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Abstract
Background  Metabolic dysfunction-associated steatotic liver disease (MASLD) is a prevalent chronic liver condition 
closely associated with metabolic syndrome and linked to circadian disruptions. Circadian Syndrome (CircS), a 
constellation of metabolic and circadian dysregulations, has emerged as a risk factor for metabolic disorders. This 
study aims to examine the association between CircS and MASLD and to evaluate the potential relevance of CircS in 
identifying individuals at elevated MASLD risk.

Methods  Data from 2,288 participants in the 2017–2018 U.S. National Health and Nutrition Examination Survey 
(NHANES) cycle were analyzed. Weighted logistic regression models were used to assess the overall association 
between CircS and MASLD. Restricted cubic spline (RCS) analyses were applied to evaluate the dose–response 
relationship. Subgroup analyses were conducted to explore potential effect modifiers underlying the CircS-MASLD 
association.

Results  A significant association between CircS and MASLD was observed. Application of weighted logistic 
regression revealed that individuals with CircS had increased odds of MASLD (adjusted OR = 4.123, 95% CI: 2.489–
6.832, P = 0.001) after adjusting for demographic, lifestyle, and metabolic covariates. The association was consistent 
across demographic subgroups, with a linear trend showing higher CircS scores correlating with increased MASLD 
risk.

Conclusion  CircS is significantly associated with MASLD and may have potential implications for early risk 
identification and targeted intervention. However, its clinical utility requires further validation in prospective studies 
before integration into routine practice.
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Background
Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) is one of the most prevalent chronic 
liver diseases worldwide, affecting approximately 29.8% 
of adults [1]. The pathogenesis of MASLD is complex 
and multifactorial, in addition to traditional metabolic 
dysfunctions, recent evidence also highlights the role 
of endocrine alterations, such as elevated plasma aldo-
sterone concentrations, in MASLD development [2, 3]. 
Early identification and targeted interventions address-
ing underlying metabolic dysfunctions are essential for 
mitigating disease progression and reducing its broader 
health implications [4].

Circadian Syndrome (CircS) represents the collective 
metabolic and systemic health consequences of circadian 
disruption, encompassing hypertension, hyperglycemia, 
central obesity, dyslipidemia, short sleep duration, and 
depression [5, 6]. Emerging evidence identifies CircS as 
a major risk factor for metabolic diseases, highlighting 
circadian misalignment as a potential driver of these con-
ditions [7, 8]. Previous studies have developed prediction 
models for related outcomes, such as the risk of type 2 
diabetes in obese MASLD patients [9] and the inci-
dence of MASLD in nonobese individuals [10], mainly 
using traditional metabolic and biochemical indicators. 
Although circadian rhythm disruptions are linked to 
various metabolic disorders [11], research specifically 
examining the relationship between CircS and MASLD 
remains limited. Circadian rhythms regulate key hepatic 
functions, including glucose and lipid metabolism and 
inflammatory responses, all of which are implicated in 
MASLD pathogenesis. Investigating their disruption may 
provide new insights into disease mechanisms and sup-
port the development of circadian-targeted, personalized 
management strategies.

This study investigates the association between CircS 
and MASLD utilizing data from the U.S. National Health 
and Nutrition Examination Survey (NHANES). The asso-
ciation between CircS and MASLD is validated through 
weighted and subgroup analyses, including an explora-
tion of potential nonlinear relationships. Using this large, 
nationally representative dataset, the study assesses the 
correlation between CircS, an indicator of circadian dis-
ruption and metabolic dysregulation, and MASLD risk. 
These analyses aim to deepen our understanding of the 
role of circadian health in liver disease, positioning CircS 
as a potential risk factor for MASLD and offering insights 
for targeted prevention and intervention strategies.

