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ABSTRACT

Aim: Metabolic syndrome (MetS) is a known risk factor for hepatocellular carcinoma (HCC), but the impact of cumulative MetS
burden and changes in MetS status over time remains unclear. This study aimed to assess these associations using a large-scale
Japanese health dataset.

Methods: We analysed medical data from 2.71 million Japanese individuals collected between 2005 and 2020. The study evalu-
ated the incidence of HCC in relation to MetS, preMetS (an early stage of MetS), and five MetS components: triglycerides > 150 mg/
dL, HDL-C <40mg/dL in men or < 50 mg/dL in women, fasting blood glucose >100mg/dL, blood pressure >130/85mmHg, and
waist circumference > 90 cm in men or >80 cm in women. For the dynamic analysis, participants were classified into four groups
based on MetS status during two predefined periods, 2010-2011 and 2012-2013: MetS-free, MetS-developed, MetS-persistent,
and MetS-recovered. As Type 2 diabetes (T2D) is an extreme metabolic state and a strong independent risk factor for HCC, this
study assessed the impact of MetS on HCC risk excluding T2D.

Results: Among the 2.71 million individuals, 63435 developed HCC. Compared with the non-MetS group, both the MetS group
(HR 1.42, 95% CI 1.39-1.45) and the preMetS group (HR 1.26, 95% CI 1.22-1.29) had significantly increased HCC risk. A higher
number of MetS components was associated with progressively increased HCC incidence. Individuals who developed or main-
tained MetS over time had a higher risk of HCC than MetS-free individuals, whereas those who recovered from MetS had a
reduced risk.

Conclusion: MetS and even preMetS are significant risk factors for HCC. Importantly, improvement in MetS status may help
prevent HCC. These findings suggest that early identification and management of MetS could play a key role in liver cancer
prevention.

Abbreviations: BMI, body mass index; BP, blood pressure; FBS, fasting blood glucose; HCC, hepatocellular carcinoma; HDL-C, high-density lipoprotein cholesterol;
MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease; MetS, Metabolic syndrome; T2D, Type 2
diabetes; TG, triglycerides.
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Lay Summary

MetS is a common health condition that increases the risk
of HCC. In this nationwide study of more than 2.7 million
people in Japan, persistent MetS was associated with the
highest risk of HCC, whereas improvement in MetS was
associated with a lower risk. These findings suggest that
early detection and effective management of MetS may
help prevent HCC.

1 | Introduction

Metabolic syndrome (MetS) characterized by factors such as hy-
pertension, hyperglycemia, obesity, and abnormal levels of cho-
lesterol and triglycerides is strongly linked to the incidence of
cardiovascular disease, stroke, Type 2 diabetes (T2D), and car-
cinogenesis. In the liver, hepatocellular carcinoma (HCC) aris-
ing from MetS, fatty liver, and metabolic dysfunction-associated
steatohepatitis (MASH) has been increasing year by year [1, 2].
We have previously reported that MetS is associated with an el-
evated risk of pancreatic carcinogenesis compared to non-MetS
individuals [3], although the mechanisms by which MetS con-
tributes to HCC are complex and involve multiple synergistic
and interacting factors [4]. On the other hand, the depth and dy-
namic changes in MetS are not well elucidated despite its impor-
tance considering the prevention of HCC: there is currently no
conclusive evidence that the early-stage MetS (preMetS) is asso-
ciated with HCC development, and, the contribution of dynamic
changes in MetS, i.e., the progression or regression of MetS is not
elucidated well although this issue is important considering the
prevention of HCC.

Therefore, to clarify the precise and dynamic relationship be-
tween MetS and HCC, we conducted a retrospective observa-
tional study using a large-scale Japanese health database to
examine MetS status, longitudinal changes in its components,
and the incidence of HCC over a 10-year period. We also inves-
tigated whether preMetS was associated with an increased risk
of HCC.

