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Abstract

Background The predictive value of serum remnant cholesterol in cardiovascular disease has been widely
recognized. This value has also been explored in metabolic disorders such as type 2 diabetes mellitus and
nonalcoholic fatty liver disease (NAFLD). However, whether remnant cholesterol can predict the risk of incident
diabetes in NAFLD patients remains unclear.

Methods This study included adults who underwent health examinations from 2004 to 2015. NAFLD was diagnosed
via abdominal ultrasonography with the exclusion of other causes of chronic liver disease. Cox proportional hazards
regression analyses were performed to investigate the associations between baseline remnant cholesterol and
diabetes risk in NAFLD patients and NAFLD-free participants.

Results A total of 15,464 participants were included in this study, and 2,741 adults had NAFLD. During the 93,537
person-years of follow-up, 233 cases and 150 cases of incident diabetes were recorded among NAFLD patients and
NAFLD-free individuals, respectively. Compared with the first quartile, the fourth quartile of remnant cholesterol was
positively associated with the risk of diabetes in NAFLD patients (HR: 1.68,95% Cl: 1.13—2.51; P<0.001). However, this
association was not significant in NAFLD-free individuals.

Conclusions High remnant cholesterol was associated with an increased risk of incident diabetes in NAFLD patients
but not in NAFLD-free individuals.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) has become a
global epidemic, particularly affecting populations with
type 2 diabetes mellitus and obesity [1]. The global preva-
lence of NAFLD was 25% in 2016 and increased to 32% in
2022 [2]. NAFLD can potentially evolve from simple ste-
atosis to steatohepatitis, fibrosis, and cirrhosis. The sever-
ity of liver histological injury in patients with NAFLD is
closely related to the risk of cardiovascular disease [3]
and intrahepatic and extrahepatic cancers [4]. Among
NAFLD individuals without cirrhosis and those with cir-
rhosis, the incidence rate of hepatocellular carcinoma has
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increased from 1.25 per 1000 person-years to 14.46 per
1000 person-years [5]. The burden of end-stage liver dis-
ease becomes greater in patients with NAFLD, which is
positively related to age and the course of diabetes [6].

The incremental burden of NAFLD was propelled by
the substantial increase in the prevalence of diabetes [7].
Globally, the number of adults afflicted with diabetes has
quadrupled in the past three decades [8]. The complica-
tions of diabetes are very common, with macrovascular
complications occurring in 27% of diabetes patients and
microvascular complications occurring in half of diabe-
tes patients [9]. Patients with diabetes have a shortened
life expectancy and impaired quality of life [10]. Accu-
mulating evidence suggests that NAFLD promotes the
development of diabetes [11] and that the risk of diabetes
becomes more pronounced as the severity of hepatic ste-
atosis and fibrosis increases [12]. While NAFLD is widely
recognized to promote the development of diabetes, it
is important to note that the pathogenesis of NAFLD is
highly heterogeneous. Not all individuals with NAFLD
exhibit insulin resistance or an elevated risk of cardio-
metabolic diseases. Recent studies highlight that NAFLD
encompasses distinct subtypes, some of which are more
strongly linked to metabolic dysfunction, whereas oth-
ers may arise from nonmetabolic factors such as genetic
predisposition or environmental influences [13, 14]. This
variability underscores the need for further stratification
of NAFLD populations to better understand the relation-
ship between remnant cholesterol and diabetes risk. Our
findings specifically suggest that remnant cholesterol
may serve as a predictive marker for diabetes in NAFLD
patients with underlying metabolic dysregulation, but its
utility may vary across NAFLD subtypes.