Methods
Study population
This study utilized data from the 2017–2018 cycle of 
the NHANES, the only cycle to include comprehensive 
information on both MASLD and CircS. NHANES is a 

nationally representative survey that assesses the health 
and nutritional status of U.S. adults and children through 
a complex, multistage probability sampling design. The 
NHANES protocol is approved by the Research Ethics 
Review Board of the National Center for Health Statistics, 
with informed consent obtained from all participants. 
Participant selection followed a systematic process as 
outlined in Fig.  1. From an initial sample of 9,254 par-
ticipants, we excluded those with missing MASLD data 
(n = 3,306), as controlled attenuation parameter (CAP) 
measurement using vibration-controlled transient elas-
tography (VCTE) was not administered to all NHANES 
participants due to logistical constraints and specific 
eligibility criteria. We further excluded individuals with 
missing CircS data (n = 3,241). Several CircS components, 
particularly sleep duration assessment and depression 
screening, were administered only to subsets of partici-
pants within specialized examination modules. Complete 
data for all seven CircS components was essential for 
accurate classification, as missing any component would 
introduce misclassification bias. Finally, participants with 
missing covariate data (n = 419) were excluded to ensure 
the integrity of our multivariate models. This approach, 
consistent with NHANES analytical guidelines, resulted 
in a final analytical sample of 2,288 participants with 
complete data. To address potential selection bias, we 
employed survey weights and design variables in our 
statistical analysis, ensuring that our results maintained 
generalizability to the U.S. adult population despite these 
necessary exclusions.

Assessment of MASLD
In this study, MASLD was defined using the CAP, mea-
sured via VCTE with the FibroScan 502 Touch device, 
employed in the NHANES 2017–2018 cycle. This device 
assesses hepatic steatosis by quantifying ultrasonic atten-
uation of the echo wave, recorded as the CAP value. 
Measurements were performed with either a medium or 
extra-large probe, selected according to participant body 
habitus. To ensure reliable assessment, the CAP value for 
each participant was calculated as the median of at least 
ten valid measurements. CAP values are known to cor-
relate positively with MASLD severity. Based on prior 
research, a CAP cutoff of 285 dB/m was applied as the 
threshold for MASLD diagnosis [12].

Assessment of circadian syndrome
Circadian Syndrome was defined as the presence of four 
or more of the following seven components, as detailed 
in Table 1. One point was assigned for each component 
present, resulting in a total CircS score ranging from 0 to 
7. The definitions and scoring criteria were based on the 
methodology described by Shi et al. [13–15].
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Covariates
Covariates were selected based on prior literatures, bio-
logical plausibility, and their established relevance to both 
CircS components and MASLD risk [16, 17]. Covariates 
in this study included age, gender, race/ethnicity, educa-
tion level, family income-to-poverty ratio (PIR), smok-
ing status, alcohol consumption, liver enzymes (alanine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST)) and Healthy Eating Index (HEI). Race/ethnicity 
was categorized according to NHANES-defined groups, 
while education level was based on the highest level of 
schooling completed. PIR, representing economic status, 
was calculated as the ratio of family income to the fed-
eral poverty threshold. Smoking status was determined 
by asking participants if they had smoked more than 100 
cigarettes in their lifetime and if they currently smoked; 
those answering “yes” to both were classified as cur-
rent smokers. Alcohol consumption was defined by self-
reported intake of at least 12 alcoholic drinks in the past 
year, with such participants classified as alcohol consum-
ers. These covariates were incorporated into the analysis 

Table 1  Diagnostic components and criteria of circadian 
syndrome
Component Criteria
a. Elevated triglycerides Serum triglyceride levels ≥ 150 mg/dL or 

current use of lipid-lowering medications
b. Central obesity Waist circumference ≥ 102 cm for men 

and ≥ 88 cm for women
c. Elevated blood pressure Systolic blood pressure ≥ 130 mmHg or 

diastolic blood pressure ≥ 85 mmHg, or 
use of antihypertensive medications

d. Reduced HDL-C HDL-C < 40 mg/dL in men and < 50 mg/
dL in women, or use of prescribed lipid-
lowering medications

e. Short sleep duration Average sleep of ≤ 6 h per night, based 
on self-reported data

f. Elevated fasting glucose Fasting glucose level ≥ 100 mg/dL or use 
of anti-diabetic medications

g. Depressive symptoms Assessed with the Patient Health Ques-
tionnaire (PHQ-9), with a score of ≥ 5 
indicating depressive symptoms

Fig. 1  Screening conditions and process for the study population

 



Page 4 of 11Sun et al. BMC Gastroenterology          (2025) 25:391 

to control for potential confounders influencing the asso-
ciation between CircS and MASLD.

