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Abstract

Background Depression and Type 2 Diabetes Mellitus (T2DM) represent significant public health challenges

and share common pathogenic mechanisms. Previous studies have indicated a positive correlation between serum
residual cholesterol (RC) and depression. However, further research is needed to understand the relationships
between RC and depression, T2DM, and their coexistence. This study aims to assess the association between RC

and depression, T2DM, and their comorbidities in a large sample of the U.S. population, while also exploring potential
underlying mechanisms.

Methods This is a cross-sectional study utilizing data from the National Health and Nutrition Examination Survey
(NHANES) spanning from 2005 to 2018 (N=11,193). Depression was assessed using the Patient Health Question-
naire-9 (PHQ-9). We employed weighted univariate and multivariate logistic regression models, considering sam-
pling weights, to explore the associations between serum RC and depression, T2DM and their coexistence. To assess
model stability, we calculated unmeasured confounder E values. Restricted cubic spline regression models were used
to reveal dose-response effects, and subgroup analyses were conducted.

Results Among the 11,193 participants, the weighted mean age was 45.24 years, with 49.0% being male. The preva-
lence of depression, T2DM, and their coexistence was 6.9%, 14.0%, and 1.4%, respectively (weighted percentages). In
the multivariate regression model, higher serum RC levels were associated with an increased risk of depression, T2DM,
and their coexistence. The adjusted odds ratios (ORs) per unit increase in RC were 1.39(1.06,1.82), 2.26(1.79,2.83),

and 3.07(2.08,4.52), respectively. When considering only depression without T2DM, the association was not significant
(OR: 1.23;95% Cl: 0.87-1.73). This nonlinear correlation between RC and depression, T2DM, and their coexistence

was consistent across various participant characteristics.

Conclusions The findings from this extensive cross-sectional study offer compelling evidence linking RC to the risk
of depression, T2DM, and their coexistence. This implies that directing attention towards residual cholesterol could
enhance research pertaining to the comorbidities of depression and type 2 diabetes.
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of comorbid diabetes and depression underscores the
urgency of understanding their interconnectedness [4].
Epidemiological research [5, 6] consistently demonstrates
that individuals with chronic conditions, notably diabe-
tes, face a twofold increased risk of developing mental
health comorbidities such as depression and anxiety [7,
8]. This heightened risk adversely affects both the qual-
ity of life and outcomes for individuals managing diabetes
[9-12]. Thus, it becomes imperative to identify modifia-
ble risk factors associated with the coexistence of depres-
sion, T2DM, and the concurrent manifestation of these
two conditions.

Recent years have witnessed a growing body of research
uncovering the intricate relationship between physical
and mental health, especially concerning risk factors for
psychiatric disorders like lack of exercise, overweight,
and lipid abnormalities [13-15] and various conditions,
including depression [16], cognitive impairment [17],
frailty [18], as well as potential risk factors for hyperten-
sion [19] and T2DM [20]. Nonetheless, these relatively
limited studies predominantly focus on individual dis-
eases rather than considering the coexistence of two con-
ditions. This prompted us to explore factors associated
with depression, type 2 diabetes and their coexistence in
a comprehensive, large-scale study.

In the study of cholesterol metabolism, serum residual
cholesterol (RC), especially recent studies, not only plays
a crucial role in the endocrine system [21-25], but also
plays an important role in the nervous system [16—18].
Cholesterol serves as a vital component of neuronal cell
membranes, and its variations may directly impact the
stability and signal transmission of neurons. The levels
of serum RC may be associated with the risk of depres-
sion by influencing the normal functioning of the nerv-
ous system. The potential mechanisms through which
RC may contribute to depression in conjunction with
T2DM remain unclear. Moderate evidence indicates
the accumulation of RC in the vascular wall, activating
monocytes and leukocytes, ultimately resulting in arte-
rial wall inflammation and a multi-level cellular immune
response [26]. Considering that inflammatory responses
are generally considered foundational to the development
of depression and diabetes [27-29], this study hypoth-
esizes that RC may play a crucial role in the relation-
ship between comorbidities like depression and type 2
diabetes.

Our study aims to utilize data from the National
Health and Nutrition Examination Survey (NHANES)
spanning 2005 to 2018. It delves deeply into the intri-
cate connections among RC, depression, and T2DM.
The overarching aim is to unveil innovative perspec-
tives and insights conducive to preventing and treat-
ing the concurrent occurrence of depression and
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T2DM, thereby fortifying the underpinnings of clinical
practice.