Typical dyslipidemia is common in both NAFLD and
diabetes [1]. However, in recent years, increasing atten-
tion has been given to nonconventional lipid param-
eters, such as remnant cholesterol [15]. In large cohort
and genetic studies, serum remnant cholesterol has been
reported to predict the adverse outcomes of cardiovascu-
lar diseases, even among patients who have achieved the
optimal goals for conventional lipids recommended by
the guidelines [16—18]. Remnant cholesterol is the cho-
lesterol content of triglyceride-rich lipoproteins, which
consist of intestinally derived chylomicrons and hepati-
cally derived very low-density lipoprotein-cholesterols
[19]. During the formation of atherosclerotic plaques,
triglycerides are metabolized by macrophages, whereas
cholesterols are not metabolized and accumulate gradu-
ally [20]. Therefore, remnant cholesterol, rather than tri-
glyceride levels in triglyceride-rich lipoproteins, is more
critical in atherogenesis. Notably, some epidemiological
studies indicate a positive association between remnant
cholesterol and NAFLD [21] as well as diabetes [22]. In
cross-sectional studies, an independent relationship was
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identified for serum remnant cholesterol and the risk of
NAFLD [23]. Observational studies have also revealed
that remnant cholesterol is associated with the new onset
of diabetes [24] and its macrovascular [25] and micro-
vascular complications [26]. However, whether remnant
cholesterol can predict the risk of incident diabetes in
patients with NAFLD remains unclear.

In this study, we aimed to explore the association
between serum remnant cholesterol and the risk of devel-
oping diabetes in the NAFLD population.

Methods

Study design

Data were obtained from the NAGALA study conducted
at Murakami Memorial Hospital (Gifu, Japan) in 1994.
This longitudinal study enrolled subjects from the gen-
eral population who participated in health examinations
from 2004 to 2015. A total of 15,464 participants were
included according to the following exclusion criteria:
(i) had viral hepatitis or other known liver disease other
than NAFLD; (ii) were taking any agents at baseline; (iii)
had diabetes or impaired fasting glucose at baseline; and
(iv) had incomplete covariate data (Fig. 1). The NAGALA
study was approved by the Murakami Memorial Hospital
Institutional Ethics Review Committee (IRB2018-09-01),
and informed consent was provided by all participants.
This study was a secondary analysis of the NAGALA
study and was approved by the Hospital Ethics Commit-
tee of the First Affiliated Hospital, Zhejiang University
School of Medicine (I1T20221299).

Data collection

A detailed description of the data collection process has
been published [27]. A standardized questionnaire was
used to collect information on smoking, drinking, physi-
cal activity and medical history. Smoking status was
categorized as nonsmoker, former smoker and current
smoker. The average weekly ethanol intake was evaluated
by the number and type of alcoholic beverages consumed
in the previous month. Individuals were recognized as
regular exercisers if they engaged in any type of physi-
cal activity more than once a week. Anthropometric fea-
tures, including height, weight and blood pressure, were
measured by experienced nurses. Venous blood samples
were taken from the participants after an overnight fast
to test their biochemical parameters. Remnant choles-
terol was equal to total cholesterol minus HDL-C and
minus LDL-C [18].

Diagnosis of NAFLD and diabetes

The definition of NAFLD was based on abdominal ultra-
sonography after excluding other causes of chronic liver
disease, including viral hepatitis (defined by measure-
ments of hepatitis B antigen and hepatitis C antibody),



Yang et al. Diabetology & Metabolic Syndrome (2025) 17:277

Page 3 of 10

NAGALA cohort
1994-2016
(n=20944)

Other causes of chronic liver disease (n=1155, 5.51%)
Taking any agents (n=2321,11,08%)

Without complete covariate data (n=863,4.12%)

Type 2 diabetes or impaired fasting plasma glucose at
baseline (n=1131,5.40%)

* Unexplained withdrawl! from the survey (n=10, 0.05%)

A\ 4

Participants included in this study
(n=15464,73.83%)

Fig. 1 Flowchart of this study

autoimmune liver diseases (e.g., primary biliary cholan-
gitis), or other known chronic liver diseases in addition
to NAFLD. The ultrasonographic presentation of fatty
liver includes liver and kidney echo contrast, deep liver
attenuation, liver brightness and vessel blur [28]. Diabe-
tes was defined as fasting plasma glucose>7 mmol/L,
HbA1c>6.5% or self-reported [29].