Statistical analysis
Given the complex, multi-stage probabilistic sampling 
design of NHANES, weighted logistic regression was 
used following the NHANES analysis guidelines (​h​t​t​p​​s​:​
/​​/​w​w​w​​n​.​​c​d​c​​.​g​o​​v​/​n​c​​h​s​​/​n​h​​a​n​e​​s​/​a​n​​a​l​​y​t​i​c​g​u​i​d​e​l​i​n​e​s​.​a​s​p​x). 
For descriptive purposes, Table  2 presents unweighted 
baseline characteristics of the study participants strati-
fied by MASLD status, allowing for clear visualization of 
the actual study sample composition. Continuous data, 
which were non-normally distributed, are presented as 
median (M) and interquartile range (Q1, Q3) and were 
analyzed using the Mann-Whitney U test. Categorical 
variables were summarized as frequency (n) and percent-
age (%) and analyzed with the chi-square test, while ordi-
nal variables were similarly described and analyzed using 
the Mann-Whitney U test.

To examine the relationship between CircS and 
MASLD, weighted logistic regression models were 
employed with three progressively adjusted covari-
ate models. Subgroup and interaction analyses were 
conducted to assess the stability of these associations, 
with results visualized through a forest plot. To address 
potential confounding effects, propensity score matching 
(PSM) was performed using 1:1 nearest-neighbor match-
ing with a caliper width of 0.2 of the standard deviation 
of the logit of the propensity score. Covariate balance 
before and after matching was assessed using standard-
ized mean differences (SMD), with an SMD value below 
0.1 considered indicative of adequate balance. Post-
matching analyses were conducted using the same logis-
tic regression models to provide adjusted estimates of the 
CircS-MASLD association in the matched cohorts. Addi-
tionally, RCS analysis was performed to explore potential 
nonlinear relationships between CircS and MASLD. All 
analyses were conducted using R software version 4.0.0, 
with statistical significance set at P < 0.05.

Results
Characteristics of the study participants
The baseline characteristics of the study participants, 
stratified by MASLD status, are presented in Table 2. The 
study included 2,288 participants, of whom 972 (42.49%) 
were identified with MASLD, while 1,316 (57.51%) were 
without MASLD. Participants with MASLD were older, 
with a median age of 57 years (Q1, Q3: 44.00, 67.00), 
compared with 53 years (Q1, Q3: 35.00, 65.00) for those 
without MASLD (P < 0.001). The proportion of males 
was significantly higher in the MASLD group (53.09%) 
compared with the non-MASLD group (47.64%) 
(P = 0.010). In terms of race/ethnicity, a greater per-
centage of non-Hispanic White (17.80%) and Mexican 

American (39.71%) individuals were observed in the 
MASLD group, whereas a higher proportion of Other 
Race-Including Multi-Racial (25.91%) participants were 
found in the non-MASLD group (P < 0.001). Educational 
attainment differed significantly, with a lower percentage 
of college graduates in the MASLD group (20.68%) com-
pared with the non-MASLD group (26.75%) (P = 0.048). 
Smoking status and alcohol consumption also varied by 
MASLD status, with a lower prevalence of current smok-
ers (14.81% vs. 18.24%, P = 0.030) and alcohol consum-
ers (40.02% vs. 44.76%, P = 0.024) in the MASLD group. 
Liver enzymes (ALT and AST) and the CircS score were 
notably higher in participants with MASLD, indicat-
ing potential associations between these variables and 
MASLD presence (P < 0.001). Several components of 
CircS, including elevated triglycerides, central obesity, 
elevated blood pressure, reduced high-density lipopro-
tein cholesterol (HDL-C), elevated glucose, and depres-
sion symptoms, were more prevalent among individuals 
with MASLD (all P < 0.01).

Among the initial 2707 eligible participants, 419 indi-
viduals were excluded due to missing covariate data. 
Compared with those included in the final analysis, the 
excluded participants exhibited a higher proportion of 
non-drinkers, but did not significantly differ in age, sex, 
race, education, income, smoking status, liver enzyme 
levels (ALT and AST), or HEI scores (Supplementary 
Table 1).