Materials and methods

Study design and population

The datasets generated and analyzed during the current
cross-sectional study are available on the NHANES website:
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx. Extensive
household interviews were conducted, gathering population
baseline information and health questionnaire data. Physi-
cal examinations and blood sample collection occurred at a
mobile examination center (MEC), with serum specimens
stored at —30 °C until transport to the Laboratory Sciences
Division of the National Center for Environmental Health
at the Centers for Disease Control and Prevention for test-
ing. Detailed specimen collection and handling procedures
are outlined in the NHANES Laboratory/Medical Techni-
cian Procedures Manual (LPM). The study population com-
prised adults (> 20 years old) from NHANES 2005-2018, all
having completed interviews and assessments at the MEC.
Selection criteria included availabilities of total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) data, as well
as comprehensive diagnostic information on depression and
T2DM. Exclusions were made for patients with cancer (n=
1441) and those with a weight of 0 (n= 738). Participants
with incomplete covariate data (n= 1977) were excluded.
A total of 11,193 participants (5,696 female and 5,497 male)
were included in the final analysis (Fig. 1). Post-weighting,
these participants represent approximately 162,799,954
individuals in the United States. The NHANES survey pro-
tocol received approval from the National Center for Health
Statistics Research Ethics Review Committee, and all par-
ticipants provided written informed consent.

Outcome ascertainment

In NHANES, we utilized the Patient Health Question-
naire (PHQ-9), a 9-item screening instrument measur-
ing the frequency of depressive symptoms in the past 2
weeks, to assess participants'depressive status [30]. Each
of the 9 items employs a 4-point scale: 0 ("not at all"), 1 ("a
few days"), 2 ("more than half the time"), and 3 ("almost
every day"), yielding a total score ranging from 0 to 27.
A cut-off score of >10 was employed for inclusion in the
depression group, indicating moderate to severe depres-
sive symptoms, with an 88% sensitivity and specificity
for major depression [31]. Cases of T2DM were defined
through self-reported questionnaires and the criteria
established by the American Diabetes Association [32].
The criteria encompassed FPG > 126 mg/dL, glycosylated
hemoglobin (HbAlc) >6.5%, 2-h plasma glucose from an
oral glucose tolerance test (OGTT) >200 mg/dL, current
use of insulin or diabetes pills for glucose control, and


https://wwwn.cdc.gov/nchs/nhanes/Default.aspx

Mao et al. BMC Psychiatry (2025) 25:552

70190 individuals of
NHANES in 2005-2018
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Excluded:

1.<20 years old (n=30441);

2.Paticipants without depression and T2DM diagnostic
information (n=5485);

3.Patcipants without TC,HDL-C,LDL-C(n=18915).

15349 individuals

Excluded:

1.Paticipants with cancer (n=1441):

2.Paticipants with fasting weight data of 0(n=738);
3.Paticipants with missing data for covariates (n=1977).

Final population
(N=11193)

Fig. 1 Flowchart of the study

self-reported questionnaire data indicating a physician
diagnosis of diabetes.

Definition of lipid-related indicators

Serum levels of TC, HDL-C, and LDL-C were evaluated
in participants who had fasted for over 8.5 h but less than
24 h at the NHANES laboratory. Specifically, TC was
determined through enzymatic assays, HDL-C through
immunoassays, and LDL-C was derived using the Friede-
wald calculation: [LDL-C] =[TC]—[HDL-C]—[triglyc-
erides/5]. Triglyceride concentration in serum or plasma
was assessed using the timed-endpoint method. Accord-
ing to the 2019 guidelines from the European Society of
Cardiology and European Atherosclerosis Society (ESC/
EAS), RC is calculated by subtracting HDL-C and LDL-C
from TC [33]. Normal blood lipid levels were defined as
TC <5.18 mmol/L, HDL-C >1.04 mmol/L, and LDL-C
<3.37 mmol/L [34].

Covariates

The NHANES database encompasses lifestyle informa-
tion and personal medical history obtained through
standardized questionnaires. It includes data on age,
gender, race/ethnicity, education level, marital status,
poverty income ratio (PIR), body mass index (BMI),
smoking status, drinking status, waist circumference,
healthy eating index (HEI), dietary inflammation index
(DII), as well as laboratory results, including TC, HDL-
C, and LDL-C. In the collinearity analysis, we found
that BMI and waist circumference were collinearity, so
we did not consider waist circumference as one of the
covariables that needed to be adjusted.