Statistical analysis

Continuous variables are presented as the means (stan-
dard deviations) or medians (interquartile ranges), and
categorical variables are presented as percentages. We
classified participants into different groups according
to remnant cholesterol quartile. Comparisons between
groups were performed via ANOVA, the Kruskal-Wallis
rank-sum test or the chi-square test. Cox proportional
hazards regression analyses were performed to assess
the associations between remnant cholesterol quartile
and diabetes risk with or without adjustment for poten-
tial confounders, including age, sex, BMI, systolic and
diastolic blood pressure, smoking, alcohol intake, physi-
cal activity and LDL-C. This association was analyzed in
the whole cohort, in NAFLD patients, and in NAFLD-
free individuals. The proportional hazards assumption
was tested via Schoenfeld residuals, with no significant
violations observed (global test P=0.21). Kaplan-Meier
curves were drawn stratified by remnant cholesterol
quartile, and the log-rank test was used for comparisons
between groups.

To further explore the predictive value of remnant
cholesterol for diabetes, the hazard ratio (HR) and 95%
confidence interval (95% CI) were calculated at 4, 8, and
12 years of follow-up. We performed a sensitivity analy-
sis excluding participants with a follow-up duration<2
years (1=1,203) to address potential surveillance bias

in early diabetes detection. The multivariate Cox model
was rerun using the same covariates as those used in the
primary analysis. We also performed subgroup analyses
stratified by age, sex, BMI, smoking status and physical
activity. Multiplicative interaction analyses were per-
formed by creating product terms between remnant
cholesterol quartiles and stratification variables (age, sex,
BMI, smoking status, and physical activity) in the fully
adjusted model. The statistical significance of interac-
tions was evaluated via likelihood ratio tests comparing
models with and without the interaction terms. All the
statistical analyses were performed via SPSS 26.0 soft-
ware (SPSS Inc., Chicago, IL). P<0.05 (2-tailed test) was
considered statistically significant.

Results

Baseline characteristics

A total of 15,464 participants were included in this study,
including 2,741 NAFLD individuals and 12,723 NAFLD-
free individuals at baseline. Table 1 shows the clinical
features of participants stratified by remnant cholesterol
quartile. Adults in higher remnant cholesterol quartiles
accounted for a greater proportion of drinkers and smok-
ers, regardless of NAFLD status. In addition, they had
higher BMIs; systolic and diastolic blood pressure; total
cholesterol, LDL-C and fasting plasma glucose; and lower
HDL-C levels.

Follow-up outcomes

During a follow-up of 93,537 person-years, 373 incident
cases of diabetes were identified. Among them, 223 cases
were recorded in patients with NAFLD. Participants in
higher remnant cholesterol quartiles had an incremen-
tally higher incidence rate of diabetes (Table 2).
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Table 2 Hazard ratios for type 2 diabetes based on quartiles of
remnant cholesterol at baseline
Events/person-year

Multivariate model

Model 1 Model 2
All
participants
Q1 53/21,087 REF REF
Q2 71/22,665 0.68 0.93
(0.97-1.38) (0.65—1.34)
Q3 90/24,562 0.68 0.84
(0.96—-1.35) (0.59-1.19)
Q4 159/25,223 1.24 0.99
(0.90-1.70) (0.71-1.38)
Pfor trend <0.001 0.013
Participants without NAFLD at baseline
Q1 13/16,824 REF REF
Q2 26/18,943 1.21 1.19
(0.62—-2.37) (0.61-2.34)
Q3 37/20,380 1.26 1.18
(0.66—2.42) (0.61—-2.28)
Q4 74/20,934 1.85 1.62
(0.99-3.46) (0.84—-3.14)
Pfor trend 0013 0.022
Participants with NAFLD at baseline
Q1 40/4262 REF REF
Q2 45/3722 1.21 1.21
(0.79-1.86) (0.79-1.85)
Q3 53/4182 1.28 1.21
(0.84—-1.94) (0.80—1.84)
Q4 85/4289 1.98 1.68
(1.35=291)*** (1.13-2.51)**
Pfor trend <0.001 0.001

Model 1 was adjusted for age, sex and BMI at baseline

Model 2 was additionally adjusted for systolic blood pressure, diastolic
blood pressure, smoking, alcohol intake, physical activity and low-density
lipoprotein-cholesterol

*P<0.05, ** P<0.005, *** P<0.001

We investigated the predictive value of remnant cho-
lesterol for diabetes in the whole cohort. No significant
association was found between baseline remnant cho-
lesterol and incident diabetes risk (HR: 0.99, 95% CI:

A)