Association between circs and MASLD
Table 3 presented the weighted logistic regression analy-
sis examining the association between CircS and MASLD 
across three models. In Model 1, with no covariate adjust-
ment, participants with CircS had significantly higher 
odds of having MASLD (OR = 4.514, 95% CI: 3.207–6.354, 
P < 0.001). After adjusting for age, gender, race, educa-
tion level, and PIR in Model 2, the association remained 
robust (OR = 4.567, 95% CI: 3.212–6.493, P < 0.001). Fur-
ther adjustment in Model 3, which included smoking 
status, alcohol consumption, ALT, AST, and HEI shown 
a slight decrease in the OR, but the relationship between 
CircS and MASLD remained significant (OR = 4.123, 95% 
CI: 2.489–6.832, P = 0.001). Additionally, several individ-
ual components of CircS were independently associated 
with MASLD. Elevated triglycerides, central obesity, ele-
vated blood pressure, reduced HDL-C, elevated glucose, 
and depression symptoms all shown significant associa-
tions with MASLD across all models (P < 0.05), highlight-
ing the strong relationship between CircS and increased 
MASLD risk. However, short sleep duration did not 
exhibit a significant association with MASLD in any 
model (P > 0.05). To further validate these associations 
and address potential confounding, we conducted PSM 
analysis, which yielded 867 matched pairs of participants 

https://wwwn.cdc.gov/nchs/nhanes/analyticguidelines.aspx
https://wwwn.cdc.gov/nchs/nhanes/analyticguidelines.aspx
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Table 2  Comparison of baseline characteristics between no MASLD and MASLD groups
Variables Total

(n = 2288)
No MASLD
(n = 1316)

MASLD
(n = 972)

Statistic P

Age, M (Q₁, Q₃) 55.00 (39.00, 66.00) 53.00 (35.00, 65.00) 57.00 (44.00, 67.00) -5.49 < 0.001
Gender, n (%) 6.62 0.010
  Male 1143 (49.96) 627 (47.64) 516 (53.09)
  Female 1145 (50.04) 689 (52.36) 456 (46.91)
Race, n (%) 49.27 < 0.001
  Non-Hispanic White 311 (13.59) 138 (10.49) 173 (17.80)
  Non-Hispanic Black 201 (8.78) 123 (9.35) 78 (8.02)
  Mexican American 827 (36.15) 441 (33.51) 386 (39.71)
  Other Race - Including Multi-Racial 522 (22.81) 341 (25.91) 181 (18.62)
  Other Hispanic 427 (18.66) 273 (20.74) 154 (15.84)
Education, n (%) -1.97 0.048
  Less Than 9th Grade 152 (6.64) 91 (6.91) 61 (6.28)
  9-11th Grade 249 (10.88) 141 (10.71) 108 (11.11)
  High School Grad/GED or Equivalent 549 (23.99) 302 (22.95) 247 (25.41)
  Some College or AA degree 785 (34.31) 430 (32.67) 355 (36.52)
  College Graduate or above 553 (24.17) 352 (26.75) 201 (20.68)
PIR, M (Q₁, Q₃) 2.22 (1.22, 4.27) 2.20 (1.22, 4.25) 2.31 (1.24, 4.32) -0.57 0.567
Smoke, n (%) 4.69 0.030
  No 1904 (83.22) 1076 (81.76) 828 (85.19)
  Yes 384 (16.78) 240 (18.24) 144 (14.81)
Alcohol Use, n (%) 5.12 0.024
  No 1310 (57.26) 727 (55.24) 583 (59.98)
  Yes 978 (42.74) 589 (44.76) 389 (40.02)
ALT, M (Q₁, Q₃) 18.00 (13.00, 26.00) 16.00 (12.00, 23.00) 21.00 (15.00, 31.00) -12.35 < 0.001
AST, M (Q₁, Q₃) 19.00 (16.00, 24.00) 19.00 (16.00, 23.00) 20.00 (16.00, 26.00) -4.61 < 0.001
HEI, M (Q₁, Q₃) 49.74 (42.00, 59.05) 50.11 (42.49, 59.74) 49.19 (41.41, 58.01) Z=-1.49 0.137
CircS Score, M (Q₁, Q₃) 3.00 (2.00, 5.00) 3.00 (1.00, 4.00) 4.00 (3.00, 5.00) -19.25 < 0.001
CircS, n (%) 245.90 < 0.001
  No 1249 (54.59) 903 (68.62) 346 (35.60)
  Yes 1039 (45.41) 413 (31.38) 626 (64.40)
Elevated triglycerides, n (%) 154.29 < 0.001
  No 1209 (52.84) 842 (63.98) 367 (37.76)
  Yes 1079 (47.16) 474 (36.02) 605 (62.24)
Central obesity, n (%) 345.45 < 0.001
  No 864 (37.76) 710 (53.95) 154 (15.84)
  Yes 1424 (62.24) 606 (46.05) 818 (84.16)
Elevated blood pressure, n (%) 105.77 < 0.001
  No 980 (42.83) 684 (51.98) 296 (30.45)
  Yes 1308 (57.17) 632 (48.02) 676 (69.55)
Reduced HDL-C, n (%) 115.28 < 0.001
  No 1172 (51.22) 801 (60.87) 371 (38.17)
  Yes 1116 (48.78) 515 (39.13) 601 (61.83)
Short sleep, n (%) 3.05 0.081
  No 1853 (80.99) 1082 (82.22) 771 (79.32)
  Yes 435 (19.01) 234 (17.78) 201 (20.68)
Elevated glucose, n (%) 127.05 < 0.001
  No 974 (42.57) 692 (52.58) 282 (29.01)
  Yes 1314 (57.43) 624 (47.42) 690 (70.99)
Depression symptoms, n (%) 10.06 0.002
  No 1690 (73.86) 1005 (76.37) 685 (70.47)
  Yes 598 (26.14) 311 (23.63) 287 (29.53)
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with and without MASLD. After matching, most covari-
ates achieved good balance with SMD less than 0.1, 
indicating that the PSM process successfully reduced 
baseline confounding. In the matched cohort analysis 
(Model 4, Table  3), CircS remained significantly associ-
ated with MASLD, albeit with a more conservative effect 
size (OR = 2.880, 95% CI: 2.372–3.502, P < 0.001). These 
results suggest that CircS, characterized by multiple met-
abolic and behavioral risk factors, is strongly linked to an 
elevated likelihood of MASLD, even after accounting for 
various demographic and lifestyle factors.