2 | Subjects and Methods

As of 2005, a total of 2712570 Japanese individuals were reg-
istered, and their physical findings, laboratory test results, and
disease status under the national health insurance system were
tracked for more than 10years. At the time of enrollment, data
on prescription medications were also obtained. After assessing
the presence or absence of MetS, participants were followed re-
gardless of their MetS status to evaluate the incidence of HCC.
MetS was defined according to the modified criteria of the
National Cholesterol Education Program Adult Treatment Panel
11T (NCEP/ATPIII).

2.1 | Study Design

This study was a retrospective observational study con-
ducted in accordance with the principles of the Declaration of

Helsinki and the Ethical Guidelines for Medical and Health
Research Involving Human Subjects in Japan. This study was
reported in accordance with the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) Statement.

2.2 | Participants

The analysis was based on health insurance claims data ob-
tained from the Japan Medical Data Center (JMDC), a leading
company in Japan that compiles large-scale medical databases.
The study included 2712570 insured individuals from 2005
to 2020. The database comprises standardized eligibility and
claims data provided by health insurance societies, including
information on employees of general companies and their fam-
ily members, as well as comprehensive records of all treatments
received by insured individuals at all medical facilities and pro-
cedures conducted on specific patients. For the analysis, all per-
sonal data were anonymized using non-linkable anonymization
techniques to ensure confidentiality. Because detailed virolog-
ical data, including serological markers such as HBsAg, anti-
HBc, and anti-HCV, were not uniformly available in the JMDC
database, direct assessment of the interaction between MetS
and chronic viral hepatitis was not feasible in the present study.
To reduce confounding as much as possible, individuals with
clearly documented viral liver disease were excluded based on
International Classification of Diseases, 10th Revision (ICD-10)
diagnostic codes, and all multivariable analyses were adjusted
for age, sex, and smoking status. Because this was an insurance
claims-based observational study, residual confounding and
surveillance bias could not be completely eliminated and were
considered when interpreting the findings.

2.3 | Ethics

The study protocol was approved by the Ethics Committee
of the Evidence Founder Club, Osaka, Japan (approval no.
EU20210515-1), which is independent of JMDC and the study
sponsors. Because this was a retrospective observational study
using anonymized data, the requirement for informed consent
was waived in accordance with the Japanese ethical guidelines.
Instead, JMDC disclosed the study information through an opt-
out procedure.

2.4 | Definition of MetS

MetS was defined based on the modified criteria of the National
Cholesterol Education Program Adult Treatment Panel IIT (NCEP/
ATPIII) [5], as the presence of three or more of the following com-
ponents: (1) serum triglycerides (TG) > 150mg/dL; (2) high-density
lipoprotein (HDL) cholesterol <40mg/dL in men or < 50 mg/dL in
women; (3) fasting blood glucose >100mg/dL; (4) blood pressure
(BP) >130/85mmHg; and (5) waist circumference >90cm in men
or>80cm in women. The condition of preMetS was defined as the
presence of one or two of the above components. Individuals who
did not meet the criteria for either MetS or preMetS were classified
as the non-MetS group. Participants with T2D were excluded from
the analysis. Since T2D represents an advanced metabolic disorder
and a strong independent risk factor for HCC, which could obscure
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the specific contribution of MetS and pre-MetS to hepatocarcino-
genesis. Accordingly, by excluding T2D, the study was designed to
more clearly delineate the independent role of MetS-related meta-
bolic abnormalities at the prediabetic stage and to more accurately
evaluate the association between dynamic changes in MetS status
and HCC risk. In this study, BMI was not used to define MetS or
as a surrogate for waist circumference. Instead, BMI was analysed
separately as an independent predictor to evaluate its association
with HCC risk beyond the MetS definition.

2.5 | The Study Protocol

Clinical data were obtained and recorded from all enrolled
participants prior to the examination and identification of pa-
tients diagnosed with HCC according to the ICD-10, coded as
C22.0. First of all, since BMI among the components of MetS
is critically important, we investigated the relationship be-
tween the values of BMI and the incidence of HCC. Secondly,
the incidence of HCC was compared between cohorts with
and without MetS using Kaplan-Meier estimates over a 40.7-
month observation period. The study period (2010-2020) rep-
resents the overall observation period of the database, whereas
the mean follow-up duration of 40.7 months reflects the aver-
age follow-up from baseline to HCC diagnosis or censoring.
Because participants joined the cohort at different times, the
follow-up periods varied.