B) Bt chstoret aurit B vt 1 B8 Oue
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0.71-1.38). To assess the effect of NAFLD status on
this association, we divided all participants into groups
with or without NAFLD. According to the fully adjusted
model, compared with patients in the first quartile of
remnant cholesterol, NAFLD patients in the fourth
quartile presented a 1.68-fold greater risk of developing
diabetes (HR: 1.68, 95% CI: 1.13-2.51). In non-NAFLD
individuals, the hazard ratio (HR) (95% CI) for incident
diabetes was 4.17 (2.31 - 7.52) according to the univariate
model. When further adjusting for potential confounding
factors, no significant associations were observed (HR:
1.62, 95% CI: 0.84 - 3.14). These results indicated that the
predictive value of remnant cholesterol for diabetes was
found only in NAFLD patients but not in non-NAFLD
individuals.

K-M analysis revealed that individuals with higher
remnant cholesterol levels had a greater probability of
developing diabetes, regardless of NAFLD status (log-
rank P<0.001, Fig. 2).

We further explored the relationship between remnant
cholesterol and incident diabetes in NAFLD patients
stratified by follow-up time (Table 3). Compared with the
lowest quartile, the highest quartile of remnant choles-
terol was positively associated with diabetes risk after 4
years of follow-up. This association remained significant
when the follow-up time was extended to 8 years and 12
years. These findings suggest that the role of remnant
cholesterol in predicting the development of diabetes in
patients with NAFLD has started to emerge at a relatively
early stage. After 2919 participants with less than 2 years
of follow-up were excluded, the association between
remnant cholesterol and diabetes in NAFLD patients
remained robust (Supplementary Table S1).

For subgroup analyses, we classified NAFLD par-
ticipants into different groups according to age, sex,
BMI, smoking status and physical activity (Table 4). We
observed that the positive association between the fourth
quartile of remnant cholesterol and diabetes was sig-
nificant in individuals aged >40 years (HR: 1.79, 95% CI:

Fig. 2 Kaplan—Meier curves of quartiles of remnant cholesterol to illustrate the development of type 2 diabetes. The log-rank Pvalue indicates the
between-group differences in event probabilities. (A) All individuals; (B) NAFLD patients; and (C) non-NAFLD individuals
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Table 3 The association between quartiles of remnant

cholesterol and type 2 diabetes in NAFLD individuals stratified by

follow-up time
Events/person-year

Multivariate model

Model 1 Model 2
4 years of follow-up
Q1 14/638 REF REF
Q2 13/535 091 (042-194) 098
(046-2.12)
Q3 19/543 126 (0.62—-157) 120
(0.57-2.50)
Q4 26/519 1.07 (1.07-4.01)* 2.06
(1.01-4.20)*
Pfor 0.007 0.016
trend
8 years of follow-up
Q1 28/1797 REF REF
Q2 30/1413 1.19(0.76—-199) 1.21
(0.71-2.05)
Q3 45/1744 1.31(081-2.10 123
(0.75-2.01)
Q4 61/1578 2.22 1.88
(142 -3.46)%** (1.16—3.06)**
Pfor <0.001 0.005
trend
12 years of follow-up
Q1 39/3847 REF REF
Q2 44/3259 1.23(080—-190) 1.23
(0.80—-1.91)
Q3 53/3585 1.33(0.87-202) 124
(0.80-1.91)
Q4 83/3767 1.95 1.78
(1.32-2.89)*** (1.18—-2.69)**
Pfor <0.001 0.003
trend

Model 1 was adjusted for age, sex and BMI at baseline

Model 2 was additionally adjusted for systolic blood pressure, diastolic
blood pressure, smoking, alcohol intake, physical activity and low-density
lipoprotein-cholesterol

*P<0.05, ** P<0.005, *** P<0.001

1.10-2.91), females (HR: 1.72, 95% CI: 1.09 - 2.70), those
with a BMI<25 kg/m? (HR: 2.10, 95% CI: 1.10-4.03),
past smokers (HR: 2.42, 95% CI: 1.08-5.45) and non-
regular exercisers (HR: 1.55, 95% CI: 1.01 —2.39) but not
in their counterparts. We further conducted multiplica-
tive interaction analysis and found that the interaction of
these conditions was not significant in the association of
remnant cholesterol with diabetes.