Subgroup and interaction analysis
Table  4 presents the results of the subgroup and inter-
action analysis exploring the association between CircS 
and MASLD across different demographic and lifestyle 
categories. As shown, the association between CircS 
and MASLD remained significant across all subgroups, 
though the strength of the association varied. For gender, 
males with CircS had a higher OR (OR = 4.453, 95% CI: 

2.098–9.451, P = 0.004) than females (OR = 3.848, 95% CI: 
2.431–6.091, P = 0.001), although the interaction test did 
not indicate a statistically significant difference between 
genders (P for interaction = 0.607). Age also influenced 
the association, with participants under 55 showing 
stronger associations compared with those 55 and older, 
though the interaction was not significant (P for interac-
tion = 0.358). Similar patterns were observed in the smok-
ing and alcohol use subgroups, where non-smokers and 
non-drinkers shown slightly stronger associations than 
their counterparts, but these interactions were also not 
statistically significant (P for interaction > 0.05). Subgroup 
analyses remained consistent after adjustment for multi-
ple comparisons using the Benjamini-Hochberg method, 
with the overall conclusion unchanged. As shown in 
Table  4, these subgroup analyses underscore the stabil-
ity of the association between CircS and MASLD across 
various population subgroups. Figure 2 provides a visual 
representation of these results, offering a clearer view of 
the association strength within each subgroup.

Non-linear associations
Figure 3 illustrates the RCS analysis of the association 
between CircS score and the risk of MASLD, examin-
ing potential nonlinearity in this relationship. Although 
the test for nonlinearity yielded a marginally significant 
P-value of 0.045, indicating a borderline positive finding 
for nonlinearity, the visual pattern suggests a predomi-
nantly linear trend. As CircS scores increase, the risk of 
MASLD steadily rises, highlighting a clear dose-response 
relationship. This linear association implies that higher 
levels of circadian dysregulation correspond to progres-
sively greater risks of developing MASLD, emphasizing 
the potential impact of cumulative circadian rhythm dis-
ruptions on liver health.