Race/ethnicity was classified as Mexican—Ameri-
can, non-Hispanic white, non-Hispanic black, other
Hispanic, or other. Educational level was divided into
not graduated from high school, graduated from high
school, and college or higher. Following standardized
protocols, BMI was calculated as weight in kilograms
divided by height in meters squared and categorized
as <25.0, 25.0 ~30.0, and >30.0 kg/m?% Smoking sta-
tus was defined as current (having smoked at least 100
cigarettes throughout their lifetime and continuing to
smoke cigarettes currently), former (having smoked in
the past but having quit at the time of the interview),
never (having smoked fewer than 100 cigarettes in
their lifetime). Drinking status was defined as current
(having had at least 12 drinks per year during their
lifetime), former (having had >12 drinks in 1 year and
not drinking last year, or not drinking last year but
having had >12 drinks in a lifetime), or never (having
had <12 drinks in a lifetime). HEI is a metric designed
to evaluate whether a set of foods aligns with the Die-
tary Guidelines for Americans (DGA) and comprises
13 food components [35].The study utilized the most
recent version of the DGA from 2015. DII is a dietary
tool derived from literature, employed to gauge the
overall inflammatory potential of an individual’s diet
[36].

Statistical analysis

The NHANES utilizes a complex multi-stage strati-
fied sampling design. We applied weights employing
the"Fasting Subsample 2 Year MEC Weight."Given that
our data spanned seven cycles, we divided the weight
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value by 7 to establish sampling weights for the 7-year
cycle combination [37].

Univariate and multivariate logistic regression analyses
were employed to evaluate the independent association
between RC and the risk of depression, T2DM, and their
coexistence. An extended logistic model approach was
applied for different covariates. Additionally, utilizing a
multifactorial logistic regression with the reference group
being individuals without both T2DM and depression, we
assessed the risk associations of RC with only depression,
only T2DM, and the comorbidity of both. Descriptive
analyses were conducted for all participants based on RC
tertiles. Categorical variables are presented as weighted
frequencies (%). For continuous data, normal distribu-
tions were conveyed as mean *standard deviation (SD),
and skewed data were presented using median and inter-
quartile range (IQR), as applicable. Variables were com-
pared through one-way ANOVA (normal distribution)
and Kruskal-Wallis (skewed distribution) tests, along
with the chi-square test for categorical variables.

The relationships between RC and depression, T2DM,
and their coexistence were investigated using a restricted
cubic spline regression model. Additionally, subgroup
analyses were stratified by relevant effect covariates, con-
sidering variables such as age (< 60 years vs. > 60 years),
gender (female vs. male), BMI (< 25, 25-30, or >30 kg/
m?), smoking status (current, former, never), and drink-
ing status (current, former, never). To further assess
the stability of all logistic regression models, we com-
puted the E-value defined as the minimum strength of
association on the odds ratio scale that an unmeasured
confounder must have with both RC and the dependent
variable (depression, T2DM and their coexistence) to
fully suppress the observed association, conditional on
the measured covariates.

All analyses were conducted utilizing the statistical
software packages R4.2.2 (http://www.R-project.org, The
R Foundation) and the Free Statistical software version
2.0 [38]. A significance level of P< 0.05 was deemed sta-
tistically significant, employing a two-tailed test.

Results

Characteristics of participants

The age of all participants was 45.24 +0.27 years and
49.0% were male. the weighted median serum RC level
was 0.52 (95% CI: 0.36, 0.75) mmol/L. Detailed charac-
teristics of the population as determined by RC tertiles
are shown in Table 1. Age, race/ethnicity, education
level, marital status, BMI, waist circumference, HEI, DII,
smoking status, drinking status, and concomitant disease
such as depression, hypertension and T2DM were signifi-
cantly different between the serum RC different groups.
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Those with older age and with a higher BMI and waist
were likely to have higher RC levels, with males having
somewhat higher RC levels. The prevalence of depres-
sion, T2DM, and their coexistence was 6.9%, 14.0%, and
1.4%, respectively (weighted percentages). The prevalence
of T2DM, hypertension and depression &T2DM among
participants increased relatively with increasing RC.
In addition, baseline features were compared between
excluded and included data (Supplementary Table S1) to
assess the impact of lost follow-up and missing data on
the results.