Discussion

In this study, we found that there was a positive associa-
tion between baseline remnant cholesterol and incident
diabetes in the NAFLD population. First, an incremen-
tally greater incidence of diabetes was observed in adults
with higher remnant cholesterol levels. Second, serum
remnant cholesterol was positively associated with the
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risk of incident diabetes in NAFLD patients. Third, the
cumulative incidence risk of diabetes was statistically sig-
nificant at 4, 8 and 12 years of follow-up.

Previous studies have reported a positive relationship
between serum remnant cholesterol and NAFLD and
diabetes [30, 31]. A cross-sectional study of 1,162 adoles-
cents revealed that the first quartile of remnant choles-
terol was associated with a 55% lower risk of NAFLD in
females and an 85% lower risk in males than the fourth
quartile was [23]. Another cross-sectional study involv-
ing 5,156 adults demonstrated that the highest quartile
of remnant cholesterol was associated with a 1.714-fold
greater risk of NAFLD [21]. More recently, a nonlinear
correlation between remnant cholesterol and NAFLD
was observed in a cross-sectional study of 3,370 adults
[32]. The positive association was further validated in a
cohort study of 31,662 person-years of follow-up [31]. In
addition, a large cohort of 0.58 million Koreans reported
that those in the fourth quartile of remnant cholesterol
had almost twice the risk of developing diabetes [22].
For the complications of diabetes, adults in the third
tertile of remnant cholesterol were 82% more likely to
develop diabetic nephropathy [26] and 62% more likely
to have a major adverse cardiovascular event than their
counterparts were [33]. However, thus far, data on the
association between remnant cholesterol and diabe-
tes in patients with NAFLD are still limited. Diabetes is
one of the most common extrahepatic complications
of NAFLD, and reducing diabetes risk in these patients
is highly challenging [34]. In this study, we revealed for
the first time that NAFLD patients with higher remnant
cholesterol levels were more likely to develop diabetes.
These findings provide a rationale for screening rem-
nant cholesterol to identify NAFLD patients who may
be at increased risk of diabetes early. Furthermore, this
risk could be targeted with remnant cholesterol-lowering
agents such as angiopoietin-like 3 and apolipoprotein C
III [35], which warrants investigation in the future. ANG-
PTL3 is a glycoprotein produced by the liver that inhibits
lipoprotein lipase and endothelial lipase [36]. Apo C II is
a cofactor for lipoprotein lipase, a plasma enzyme that
hydrolyzes triglycerides [37]. ANGPTL3 and Apo C II are
novel targets for lowering atherosclerotic risk in patients
who tolerate lipid-lowering therapy [38].

A positive association between remnant cholesterol
and diabetes was observed in NAFLD patients but not in
NAFLD-free individuals. Remnant cholesterol is derived
from an endogenous pathway through the liver and an
exogenous pathway through the small intestine [39]. In
the endogenous pathway, VLDL is produced in hepa-
tocytes and secreted into the plasma. In the exogenous
pathway, chylomicron from dietary fat also enters the
circulation. A portion of the triglyceride content of both
VLDL and chylomicron was hydrolyzed by lipoprotein
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Table 4 Subgroup analyses of the association between remnant lipoprotein cholesterol and risk of incident type 2 diabetes in NAFLD