A total of 2732025 individuals had complete baseline blood test
data. Ultimately, a cohort of 2712 570 individuals without a prior
history of HCC and with complete data necessary to determine
the presence of MetS and its major components was identified
(Figure 1), and these subjects were followed during each obser-
vation period. The Cox proportional hazards model was also
used to calculate hazard ratios (HRs) between groups with 0 to
5 MetS components, as defined by the NCEP/ATPIII criteria [5].

Thirdly, to investigate the impact of metabolic dynamics over time
on the development of HCC, a sub-analysis was conducted by en-
rolling 206847 participants whose metabolic status was reliably
tracked during both 2010-2011 (from January 2010 to December
2011) and 2012-2013 (from January 2012 to December 2013). The
dynamicanalysisincluded only participants who underwent health
examinations in both 2010-2011 and 2012-2013 and had sufficient
data to determine MetS status at both time points. Consequently,
the sample size was substantially reduced from the main cohort
(N=2712570) to the dynamic subcohort (N=206847).

These individuals were classified into four groups based on the
presence or absence of MetS during two periods: (1) 2010-2011
and (2) 2012-2013. Specifically, among those with MetS in 2010-
2011, individuals were further categorized based on whether MetS
persisted or improved by 2012-2013. Those who recovered from
MetS (n=10034) and those with persistent MetS (n =13 595) were
tracked until the end of the observation period or the onset of HCC.
Similarly, individuals without MetS in 2010-2011 were categorized
into the MetS-developed group (n=11248) or the MetS-free group
(n=171970), depending on whether MetS appeared by 2012-2013
or not, and were followed in the same manner. Additionally, to ver-
ify the causal relationship between MetS and HCC, a sub-analysis
was performed excluding participants who developed HCC within
3years after entry.

2.6 | Statistical Analysis

In the primary analysis, time-to-event data were evaluated using
Kaplan-Meier estimates and compared using the log-rank test.
The entry time for the Kaplan-Meier plot, i.e., time=0, was vari-
able. Censoring occurred when participants died or became lost
to follow-up. For missing data, a complete case analysis (listwise
deletion) was employed, and no sensitivity analyses were per-
formed. HRs were estimated using the Cox proportional hazards

Individuals with complete baseline laboratory data
(n=2,732,025)

l

Excluded (total n = 19,455)
* Previous history of hepatocellular carcinoma (HCC)
* Type 2 diabetes mellitus
» Documented viral liver disease (ICD-10)
* Incomplete information required for MetS classification

!

Eligible Patients
(n=2,712,570)

Developed incident HCC (n=63,435)
(mean follow-up: 40.7 months)

l

No incident HCC (n=2,649,135)

Input variable: Blood test value at the initial medical examination criteria for pathology: ICD10 sub-classification code
(2013) includes a record of HCC (C22.0) in the receipt record during the observation period.

FIGURE1 | Flow diagram of participant selection. A total of 2732025 individuals had complete baseline laboratory data. After excluding partic-

ipants with prevalent HCC, T2D, documented viral liver disease, or incomplete information required for MetS classification, 2712570 eligible indi-

viduals were included in the final analysis. The analyses were adjusted for age, sex, and smoking status. Incident HCC was identified using ICD-10