Association between RC with depression, T2DM, and their
coexistence
Univariate logistic regression analysis is presented in Sup-
plementary Table S2. Using the variance inflation factor
(VIF) method to test for multicollinearity, a VIF of two or
higher indicates multicollinearity. All the variables have
no multicollinearity in depression,T2DM and their coex-
istence (Supplementary Table S3). Table 2 showed that
after adjusting for different confounders, RC was posi-
tively associated with depression, T2DM and their coex-
istence in all three models. In the non-adjusted model,
RC was significantly associated with an increased risk
of depression (OR, 1.68; 95% CI, 1.34-2.11), T2DM(OR,
3.28; 95% CI, 2.79-3.86) and their coexistence(OR, 4.30;
95% CI, 3.14-5.89). After adjusting for sociodemographic
characteristics, including age and gender (model 1) and
plus with education level, PIR, race/ethnicity, marital sta-
tus (model 2), similar association patterns were observed.
When further adjusted for BMI, smoking status, drink-
ing status, DII, HEI, and hypertension (model 3), the
adjusted ORs and 95% CIs for per unit increase in RC
were 1.39(1.06,1.82), 2.26(1.79,2.83), and 3.07(2.08,4.52),
for the risk of depression, T2DM and their coexistence.
Additionally, as depicted in Fig. 2, there was a positive
association between RC and the risks of depression,
T2DM, and their coexistence (P for nonlinear <0.05). We
further adjusted the physical activity variable (Supple-
mentary Table S4) and the results remained the same.
Simultaneously, we assessed the relationship between
RC and the risk of depression only, T2DM only, and
their comorbidities. This was done through multivariate
logistic regression, utilizing a reference group compris-
ing individuals without T2DM and depression (Table 3).
RC was still significantly associated with risk in T2DM
only (OR: 2.19; 95% CI: 1.72-2.79) and comorbid groups
(OR: 3.78; 95% CI: 2.44-5.84), when considering only
depression without T2DM, the association was not sig-
nificant (OR: 1.23; 95% CI: 0.87-1.73) after full model
adjustment.
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Table 1 Characteristics of the study participants by baseline remnant cholesterol in NHANES 2005-2018 (N=11,193)

Variables Remnant cholesterol (mmol/L) P

Total (n=11,193) T1(0.054-0.413) (n=3701) T2(0.413-0.669) (n=3761) T3(0.670-2.072) (n=3731)

Age (years) 4524 +£0.27 4191 +0.39 46.23+£0.36 47.77 £0.39 < 0.001
Gender <0.001
Female 5696 (51.0) 2140 (57.0) 1869 (50.0) 1687 (44.0)
Male 5497 (49.0) 1561 (43.0) 1892 (50.0) 2044 (56.0)
Race/Ethnicity < 0.001
Mexican American 1842 (8.5) 423(6.7) 639 (8.7) 780 (10.0)
Other Hispanic 4813 (68.0) 1419 (64.0) 1646 (69.0) 1748 (71.0)
Non-Hispanic white 2277 (11.0) 1115(17.0) 744 (10.0) 418 (6.0)
Non-Hispanic black 1089 (5.3) 304 (4.9) 367 (5.2) 418 (5.8)
Other races 1172 (7.1) 440 (7.7) 365 (6.3) 367 (7.3)
Education level <0.001
Did not graduate from high school 2555 (15.0) 651 (12.0) 880 (16.0) 1024 (18.0)
Graduated from high school 2561 (23.0) 774 (20.0) 882 (24.0) 905 (25.0)
College education or above 6073 (62.0) 2276 (68.0) 1998 (60.0) 1799 (57.0)
Marital status < 0.001
Married 5832 (55.0) 1762 (52.0) 1966 (55.0) 2104 (59.0)
Never married 2105 (19.0) 940 (24.0) 652 (18.0) 513(15.0)
Living with partner 1006 (9.0) 341 (9.5) 351(9.6) 314 (7.8)
Other 2250(17.0) 658 (14.0) 792(17) 800 (18)
PIR 3.01£0.04 307 £0.04 3.00 £0.05 297 £0.05 0.092
BMI levels (kg/m? <0.001
<25 3257 (30.0) 1601 (46.0) 1032 (28.0) 624 (16.0)
25-30 3719(33.0) 1092 (30.0) 1339 (36.0) 1288 (34.0)
>30 4217 (37.0) 1008 (24.0) 1390 (36.0) 1819 (50.0)
Waist circumference (cm) 99.92 +0.28 9243 £040 99.54 +0.39 105.14 £042 <0.001
Smoking status <0.001
Current 6273 (56.0) 2326 (63.0) 2104 (55.0) 1843 (49.0)
Former 2642 (24.0) 770 (21.0) 866 (24.0) 1006 (28.0)
Never 2278 (20.0) 605 (16.0) 791 (21.0) 882 (24.0)
Drinking status <0.001
Current 1479 (10.0) 511(11.0) 497 (10.0) 471 (9.3)
Former 1724 (12.0) 457 (9.6) 589 (13.0) 678 (15.0)
Never 7990 (77.0) 2733 (79.0) 2675 (77.0) 2582 (76.0)
Dl 142 +0.03 1.30+0.05 149 £0.05 148 +£0.04 0.003
HEI 50.05+0.24 5128 +0.38 49.60 £0.36 49.20£0.30 < 0.001
Depression <0.001
No 10,298 (93.0) 3464 (94.0) 3487 (94.0) 3347 (91.0)
Yes 895 (6.9) 237 (5.5) 274(76.3) 384 (9.0)
T2DM < 0.001
No 9100 (86.0) 3287 (92.0) 3052 (87.0) 2761 (79.0)
Yes 2093 (14.0) 414 (7.5) 709 (13.0) 970 (21.0)
Hypertension < 0.001
No 6990 (67.0) 2624 (76.0) 2289 (66.0) 2077 (58.0)
Yes 4203 (33.0) 1077 (24.0) 1472 (34.0) 1654 (42.0)
Depression & T2DM <0.001
No 10,962 (99.0) 3678 (100.0) 3682 (99.0) 3602 (97.0)
Yes 231(14) 23(0.3) 79(1.3) 129 (2.5)