Table 3  Association between circs and MASLD analyzed by weighted univariable and multivariable logistic regression analyses
Model 1 Model 2 Model 3 Model 4
OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

CircS 4.514 (3.207, 6.354) < 0.001 4.567 (3.212, 6.493) < 0.001 4.123 (2.489, 6.832) 0.001 2.880 (2.372, 3.502) < 0.001
Elevated triglycerides 3.361 (2.538, 4.451) < 0.001 3.08 (2.31, 4.108) < 0.001 2.885 (1.855, 4.487) 0.003 2.085 (1.722, 2.527) < 0.001
Central obesity 8.105 (5.672, 11.581) < 0.001 9.295 (6.238, 13.851) < 0.001 7.472 (4.054, 13.773) 0.001 4.850 (3.889, 6.076) < 0.001
Elevated blood pressure 3.265 (2.408, 4.426) < 0.001 3.295 (2.363, 4.595) < 0.001 3.026 (1.916, 4.778) 0.003 1.807 (1.485, 2.200) < 0.001
Reduced HDL-C 2.397 (1.798, 3.194) < 0.001 2.266 (1.612, 3.185) < 0.001 1.974 (1.236, 3.152) 0.016 1.905 (1.575, 2.308) < 0.001
Short sleep 1.157 (0.740, 1.81) 0.495 1.120 (0.673, 1.866) 0.627 1.161 (0.567, 2.379) 0.594 1.241 (0.977, 1.578) 0.077
Elevated glucose 2.516 (1.681, 3.765) < 0.001 2.327 (1.507, 3.594) 0.002 2.160 (1.253, 3.724) 0.017 2.120 (1.740, 2.586) < 0.001
Depression symptoms 1.326 (1.024, 1.717) 0.034 1.379 (1.032, 1.842) 0.033 1.567 (1.115, 2.203) 0.021 1.424 (1.148, 1.767) 0.001
Model 1: No adjustment for any covariates

Model 2: Adjusted for age, gender, race, education level, and PIR

Model 3: Additionally adjusted for smoking, alcohol consumption, ALT, AST and HEI based on Model 2

Model 4: Analysis after PSM for demographic and clinical variables

Table 4  Subgroup analysis and interaction analysis of the 
relationship between circs and MASLD
Subgroup OR (95% CI) P Adjusted 

P
P for 
inter-
action

Overall 4.123 (2.489, 6.832) 0.001 -
Gender 0.607
  Male 4.453 (2.098, 9.451) 0.004 0.005
  Female 3.848 (2.431, 6.091) 0.001 0.002
Age 0.358
  < 55 5.120 (3.177, 8.253) < 0.001 0.002
  ≥ 55 3.244 (1.473, 7.142) 0.012 0.014
Smoke 0.601
  No 4.257 (2.414, 7.507) 0.001 0.002
  Yes 3.198 (1.274, 8.029) 0.023 0.023
Alcohol Use 0.589
  No 4.550 (2.788, 7.426) 0.001 0.002
  Yes 3.926 (1.919, 8.029) 0.001 0.002
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Fig. 3  The non-linear associations between CircS score and MASLD by restricted cubic spline

 

Fig. 2  Forest plot of subgroup analyses and interaction analysis for CircS-MASLD association
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Discussion
This study revealed a significant positive association 
between CircS and MASLD, indicating that individuals 
with CircS face an elevated risk of developing MASLD. 
CircS, characterized by multiple metabolic and behav-
ioral factors including hypertension, central obesity, 
elevated triglycerides, reduced HDL-C, elevated glu-
cose, short sleep duration, and depressive symptoms, 
increases MASLD risk through the cumulative effect of 
these factors on metabolic dysfunction. These findings 
highlight CircS as a comprehensive indicator of meta-
bolic health disturbances, where the convergence of these 
factors increases the likelihood of hepatic fat accumula-
tion and liver inflammation, both critical to MASLD 
pathogenesis. Weighted logistic regression analysis 
confirmed these associations, showing that each CircS 
component, including hypertension, central obesity, 
and elevated triglycerides, independently contributed 
to an increased MASLD risk. Notably, central obesity 
and elevated triglycerides exhibited the strongest asso-
ciations with MASLD, underscoring their roles as pri-
mary contributors to hepatic fat accumulation within 
the CircS framework. Subgroup analyses further shown 
that the CircS-MASLD association was consistent across 
various demographic and lifestyle groups, reinforcing the 
robustness of this relationship. RCS analysis indicated a 
predominantly linear association between CircS score 
and MASLD risk, with higher CircS scores correlating 
with progressively elevated MASLD risk. These findings 
suggest a dose-response effect, whereby cumulative cir-
cadian and metabolic disruptions associated with CircS 
lead to a steady increase in MASLD risk.