code C22.0 recorded during follow-up. During a mean follow-up of 40.7 months, 63435 participants developed HCC.
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model based on MetS group assignment, including combinations
of MetS and non-MetS groups and their respective components. p-
values for hypothesis testing between groups were also calculated.
The model was adjusted for smoking status, age, and sex, as these
factors are known to influence the incidence of HCC. Age was
treated as a continuous variable in the Cox proportional hazards
model. To assess the assumption of log-linearity, a score test was
performed based on scaled Schoenfeld residuals, including scatter
plots with survival time on the horizontal axis. No strong evidence
was found to suggest a violation of the log-linearity assumption
for any of the covariates, based on the scaled Schoenfeld residu-
als plotted on the vertical axis. The likelihood ratio test of the re-
gression coefficients for interaction terms revealed a significant
interaction between sex and age, while interactions among other
covariates (e.g., smoking) were not significant. Therefore, a model
including an interaction term between sex and age was employed.
Sensitivity analyses were performed by excluding participants
who developed HCC within 3years after study entry to reduce the
possibility of reverse causation. In addition, analyses using ICD-10
code C22.0 for HCC identification were conducted to confirm the
robustness of the primary findings. All statistical analyses were
conducted using Python v3.10 and relevant packages, including
Lifelines v0.27.8 (https://github.com/nkimoto/PKMetS).

2.7 | Role of the Funding Source
The study sponsor was not involved in the study design, data

collection, analysis, interpretation, manuscript preparation, or
the decision to submit the study for publication.

3 | Results

Among the 2712570 registered participants, 63435 developed
HCC during a mean follow-up period of 40.7 months (Figure 1).
The clinical characteristics of the participants are summarized
in Table 1. Table 1 also indicates that the preMetS group showed
intermediate clinical characteristics between the non-MetS and
MetS groups, whereas the MetS group had the greatest burden
of metabolic abnormalities, supporting the graded increase in
HCC risk observed in the subsequent analyses. In the analysis of
BMIand HCC, a U-shaped curve was observed, with a BMI of 21
representing the nadir. Both low and high BMI values were as-
sociated with higher HRs compared to the midpoint (Figure 2).
Stratified analysis by sex showed a similar U-shaped association
in both men and women, with elevated HRs at both extremes of
BMI. However, the trend of increased risk with higher BMI was
more pronounced in men, suggesting that men with elevated
BMI are at greater risk of developing HCC.

In the analysis of the number of MetS components and the in-
cidence of HCC, the cumulative incidence of HCC increased
significantly as the number of MetS components increased
(p<0.05) (Figure 3). The HR for HCC also increased progres-
sively with the number of MetS components, from 1 to 5 (HRs:
1.15, 1.37, 1.59, 1.77, and 1.92; all p <0.05). These findings indi-
cate that the accumulation of MetS components has a detrimen-
tal effect on the development of HCC.

Analysis of temporal dynamic changes in MetS and incident
HCC revealed significant differences in cumulative HCC

TABLE1 | Characteristics of 2712570 participants with complete data for identifying metabolic syndrome (MetS) and major risk factors.

The parameters for the diagnosis of MetS
and important risk factors

Age, median age
Women, n (%)
Smoker, n (%)

BMI, median BMI

Abd circumference, median cm
sBP, median mmHg

dBP, median mmHg

HbA1lc, median %

Fasting glucose, medain mg/dl

HDL-cholesterol, median mg/dl
LDL-cholesterol, median mg/dl
TG, median mg/dl

All data NCEP/ATPI criteria of MetS
Non-MetS
(N=2712570) (N=2380777) MetS (N=331793) t-test

54 (47-62) 53 (46-61) 59 (52-66) <0.001
1136983 (41.9%) 1042507 (43.7%) 94476 (28.4%) <0.001
675448 (24.9%) 570806 (23.9%) 104642 (31.5%) <0.001
22.5(20.3-25.0) 22.0(20.0-24.2) 27.0 (24.8-29.5) <0.001
80.5 (74.0-87.2) 79.0 (73.0-85.0) 93.0 (88.0-98.5) <0.001
118 (108-129) 116 (106-126) 134 (126-143) <0.001
73 (65-82) 72 (64-80) 85 (78-91) <0.001
5.4 (5.2-5.7) 5.4(5.2-5.6) 5.8(5.5-6.2) <0.001
92 (86-99) 91 (85-97) 105 (99-117) <0.001
62 (51-74) 63 (53-75) 48 (41-57) <0.001
119 (99-140) 117 (98-138) 131 (110-153) <0.001
83 (58-124) 77 (55-109) 173 (125-233) <0.001