Data are presented as unweighted number (weighted percentage) [95% Cl] unless otherwise indicated
Abbreviations: PIR the ratio of family income to poverty, BMI body mass index, DIl Dietary inflammation index, HEl Healthy eating index, T2DM Type 2 diabetes
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Table 2 Multivariable-adjust ORs and 95%Cl of the RC associated with depression, T2DM and their co-existence in NHANES 2005—
2018 (N=11,193)

Variable (mmol/L) Non-adjust Model 1 Model 2 Model 3

OR 95%ClI P value OR 95%Cl P value OR 95%ClI P value OR 95%ClI P value
Depression 1.68(1.34,2.11) <0.001 1.86(1.48,2.36) < 0.001 1.79(1.40,2.30) <0.001 1.39(1.06,1.82) 0.019
T2DM 3.28(2.79,3.86) <0.001 3.07(2.54,3.72) < 0.001 3.27(2.66,4.01) < 0.001 2.26(1.79,2.83) <0.001

Depression & T2DM 4.30(3.14,5.89) <0.001 4.69(3.30,6.68) < 0.001 4.62(3.20,6.69) < 0.001 3.07(2.08,4.52) <0.001

Model 1: adjusted for age, gender
Model 2: adjusted for age, gender, education level, PIR, race/ethnicity, marital status
Model 3: adjusted for Model 2 plus BMI, smoking status, drinking status, DII, HEI, hypertension

Abbreviations: Ref reference, OR odds ratio, PIR the ratio of family income to poverty, BMI body mass index, RC remnant cholesterol, DIl Dietary inflammation index, HE/
Healthy eating index, T2DM Type 2 diabetes

EP for nonlinear = 0.047 P for nonlinear = 0.013 i P for nonlinear = 0.019

IS

odds ratio
odds ratio
odds ratio

~

! DRC (mmol/L) " 1URC (mmnl/L)15 ! :;‘«'C (mmol/L) "
Depression T2DM Depression & T2DM

Fig. 2 Restricted cubic spline curves of remnant cholesterol concentrations in NHANES 2005-2018 (N=11,193). Notes: A Depression, B T2DM,

C Depression and T2DM. Odd ratios were adjusted for age, gender, education level, PIR, race/ethnicity, marital status, BMI, waist circumference,

smoking status, drinking status, DII, HEI, and hypertension

Table 3 Multivariable-adjust ORs and 95%Cl of the RC associated with depression, T2DM and their co-existence in NHANES 2005—
2018 (N=11,193)