individuals
Events/person-year Multivariate model Pfor interaction
Model 1 Model 2
Stratified by age 0.634
Age <40 years
Q1 11/1272 REF REF
Q2 6/996 0.60(0.22—-1.64) 0.53(0.194-147)
Q3 9/1178 0.85(0.35-2.07) 0.72 (0.289-1.77)
Q4 20/20,934 169 (0.77-3.71) 1.21(0.523-2.78)
Pfor trend 0.048 0.255
Age =40 years
Q1 29/2990 REF REF
Q2 39/2726 146 (0.90-2.36) 1.37(0.84—-2.25)
Q3 44/3004 143 (0.89-2.30) 1.26 (0.76 —2.06)
Q4 65/3082 2.08 (1.33-3.25)*** 179 (1.10-2.91)**
Pfor trend 0.001 0.020
Stratified by gender 0.627
Male
Q1 12/1110 REF REF
Q2 12/681 1.50 (0.67 —3.35) 1.30 (0.56—-3.03)
Q3 10/497 1.66 (0.71—-3.88) 1.30(0.53-3.22)
Q4 7/283 2.02 (0.78-5.24) 1.33(0.48-3.75)
Pfor trend 0.139 0.626
Female
Q1 28/3152 REF REF
Q2 33/3040 1.11(0.67—-1.84) 1.09 (0.66—1.82)
Q3 43/3684 1.19(0.74-1.91) 1.09 (0.66-1.77)
Q4 78/4006 1.90 (1.23-2.93)** 1.72 (1.09-2.70**
Pfor trend <0.001 0.001
Stratified by BMI 0.707
BMI < 25 kg/m?
Q1 18/2436 REF REF
Q2 18/1987 1.20 (0.62-2.30) 1.19(0.61-232)
Q3 16/2067 1.06 (0.54—-2.11) 1.03(0.51-2.10)
Q4 27/1795 223(1.20-4.17)% 2.10(1.10-4.03)*
Pfor trend 0.008 0.016
BMI > 25 kg/m?
Q1 22/1826 REF REF
Q2 27/1735 1.22(0.69—-2.16) 1.17 (0.66—2.08)
Q3 37/2114 143 (0.84—-244) 1.16 (0.67-2.03)
Q4 58/2493 1.93 (1.17-3.19)** 1.57(0.92-2.67)
Pfor trend 0.004 0.061
Stratified by smoking status
Never
Q1 16/2214 REF REF
Q2 25/1716 1.75(0.92-3.30) 1.75(0.91-3.36)
Q3 18/1742 1.35(0.68—-2.67) 1.39(0.68—-2.82)
Q4 20/1516 1.74 (0.88-3.44) 1.76 (0.86-3.62)
Pfor trend 0.253 0.282
Past smoker 0401
Q1 9/1165 REF REF
Q2 8/1074 0.94 (0.36-245) 0.97 (037-255)
Q3 11/1121 1.30(0.54-3.13) 1.39 (0.56—3.44)
Q4 22/1203 2.22(1.01-4.86)* 242 (1.08-545)*
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Events/person-year

Multivariate model

Pfor interaction

Model 1 Model 2

Pfor trend 0.013 0.008

Current smoker 0415
Q1 15/881 REF REF
Q2 12/931 0.76 (0.36—-1.62) 0.60 (0.27—-1.30)
Q3 24/1318 0.98 (0.51-1.87) 0.76 (0.38—1.51)
Q4 43/1570 1.44(0.80—-2.60) 1.13(0.60-2.12)
Pfor trend 0.047 0.138

Stratified by physical activity 0.707

Nonregular exerciser
Q1 38/3643 REF REF
Q2 35/3144 0.99 (0.63—-1.58) 0.95 (0.60—1.52)
Q3 50/3633 1.24(0.81-1.91) 1.10(0.70—-1.71)
Q4 78/3794 1.83(1.22-2.73)** 1.55(1.01-2.39)*
Pfor trend <0.001 0.009

Regular exerciser
Q1 2/619 REF REF
Q2 10/578 4.86 (1.06—22.35)* 4.14(0.87-19.67)
Q3 3/549 147 (0.24-8.85) 1.13(0.17-7.21)
Q4 7/495 3.94(0.81-19.21) 2.91(052-16.19)
Pfor trend 0.370 0.672

Model 1 was adjusted for age, sex and BMI at baseline

Model 2 was additionally adjusted for systolic blood pressure, diastolic blood pressure, smoking, alcohol intake, physical activity and low-density

lipoprotein-cholesterol
* P<0.05, ** P<0.005, *** P<0.001

lipase. Lipoprotein lipase plays a key role in the metab-
olism of remnant cholesterol [40]. In animal models of
NAFLD, the activity of lipoprotein lipase was reported
to be inhibited [41]. We speculated that the reduced
activity of lipoprotein lipase may be responsible for the
positive association between remnant cholesterol and
diabetes among NAFLD patients. The underlying mecha-
nism remains unclear and needs to be explored in future
studies.