Note: In the overall cohort, the median age was 54years (IQR: 47-62), and women accounted for 41.9% of the population. In the MetS subgroup (N=331793), the
median age was higher at 59years (IQR: 52-66), with women comprising 28.4% of the group. In contrast, in the non-MetS subgroup (N=2380777), the median age was
53years (IQR: 46-61), and women accounted for 43.7%. These distributions highlight age and sex differences associated with the prevalence of MetS in this large-scale
population dataset. Values are median (interquartile ranges), and only values of “women” and “smoker” are number (percent). Please note that since the entry time in
each subject varied, we could not show the exact year for the entry. Because our database is composed of the annual data from 2005 to 2020. If the entry criteria are
matched to the characteristics of the subjects, we enrolled such subjects irrespective of the entry year.

Abbreviations: Abd, abdominal; BMI, body mass index; dBP, diastolic blood pressure; Hb, haemoglobin; HbA1c, haemoglobin Alc; HDL, high density lipoprotein;

LDL, low density lipoprotein; sBP, systolic blood pressure; TG, Triglyceride.
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FIGURE 2 | Hazard ratios (HRs) for HCC according to body mass index (BMI). HRs were calculated using a Cox proportional hazards model

adjusted for sex, age, and smoking status. The analysis revealed a U-shaped relationship between BMI and liver cancer risk, indicating increased

hazards at both low and high BMI levels.
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Hazard ratios for liver cancer according to the number of MetS components. An increasing number of MetS components was associ-

ated with a stepwise elevation in HRs for liver cancer. This trend was statistically significant (p <0.05).

incidence among the four groups. Using the MetS-free group as
the reference, the hazard ratios were 1.35 (95% CI, 1.29-1.41),
1.45 (95% CI, 1.39-1.50), and 1.57 (95% CI, 1.52-1.63) for the
MetS-recovered, MetS-developed, and MetS-persistent groups,
respectively (p<0.05). The MetS-persistent group showed the
highest cumulative incidence of HCC and the greatest risk of
HCC (Figure 4). Using the MetS-free group as the reference, the
MetS-recovered group remained at increased risk of HCC, al-
though its risk was lower than that of the MetS-developed and
MetS-persistent groups. These findings suggest that recovery
from MetS may reduce HCC risk relative to persistent or newly

developed MetS, but does not appear to restore risk to the level
of the MetS-free group.

4 | Discussion

HCC is the sixth most common cancer worldwide and the third
leading cause of cancer-related death, making it a significant
global public health concern [6]. HCC is a highly complex disease
with multiple etiological factors. Major risk factors for HCC include
hepatitis B virus (HBV), hepatitis C virus (HCV), autoimmune
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FIGURE 4 | Hazard ratios for liver cancer across MetS dynamic groups. Participants were classified into four groups based on changes in MetS

status over a 4year period from baseline: MetS-free, MetS-developed, MetS-persistent, and MetS-recovered. HRs for liver cancer differed signifi-

cantly across these groups (p <0.05), with the highest risk observed in the MetS-persistent group and reduced risk in the MetS-recovered group. *

This dynamic analysis included 206 847 of the 2712570 participants in the main cohort who underwent health examinations in both 2010-2011 and
2012-2013 and had sufficient data to determine MetS status at both time points. Because this subcohort and its preprocessing differed from those
used in the other analyses, the findings should be interpreted within this specific population.

liver diseases, alcoholic liver disease (ALD), T2D, and metabolic
dysfunction-associated steatotic liver disease (MASLD) [2].