Variable (mmol/L) Non-adjust Model 1 Model 2 Model 3

OR 95%ClI P value OR 95%ClI P value OR 95%Cl P value OR 95%ClI P value
Non-depression & T2DM Ref Ref Ref Ref
Only depression 147(1.11,1.96) 0.008 1.65(1.23,2.20) < 0.001 1.57(1.15,2.14) 0.005 1.23(0.87,1.73) 0.244
Only T2DM 3.16(2.66,3.75) <0.001 2.94(2.40,3.60) <0.001 3.13(2.52,3.88) <0.001 2.19(1.72,2.79) <0.001
Depression & T2DM 5.14(3.81,6.95) < 0.001 6.26(4.40,891) < 0.001 6.21(4.209.18) <0.001 3.78(2.44,5.84) < 0.001

Participants were classifed into no depression and no T2DM, only depression, only T2DM, depression & T2DM
Model 1: adjusted for age, gender

Model 2: adjusted for age, gender, education level, PIR, race/ethnicity, marital status

Model 3: adjusted for Model 2 plus BMI, smoking status, drinking status, DII, HEI, hypertension

Abbreviations: Ref reference, OR odds ratio, PIR the ratio of family income to poverty, BMI body mass index, RC remnant cholesterol, DIl Dietary inflammation index, HEI
Healthy eating index, T2DM Type 2 diabetes

Association of RC with depression, T2DM, and their when TC was less than 5.18 mmol/L, with adjusted
coexistence with normal TC, HDL-C, LDL-C levels ORs and 95% ClIs of 2.47(1.89,3.22), 3.64(2.23,5.96),
As shown in Table 4, RC was significantly and positively  respectively, and not in depression (OR,1.19; 95% ClI,
associated with T2DM and depressive co-morbid T2DM  0.78-1.82). Positive correlations consistent with the
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Table 4 Multivariable-adjust ORs and 95%Cl of the RC associated with depression, T2DM and their co-existence in NHANES 2005—

2018 (N=11,193)

Variable (mmol/L) TC <5.18 mmol/L

HDL-C >1.04 mmol/L

LDL-C <3.37 mmol/L

OR 95%ClI P value OR 95%Cl P value OR 95%ClI P value
Depression 1.19(0.78,1.82) 0421 1.31(0.92,1.86) 0.130 1.29(0.93,1.79) 0.126
T2DM 2.47(1.89,3.22) < 0.001 242(1.82,3.21) < 0.001 2.14(1.69,2.72) < 0.001
Depression & T2DM 3.64(2.23,5.96) <0.001 3.56(2.06,6.14) <0.001 3.08(1.90,4.98) <0.001

Adjuted by age, gender, education level, PIR, race/ethnicity, marital status, BMI, smoking status, drinking status, DlI, HEI, hypertension

Abbreviations: Ref reference, OR odds ratio, PIR the ratio of family income to poverty, BMI body mass index, RC remnant cholesterol, DIl Dietary inflammation index, HEI

Healthy eating index, T2DM Type 2 diabetes

above ranges persisted when HDL-C and LDL-C were
at normal levels (HDL-C >1.04 mmol/L and LDL-C
<3.37 mmol/L), with adjusted ORs and 95%Cls of
2.42(1.82,3.21) and 2.14(1.69,2.72) in T2DM, and in
both coexistence the adjusted ORs and 95%Cls were
3.56(2.06,6.14) and 3.08(1.90,4.98) respectively, and simi-
larly the correlations were not significant in depression,
where the adjusted ORs and 95%Cls were 1.31(0.92,1.86)
and 1.29(0.93,1.79) respectively.

Sensitivity analysis between RC and depression, T2DM,
and their coexistence

Subgroup analyses were performed to assess the effect
of serum RC (per 1l-unit increment) on depression,
T2DM, and their coexistence which were stratified by
different variables (Fig. 3). Although subgroup analyses
were performed according to confounders such as age (<
60 or >60 years), gender (female or male), BMI (< 25,
25-30, or >30 kg/m?), smoking status (current, former

Subgroup Total Event(%) OR(95%CI) P for interaction OR (95%Cl)

