLD
and MASLD, which should be confirmed in future studies. Finally, although a selective reporting bias
of eligible studies could not be excluded (because we did not include “grey” literature in the meta-
analysis), we believe our comprehensive search has made it unlikely that any published studies were

missed.

Despite these limitations, our updated meta-analysis also has important strengths. This meta-
analysis is the most comprehensive assessment of the association between hypothyroidism and the
risk of prevalent and incident MASLD. The large number of individuals with hypothyroidism and
MASLD provided sufficient statistical power to quantify the relationship between hypothyroidism
and the risk of MASLD. Moreover, we have used standardized risk estimates from all included studies
to allow a consistent combination of estimates across studies. Finally, the funnel plot did not show

any significant asymmetry, thus suggesting that the risk of publication bias was low.
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In conclusion, this comprehensive meta-analysis of observational studies provides evidence for a
significant and independent association between primary hypothyroidism and the risk of MASLD.
This risk remained significant in those studies whose results were adjusted for age, sex, adiposity
measures, pre-existing diabetes, dyslipidemia and/or other common metabolic risk factors.
Furthermore, hypothyroidism was associated with a substantially higher risk of having MASH or
fibrosis stage F>2. It remains to be established whether patients with subclinical hypothyroidism
have a higher risk of developing MASLD. Future well-designed studies (possibly using vibration-
controlled transient elastography or magnetic resonance-based techniques) are needed to further
validate these findings, as well as mechanistic studies to better decipher the complex mechanisms

underlying the association between primary hypothyroidism and MASLD.
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FIGURE LEGENDS

Figure 1. Forest plot and pooled estimates of the effect of primary hypothyroidism on the risk of
prevalent MASLD in the eligible cross-sectional studies (n=24) stratified by population type (adult vs.

pediatric population).
Figure 2. Forest plot and pooled estimates of the effect of primary hypothyroidism on the histological
severity of MASLD (i.e., defined as the presence of MASH or fibrosis stage F>2) in the eligible cross-

sectional studies with liver biopsy data (n=5).

Figure 3. Forest plot and pooled estimates of the effect of primary hypothyroidism on the risk of

developing incident MASLD in the eligible longitudinal cohort studies (n=4).
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