However, recent advances in direct-acting antiviral (DAA) ther-
apy for HCV have led to a decline in HCV-related HCC incidence
[7]. This reduction is attributed to the elimination of the under-
lying viral cause, which decreases not only hepatic fibrosis but
also the risk of carcinogenesis [8]. Therefore, identifying and
eliminating factors involved in hepatocarcinogenesis remains
critically important for the prevention and management of HCC.
In recent years, with the increasing prevalence of MetS, fatty
liver disease has emerged as a major etiological factor for chronic
liver disease progressing to HCC [4, 9, 10]. Furthermore, T2D is
characterized by advanced impairment of glucose metabolism
and is regarded as a progressive stage of MetS with clinical con-
tinuity. T2D has been reported to double the incidence of HCC
and is recognized as an independent risk factor for HCC [11, 12].
With the recent global rise in T2D prevalence, the incidence and
burden of HCC are also expected to increase correspondingly
[4, 10]. Therefore, because T2D represents an extreme state of
metabolic abnormality that exerts a disproportionate impact on
HCC risk [11-14], participants with T2D were intentionally ex-
cluded from this study. T2D was defined based on a confirmed
diagnosis according to the ICD-10 codes or the documented
prescription of antidiabetic medications, including insulin, sul-
fonylureas, and dipeptidyl peptidase-4 (DPP-4) inhibitors. This
exclusion enabled us to distinguish the role of T2D from that
of MetS in hepatocarcinogenesis and to specifically evaluate the
HCC risk attributable to MetS in the absence of T2D.

Given these trends, analysing the association between MetS
and HCC, as well as its temporal dynamics is crucial for the

prevention and treatment of HCC driven by metabolic dys-
function. To answer these important questions, this study has
investigated the incidence of HCC over a 10-year period in
a Japanese cohort, comparing individuals with and without
MetS to clarify the relationship between MetS and HCC and a
role of preMetS for the incidence of HCC. First of all, since obe-
sity plays a central role among the MetS components, we in-
vestigated the relationship between BMI and HCC, and found
that both lower and higher BMI values were associated with
higher incidence compared to the average BMI. Although BMI
is not a component of MetS, it is an important obesity-related
indicator associated with hepatocarcinogenesis. Because BMI
was analysed independently and not used as a substitute for
waist circumference, our findings should not be interpreted
as evaluating BMI as a surrogate marker of central obesity. In
our analysis, the association between BMI and HCC exhibited
a U-shaped pattern, with excess risk at both extremes of the
BMI spectrum. Consistent with this, Jun et al. reported a non-
linear relationship between adiposity and HCC in a nation-
wide cohort, demonstrating a clear increase in HCC incidence
at BMI >25kg/m? but no linear trend below this threshold
[15]. In a large, population-based NAFLD/MASLD cohort,
Jung et al. further showed a U-shaped association between
BMI (and waist circumference) and incident HCC, with the
highest risk observed among underweight individuals and a
renewed increase at higher BMI levels [16]. The magnitude
of obesity-related HCC risk also varies by sex and ethnicity,
as shown in multiethnic analyses [17]. Moreover, higher BMI
is independently associated with increased HCC-related mor-
tality and poorer prognosis [18], while Mendelian random-
ization studies support a causal contribution of adiposity to
HCC risk [19]. Taken together, these findings, alongside our
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data, suggest that both low BMI—likely reflecting frailty or
sarcopenia in chronic liver disease—and high BMI—reflect-
ing metabolic and inflammatory injury—are associated with
increased risk of HCC.

However, these plausible explanations were not directly evalu-
ated in this study and warrant further investigation in future re-
search. Importantly, our study demonstrated that as the number
of MetS components increased from one to five, the incidence
of HCC rose in a stepwise manner, and even individuals in the
preMetsS state exhibited a significant association with HCC. This
finding, achieved by excluding the strong confounding effect of
T2D, provides robust evidence that the accumulation of MetS
components independently contributes to increased HCC risk.
Furthermore, the analysis revealed that preMetS itself was also
significantly associated with HCC. A PubMed search through
June 2026 identified no relevant studies. Therefore, to our
knowledge, this is the first large-scale nationwide cohort study
to suggest that even the early stages of MetS may contribute to
hepatocarcinogenesis.