Age,years

<60 8392 692(82)  1.23(0.91,1.65) 0.126 - 1.98(1.50,2.62)
260 3364 253(7.5)  2.00(1.03,3.85) - 2.31(1.60,3.33)
Gender
Female 5959 600 (10.1)  1.24(0.89,1.74) 0.385 L 3.11(2.17,4.45)
Male 5797 345 (6) 1.68(1.08,2.59) = 1.58(1.20,2.09)
BMI, kg/m2
<25 3461 235(6.8)  1.07(0.43,2.68) 0.818 = 1.99(1.16,3.43)
2530 3905 256 (66)  1.74(1.102.73) - 1.86(1.29,2.70)
230 4390 454 (10.3)  1.41(0.97,2.05) L 2.18(1.67,2.84)
Smoking status
Current 6527 388 (5.9) 1.66(1.06,2.58) 0.008 = 2.52(1.87,3.40)
Former 2774 205(7.4)  2.63(1.59,4.36) - 1.94(1.19,3.18)
Never 2455 352(14.3) 0.76(0.46,1.25) - 1.47(1.01,2.15)
Drinking status
Current 1552 130 (8.4) 1.50(0.57,3.97) 0.981 L 3.04(1.63,5.65)
Former 1836  181(9.9) 1.08(0.51,2.30) L 2.04(1.29,3.23)
Never 8368 634 (7.6)  1.46(1.08,1.98) - 1.96(1.49,2.58)
Hypertension
No 9543 698 (7.3) 1.06(0.68,1.66) 0.139 = 2.31(1.64,3.23)
Yes 2213 247 (11.2) 1.75(1.13,2.72) L 1.89(1.45,2.46)
- 1 T 1

0.50 1.0 20
Depression effect(95%Cl)

4.0

or never), drinking status (current, former or never) and
hypertension (no or yes), we did not observe interac-
tions significantly associated with the risk of depression
except for in the subgroup smoking status (all P values
for interactions were >0.05), serum RC and depression
risk appear to be significantly associated in current and
previous smokers. Meanwhile, we did not observe an
interaction between RC and in the risk of T2DM except
in gender, which seems to have a greater OR in female.
We did not observe any interaction between RC and the
risk of both co-morbidities (all P values for interactions
were >0.05).

In addition, in the sensitivity analysis, the E values
were 2.13,3.95, and 5.59, respectively, suggesting that in
order to explain the observed OR of 1.39, 2.26 and 3.07,
unmeasured confounders need to be associated with
RC and dependent variables (depression, T2DM, and
comorbidities) with an OR of at least 2.13,3.95, and 5.59
(Supplementary Fig. 1).

P for interaction OR (95%Cl) P for interaction

0.88 - 2.05(1.34,3.15)  0.141 -
- 4.21(2.11,8.37) -
<0.001 [ ] 257(152,4.34) 0483 -
- 3.73(1.88,7.41) -
0.549 - 0.74(0.23,2.38) 0.579 -
- 2.89(1.54,5.44)
- 2.84(1.67,4.82) =
0.268 [ ] 2.80(137,5.73) 0.222 -
- 4.37(2.14,8.93) =
- 1.94(1.13,3.31) -
0.283 - 271(1.06,6.93) 0673 =
1.88(0.85,4.16) L]
- 3.28(1.96,5.50) =
0.222 - 2.03(0.97,4.25) 0.896 -
- 2.90(1.82,4.63) -

1.0 0.25 0.50 1.0 2.0 4.0 8.0

20 4.0
T2DM effect(95%Cl) Depression and T2DM effect(95%Cl)

Fig. 3 Subgroup analyses of remnant cholesterol and depression, T2DM and depression & T2DM
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Discussion

Our study results demonstrate a significant association
between RC and depression, T2DM, and the comorbid-
ity of these two conditions, but not in depression only
without T2DM. Even when TC, HDL-C, and LDL-C lev-
els are within the normal range, the positive correlation
between T2DM and the comorbidity with depression
remains, although the relationship with depression risk is
not significant.

Consistent with the majority of previous research, our
findings indicate an increased risk of depression [16] and
T2DM [39] with elevated RC levels. RC makes up a third
of total cholesterol and 50% of the cholesterol in athero-
sclerotic plaques [40, 41], and is linked to several diseases
[24, 42—-45]. Elevated RC may contribute to depression by
activating the HPA axis. It also makes the arteries more
permeable, allowing RC to be absorbed by macrophages
more easily than LDL [46]. These macrophages release
IL-6, which stimulates the HPA axis [47] and is con-
nected to depression. RC may also trigger inflammation
[48] and damage to blood vessels [49], worsening depres-
sion [50]. Our study was not significant in depression
risk alone, this may be related to the more complex asso-
ciation between lipids and depression, and we can further
conduct Mendelian randomization analysis to see if there
is a causal relationship.