Interestingly, our analysis revealed that short sleep 
duration, despite being a core component of CircS, 
did not show a significant independent association 
with MASLD. This finding warrants careful interpreta-
tion within the broader context of circadian and meta-
bolic disruption. The binary classification of sleep 
duration (≤ 6 h) used in this study may not fully capture 
the complex relationship between sleep patterns and 
liver metabolism. Moreover, sleep’s influence on MASLD 
development may operate through indirect pathways, 
mediated by other metabolic disturbances such as glu-
cose dysregulation, hypertension, and obesity-compo-
nents that shown significant associations with MASLD in 
our analysis [18–20]. Sleep disruption has been shown to 
affect liver metabolism through inflammatory pathways 
not directly measured in our study, including alterations 
in inflammatory markers such as IL-6 and sICAM [21]. 
This complex interplay suggests that while sleep duration 
alone may not be directly associated with MASLD risk, 
its role in the broader context of CircS remains important 
through its interactions with other metabolic and inflam-
matory pathways.

Our findings align with existing research linking CircS 
to other metabolic diseases, such as cardiovascular dis-
ease (CVD) and type 2 diabetes [8, 22]. Research indicates 
that CircS disrupts key metabolic pathways, heightening 
susceptibility to metabolic syndrome components such 
as hypertension, obesity, and dyslipidemia [23, 24]. Circa-
dian misalignment is strongly associated with CVD and 
type 2 diabetes, as it exacerbates systemic inflammation 
and insulin resistance — key drivers in the pathogenesis 
of both conditions. These mechanisms support our find-
ings, suggesting that CircS-related risk factors may simi-
larly contribute to MASLD through analogous metabolic 
pathways.

Multiple studies have highlighted the role of circadian 
misalignment in MASLD development, demonstrating 
that metabolic disruptions associated with CircS directly 
impact liver health. MASLD commonly coexists with 
metabolic syndrome and is widely regarded as a hepatic 
manifestation of this condition [25, 26]. The CircS-
MASLD association observed in our study aligns with 
these findings, suggesting that circadian disruption may 
exacerbate hepatic lipid accumulation and inflammation, 
thereby elevating MASLD risk. Our study expands on 
this body of research, demonstrating that CircS, encom-
passing diverse metabolic and circadian disturbances, is 
significantly associated with MASLD, underscoring CircS 
as a relevant risk factor in liver disease.

Metabolic disturbances characteristic of CircS, includ-
ing hyperglycemia, hyperlipidemia, and central obe-
sity, can induce systemic inflammation that accelerates 
MASLD progression [27]. Elevated glucose and lipid 
levels activate pro-inflammatory pathways, triggering 
cytokine release (e.g., TNF-α and IL-6) that damages 
hepatocytes and facilitates the transition from simple ste-
atosis to metabolic dysfunction-associated steatohepati-
tis and fibrosis [28, 29]. Insulin resistance, a core feature 
of CircS driven by metabolic dysregulation, including 
elevated glucose and lipid levels, accelerates MASLD 
progression [30]. Insulin resistance enhances lipolysis, 
increasing circulating free fatty acids that accumulate 
in the liver, promoting steatosis and triggering oxidative 
stress and inflammation, which further damage hepato-
cytes and contribute to fibrosis [31, 32]. This impairment 
in glucose and lipid metabolism compounds metabolic 
strain on the liver, further accelerating disease progres-
sion. CircS-associated circadian misalignment disrupts 
the liver’s biological clock, impairing metabolic processes 
and increasing the risk of hepatic fat accumulation. 
Hepatic metabolic activities, including lipid and glucose 
metabolism, are regulated by circadian rhythms; dis-
ruptions from irregular sleep or eating patterns disturb 
metabolic balance, fostering MASLD [33, 34]. Circadian 
misalignment may interfere with key regulatory genes 
and proteins in hepatocytes, potentially reducing lipid 
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processing capacity and amplifying MASLD risk. How-
ever, direct assessments of circadian biomarkers such as 
cortisol, melatonin, or clock gene expression were not 
available in this study, and these mechanistic pathways 
remain hypothetical [35, 36]. These findings suggest that 
systemic inflammation, insulin resistance, and circadian 
misalignment may collectively contribute to MASLD 
pathogenesis. Disruptions in circadian regulation of 
hepatic metabolism, coupled with metabolic stress from 
hyperglycemia, dyslipidemia, and central obesity, likely 
accelerate hepatic fat accumulation and inflammatory 
injury, thereby promoting disease progression.