Although the pathophysiology of MetS, particularly in the
context of obesity, especially abdominal obesity, hyperten-
sion, dyslipidemia, and DM, is complex, the pathophysiologi-
cal mechanisms of MetS related to impaired glucose tolerance
are closely linked to the development of HCC. Key molecu-
lar mechanisms underlying the pathogenesis of MetS include
(1) insulin, (2) adiponectin, and (3) reactive oxygen species
(ROS) [20]. Insulin is a major anabolic hormone that stimu-
lates cellular proliferation [21]. The pro-tumorigenic effects
of insulin in vivo are mediated by indirect mechanisms, no-
tably through the stimulation of insulin-like growth factor 1
(IGF-1). Overexpression of IGF-1 promotes cell proliferation,
while its suppression inhibits tumour growth [21]. IGF-1 also
activates p21 ras/MAPK signalling pathways that drive cel-
lular proliferation; thus, its proliferative and anti-apoptotic
effects contribute to tumorigenesis [22]. Furthermore, obe-
sity promotes insulin resistance through cytokines such as
tumour necrosis factor-alpha (TNF-a) secreted by adipocytes.
This leads to exacerbation of hyperglycemia, progression of
T2D, and hyperinsulinemia, all of which have been implicated
in the pathogenesis of HCC [1].

Adipokines, which are secreted by adipocytes, constitute a di-
verse group of signalling molecules involved in a wide range
of biological processes, including appetite regulation, energy
homeostasis, inflammation, insulin resistance and sensitiv-
ity, angiogenesis, lipid metabolism, cell proliferation, and ath-
erogenesis [23]. Many of these functions are implicated in the
pathogenesis of MetS and carcinogenesis [24].

Adiponectin, one of the major adipokines, enhances insulin sen-
sitivity; however, obesity and the expansion of adipose tissue are
known to reduce circulating levels of adiponectin [25].

ROS not only play a role in the inflammatory processes of
MASH but also cause DNA damage through various mech-
anisms, including base modifications, deletions, frameshift
mutations, strand breaks, DNA-protein crosslinking, and
chromosomal rearrangements [26]. Such DNA damage can
affect genes involved in cell proliferation, such as ras, and

genes related to cell survival, such as p53, thereby contribut-
ing to carcinogenesis and cancer progression. Understanding
the temporal dimension through which MetS influences the
incidence of HCC is also of critical importance, as the prog-
nosis of MetS is expected to vary significantly depending on
the progression or improvement of lifestyle factors. In the
present study, by investigating longitudinal dynamics, we
demonstrated that persistence, worsening, or improvement of
MetS status led to significant differences in HCC incidence.
Specifically, the emergence of MetS in individuals previously
classified as non- MetS was associated with an increased in-
cidence of HCC, whereas improvement in MetS status was as-
sociated with a decreased incidence of HCC. These findings
suggest that lifestyle modification and therapeutic interven-
tion for MetS may play a preventive role in HCC develop-
ment and contribute to improved prognosis. Although the
definition of MetS was clarified in this study, no substantive
changes were made to its components or thresholds, and the
main results were consistent before and after the revision,
indicating that the study conclusions are robust. The NCEP/
ATPIII definition used in this study does not include LDL-C
or lipid-lowering therapy as diagnostic components. However,
in clinical practice, a substantial proportion of patients receive
statins or other lipid-lowering agents, and incorporating such
therapy into the definition of MetS is of considerable impor-
tance. Although this study did not directly evaluate this issue,
several large-scale observational studies and meta-analyses
have demonstrated that statin therapy reduces the incidence of
HCC [27, 28]. For example, a meta-analysis reported a 37% re-
duction in HCC risk among statin users, particularly in high-
risk populations with chronic liver disease [27]. Similarly,
chemopreventive effects of statins against HCC have been
observed in patients with HBV or HCV infection as well as in
those with MASLD [28, 29]. Therefore, consideration of pa-
tients receiving lipid-lowering therapy is essential for accurate
clinical interpretation, and it is possible that such individuals
were included in our cohort. Future studies should incorpo-
rate lipid-lowering therapy into the operational definition of
MetS and assess its impact on HCC risk. Additionally, we can-
not exclude the possibility that MetS status changed between
the 2012-2013 assessment and the onset of HCC. A further
limitation is that changes in MetS during follow-up were eval-
uated only at limited, fixed time points. Future analyses that
incorporate multiple assessments to capture the temporal dy-
namics of MetS are warranted.