In a nationwide population-based cohort study, RC was
recognized as an independent predictor of T2DM [21].
The degradation and metabolism of RC by lipoprotein
lipase can produce free fatty acids and monoacylglycerol,
initiating an inflammatory response and thereby causing
diabetes [51].The surplus residual lipoprotein in plasma
has the ability to infiltrate the arterial wall and be assimi-
lated by macrophages and smooth muscle cells, leading
to foam cell formation and eliciting mild inflammation,
thereby contributing to elevated blood glucose levels [52,
53]. Additionally, RC exhibits a close association with
insulin resistance [54], wherein the arterial retention of
residual lipoprotein isolates intensifies insulin resistance,
resulting in hyperglycemia [55, 56].

Our findings suggest that elevated RC may increase the
risk of the comorbidity of depression and T2DM. Grow-
ing evidence supports a shared biological origin between
depression and T2DM, particularly related to congeni-
tal immune overactivation leading to cytokine-mediated
inflammatory responses, possibly through HPA axis dys-
regulation [57]. Throughout the lifespan, these pathways
may contribute to increased risks of insulin resistance,
depression, T2DM, and elevated mortality rates. Patients
with type 2 diabetes experience alterations in cerebral
microcirculation, marked by increased blood—brain bar-
rier permeability and changes in blood flow regulation.
When depression is triggered, microvascular dysfunction
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may contribute to alterations in metabolic mechanisms
[58]. Ultimately, deepening our understanding of the
common origins of depression and diabetes may ena-
ble simultaneous treatment and improvement of both
conditions.

Until now, the prevailing clinical indicators for assess-
ing lipid levels have included total cholesterol, HDL-C,
and LDL-C. Nevertheless, our study unveils that, despite
these three indicators being within the normal range, RC
remains linked to the risk of T2DM and its comorbidities,
with the exception of the risk of depression. Some stud-
ies propose that the non-HDL-C index might be more
efficacious in predicting the risk of diabetes compared
to traditional cholesterol indices like LDL-C [23, 59, 60].
Moreover, heightened RC levels may instigate inflamma-
tion and contribute to coronary artery disease, whereas
elevated LDL-C, in addition to contributing to coronary
heart disease, may also be implicated in elevating the risk
of depression in the T2DM population [61]. Hence, even
with normal lipid levels, attention to RC is warranted for
further prevention of associated comorbidities.

This study boasts several strengths, First, we employed
a large, nationally representative sample of adults in
US. Second, we took into account and adjusted for
known and potential variables. Third, the researchers
looked at relationships between RC and risk of depres-
sion, T2DM, and their coexistence. In addition, we also
performed a dose-response analysis to assess the rela-
tionship between them. However, the study has certain
limitations. First, we could not draw causal conclusions
regarding the pathogenesis of RC with depression, type 2
diabetes, and their coexistence due to the cross-sectional
nature of the study design. Second, the depression was
scored using a PHQ-9, an interview questionnaire format
that may limit the robustness and comprehensiveness of
depression evaluations, although the PHQ-9 score is con-
sidered useful for standards-based diagnosis of depres-
sion and other mental disorders common in primary
care [31]. Third, the effect of unmeasured covariates,
such as dietary patterns, medication use, stress levels and
the history of depression and diabetes treatment cannot
be excluded and may bias the results, although we have
adjusted for as many covariates as possible. Moreover,
we computed E-values to demonstrate that unmeasured
confounders are likely not able to offset the reported
associations. Fourth, the cholesterol measurement meth-
ods used by private healthcare institutions may vary, and
since the RC value is derived through calculation, it may
be subject to potential overestimation or underestima-
tion compared to direct measurement. Finally, the gen-
eralizability of these findings is likely limited to the U.S.
population. Considering the characteristics of our study
sample, caution is advised when applying these findings
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to younger populations, and future studies with broader
samples are warranted. Although NHANES participants
are selected using a multi-stage, multi-stratified probabil-
istic design, mitigating selection bias to some extent [62],
additional prospective trials are indispensable to validate
our findings in diverse populations.

Conclusions

This study demonstrates a substantial positive association
between RC values and the risk of depression, T2DM, and
their co-existence, although the relationship with the risk
of depression alone is not significant. Notably, these posi-
tive associations persisted in T2DM and comorbidities
even when TC, HDL-C, and LDL-C levels were normal.
Our findings propose that RC can serve as a lipid predic-
tor for depression, T2DM, and their comorbid conditions,
offering novel insights into preventive strategies. Future
prospective longitudinal studies are needed to investigate
the relationship between RC and these comorbidities.
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