CircS, which encompasses a range of metabolic and 
circadian disruptions, closely aligns with the patho-
physiology of MASLD, now widely regarded as a hepatic 
manifestation of metabolic syndrome. CircS assessment 
may have potential to inform future risk identification 
strategies for MASLD, pending further validation [37]. 
Furthermore, this integrated approach could help clini-
cians optimize healthcare resource utilization by more 
accurately identifying patients who require additional 
diagnostic evaluation while reducing unnecessary testing 
in low-risk individuals. Clinically, CircS assessment may 
help identify individuals at higher MASLD risk earlier, 
supporting timely intervention and targeted manage-
ment strategies. However, further validation in prospec-
tive studies is necessary before clinical implementation.

While CircS may offer potential value in identifying 
individuals at elevated MASLD risk, its clinical appli-
cability may be limited by certain practical challenges. 
CircS incorporates behavioral and psychological compo-
nents, such as sleep duration and depressive symptoms, 
which are not routinely assessed in clinical settings. In 
contrast, MASLD diagnosis typically relies on imaging 
and common biochemical tests that are more accessible. 
The exclusion of a substantial proportion of participants 
due to missing CircS data further highlights this limita-
tion. Future research should explore simplified CircS 
assessments and validate their feasibility in clinical 
practice.

Lifestyle modifications are fundamental in managing 
CircS and MASLD, as both respond positively to dietary 
improvements, improved sleep quality, and regular physi-
cal activity [38]. Dietary approaches, such as the Mediter-
ranean diet, have demonstrated efficacy in reducing liver 
fat and improving metabolic markers by aligning eating 
patterns with circadian rhythms [39]. Given the com-
plex relationship between circadian misalignment and 
metabolic dysfunction in MASLD, future research should 
examine how circadian gene expression specifically influ-
ences MASLD progression. Such investigations may 
reveal new therapeutic targets and support the develop-
ment of personalized lifestyle interventions focused on 

circadian health, particularly for high-risk individuals 
with elevated CircS scores.

Prospective cohort studies are essential for clarifying 
the causal relationship between CircS and MASLD, espe-
cially in understanding how circadian disruptions may 
initiate and worsen MASLD. Studies on circadian gene 
expression in hepatic cells could reveal novel molecular 
targets, enhancing the precision of MASLD treatments 
tailored to circadian health. Furthermore, examining 
the impact of CircS across diverse populations—such as 
different age groups, lifestyle profiles, and high-risk cat-
egories—would help clarify the generalizability and spec-
ificity of the CircS-MASLD association. Personalized, 
circadian-focused interventions based on these insights 
may provide an effective nonpharmacological approach 
to mitigate MASLD risk and progression across diverse 
patient populations.

Conclusion
This study identifies a significant association between 
CircS and MASLD, highlighting CircS as a potential 
risk-associated factor for MASLD. CircS assessment 
may have potential to inform future risk identification 
and management strategies for MASLD, pending further 
validation. These findings highlight the need for future 
research to explore CircS-informed prevention and inter-
vention approaches aimed at reducing MASLD risk and 
progression.

Limitations
This study has several limitations. First, as a cross-sec-
tional analysis, it cannot confirm a causal relationship 
between CircS and MASLD, only an association. Second, 
the use of self-reported data for certain variables, par-
ticularly sleep duration, may introduce information bias 
due to potential recall inaccuracies. Sleep self-reports 
may not capture important aspects such as sleep quality, 
night-to-night variability, or circadian alignment, which 
could be better assessed through objective measures like 
actigraphy or polysomnography in future studies. Third, 
the operational definition of CircS, although used in pre-
vious epidemiological studies, includes behavioral com-
ponents such as short sleep and depressive symptoms, 
which may not serve as definitive circadian biomarkers. 
Last, some participants were excluded due to missing 
covariate data, and a difference in alcohol use between 
excluded and included participants may limit the gener-
alizability of the findings.
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