As this was an observational study, a causal relationship be-
tween improvement in MetS and reduced HCC risk cannot be
definitively established. Therefore, future prospective studies
are warranted to clarify this relationship. While the present
study clearly supports the importance of cumulative metabolic
burden and temporal change in MetS status, the relative con-
tribution of each individual MetS component to hepatocarcino-
genesis remains to be elucidated. Further long-term studies are
warranted to clarify these component-specific effects and their
underlying pathophysiological mechanisms.

Several limitations of this study should be acknowledged. First,
because this was a retrospective study, a substantial amount of
missing data were present, and participants with incomplete
information were excluded from the analysis. HBV and HCV
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infection, cirrhosis, and alcoholic liver disease are important
confounding factors for HCC development. However, because
the JMDC database is based on insurance claims data, detailed
clinical information, including HBsAg, anti-HBcAb, HCV
RNA, fibrosis stage, and quantitative alcohol consumption, was
not consistently available, precluding adequate adjustment for
these factors. Therefore, patients with documented HBV, HCV,
or alcoholic liver disease were excluded before analysis based
on ICD-10 codes. Nevertheless, undiagnosed cases could not
be completely excluded, and the potential synergistic effects of
MetS and chronic viral hepatitis on HCC risk could not be di-
rectly assessed. Thus, residual confounding from unmeasured
viral hepatitis, alcohol exposure, and related factors may have
influenced our findings.

Importantly, the aim of the present study was to evaluate the
association between MetS status and incident HCC, rather than
to determine the direct aetiology of each HCC case. Because
detailed imaging, histology, and full liver-specific phenotyp-
ing were unavailable in this database, we could not determine
whether each HCC case was directly attributable to hepatic ste-
atosis. This should be considered when interpreting the find-
ings. Secondly, there may be racial or ethnic differences in how
MetS influences HCC incidence. However, the high incidence of
MASLD-related HCC has been reported not only in Japan but
also in East Asia, Southeast Asia, and the United States [10], sug-
gesting that the conclusions of this study may be generalizable
across diverse populations.

Third, both the overall study population and the dynamic sub-
cohort may be subject to selection bias. Because the dynamic
analysis required repeated health examinations, participants
included in this analysis may have differed systematically from
those excluded and may represent a more health-conscious
and continuously employed population. However, the ex-
tracted dataset did not contain sufficient information to for-
mally compare baseline characteristics between participants
included in and excluded from the dynamic subcohort. In
addition, the overall cohort consisted of employees of general
corporations and their family members and may therefore
differ from the general Japanese population in age distribu-
tion, health awareness, comorbidity profiles, and follow-up
patterns. Although the mean age was comparable to the na-
tional average in Japan in 2020 (48.9years), individuals aged
>80years may have been underrepresented. These character-
istics may introduce selection bias, limit the generalizability
of our findings, and influence competing risks. Therefore, the
observed HCC incidence should be interpreted in the context
of this study population and should not be directly compared
with rates reported in high-risk populations, such as patients
with cirrhosis or viral hepatitis.

Fourth, the mean follow-up period of 40.7months was rel-
atively short and may have limited our ability to assess the
long-term risk of HCC. In addition, dynamic MetS status was
assessed at only two time points (2010-2011 and 2012-2013),
which may not fully capture long-term changes in metabolic
status. Furthermore, some participants may have developed
T2D during follow-up; however, owing to the database struc-
ture, incident diabetes could not be incorporated as a time-
dependent covariate. Therefore, the longitudinal effects of

changes in MetS and glucose metabolism on HCC risk could
not be fully evaluated. Future long-term prospective studies
incorporating repeated assessments and time-dependent anal-
yses are warranted.

5 | Conclusion

In conclusion, this study demonstrated a strong association be-
tween MetS, its temporal changes, and the incidence of HCC.
Furthermore, preMetS was identified as a potential novel risk
factor for HCC. These findings may contribute to a better under-
standing of the association between metabolic dysfunction and
hepatocarcinogenesis and underscore the importance of early
identification and management of MetS for HCC prevention.
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