The mechanisms by which remnant cholesterol is
linked to diabetes remain unclear. There are several pos-
sible explanations. To date, insulin resistance has been
considered the main mediator of this association [42].
Previous observational studies demonstrated that rem-
nant cholesterol was closely related to insulin resis-
tance, independent of traditional metabolic profiles [43].
Hepatic insulin resistance inhibits LDL receptor-related
protein 1 from translocating to the hepatocellular mem-
brane, which results in insufficient clearance of triglyc-
eride-rich lipoproteins [44]. In addition, ectopic lipid
deposition in pancreatic cells leads to f-cell dysfunction
[45]. Second, high levels of remnant cholesterol indicate
a proinflammatory status [24]. The overproduction of
proinflammatory cytokines in the pancreas is one of the
pathogeneses of diabetes [46]. Third, the metabolism of
peripheral remnant cholesterol may be inhibited due to
the reduced activity of lipoprotein lipase in diabetes [47].

The mechanisms by which NAFLD promotes the devel-
opment of diabetes are multifaceted and may explain
why elevated remnant cholesterol specifically exacerbates
diabetes risk in this population. NAFLD is associated
with systemic metabolic disturbances, including hepatic
insulin resistance, chronic low-grade inflammation, and
dysregulated lipid metabolism [48]. These alterations can
impair insulin signaling in peripheral tissues (e.g., skeletal
muscle and adipose tissue) while also promoting pancre-
atic B-cell dysfunction through lipotoxicity and oxidative
stress [49].

This study has several limitations. First, this was an
observational study and was unable to draw causal con-
clusions for the relationship between remnant cholesterol
and diabetes among NAFLD patients. Second, serum lev-
els of remnant cholesterol were only measured at base-
line. While this approach is pragmatic for large cohort
studies, it does not account for potential fluctuations in
remnant cholesterol levels over time owing to lifestyle
changes, medications, or disease progression. This limi-
tation could bias our results in several ways: (1) if rem-
nant cholesterol levels decreased in some participants
during follow-up (e.g., through lifestyle interventions),
we may have overestimated the true association between
remnant cholesterol and diabetes risk; (2) conversely, if
remnant cholesterol levels increased in others, we may
have underestimated the strength of the association; and
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(3) we cannot determine whether sustained high RC lev-
els versus transient elevations confer different diabetes
risks. However, prior studies suggest that remnant cho-
lesterol levels remain relatively stable in untreated indi-
viduals, and our sensitivity analyses revealed consistent
associations across different follow-up periods (4, 8, and
12 years), suggesting that baseline remnant cholesterol
provides meaningful predictive value despite this limita-
tion. Third, the serum levels of remnant cholesterol were
calculated by total cholesterol, HDL-C and LDL-C. Previ-
ous studies reported that the calculation of remnant cho-
lesterol may overestimate the level compared with direct
measurement [50]. However, the calculation method was
more affordable and convenient. The measured and cal-
culated levels were also highly correlated [25]. Fourth,
the values of remnant cholesterol in this study appeared
to be lower than those reported in previous studies
[22]. Fifth, in this study, type 2 diabetes was defined as
HbAlc>6.5%, fasting plasma glucose>7 mmol/L or self-
reported. This study was a secondary analysis of NAG-
ALA data and adopted the definition of type 2 diabetes
in the primary analysis [27]. We admit that we are unable
to diagnose type 2 diabetes on the basis of plasma glu-
cose and HbAlc levels in this population in Japan. Sixth,
the prevalence of NAFLD was 18%, which was relatively
low and can be explained by several key characteristics of
our study population. We excluded individuals with dia-
betes and impaired fasting glucose. These exclusions sys-
tematically removed higher-risk individuals who would
typically have a higher NAFLD incidence. In addition,
only 23% of the included participants were overweight/
obese (BMI=>25 kg/m?®). This low prevalence of NAFLD
likely represents the “healthier spectrum” of middle-aged
Japanese adults after excluding those with metabolic
abnormalities.

In conclusion, high remnant cholesterol was asso-
ciated with an increased risk of developing diabetes
in patients with NAFLD but not in patients without
NAFLD. The prognostic value of remnant cholesterol for
long-term outcomes in NAFLD patients warrants further
investigation.
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