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Summary

Background Depression is a severe mental disorder commonly co-morbid with diabetes, but it remains to elucidate
whether depression is associated with the risks of a wide range of vascular complications in people with type 2
diabetes mellitus (T2DM) and whether metabolic biomarkers may mediate this pathway.

Methods We conducted this prospective analysis among the participants of the UK Biobank who were diagnosed with
T2DM and free of vascular complications at baseline between March 13, 2006 and September 30, 2010. Major
depressive disorder (MDD) was ascertained according to the hospital admission records and self-report of doctor-
diagnosed conditions, while the presence of depressive symptoms was assessed using the Patient Health
Questionnaire-2. Cox proportional hazards models were performed to estimate the hazard ratios (HRs) and 95%
confidence intervals (CIs) of MDD and depressive symptoms with the risks of incident heart failure (HF); total
and individual atherosclerotic cardiovascular disease (ASCVD) including coronary artery disease (CAD), ischemic
stroke (IS), and peripheral artery disease (PAD); total and individual microvascular complications of diabetic
kidney disease (DKD), diabetic retinopathy (DR), and diabetic neuropathy (DN). Mediation analyses were
conducted to quantify the potential mediation effects of circulating metabolites (involved in insulin-resistance,
lipid profile, liver function, renal function, and inflammation) in the association of MDD with the outcomes.

Findings Of the total 23,856 patients with T2DM in the UK Biobank, 13,706 participants (61% males) were eligible
and included in this study. During an average of 13 years of follow-up, 2927 (21.36%) ASCVD, 1070 (7.81%) HF, and
2579 (18.82%) microvascular complications occurred. The adjusted HR (95% CI) for MDD was 1.32 (1.09-1.61) with
HF, 1.17 (1.03-1.32) with ASCVD, and 1.29 (1.14-1.46) with microvascular complications, while those for depressive
symptoms were 1.47 (1.20-1.79), 1.25 (1.10-1.42) and 1.20 (1.05-1.37), respectively. The HRs ranged from 1.26
(1.09-1.44) to 1.96 (1.57-2.45) for MDD with individual complications and mortality, and from 1.26 (1.08-1.47) to
1.49 (1.16-1.93) for depressive symptoms. Up to 7.8% of adverse complications were attributable to MDD and
3.8% to depressive symptoms. A series of circulating metabolites involving lipid profile, renal function, and
inflammation were observed to mediate the associations of MDD with vascular complications. The identified
mediators jointly accounted for 7.29%-26.87% of the disparities in incident vascular complications between
patients with and without MDD.

Interpretation Our findings highlight the role of MDD and depressive symptoms in the development of vascular
complications among people with T2DM, and suggest that the effect of improving mental health on vascular out-
comes in patients with T2DM should be investigated in future work.
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Mediator metabolites

Research in context

Evidence before this study

We searched PubMed and Google Scholar up to July 1, 2024,
for published cohort studies examining the associations of
depression with the risk of vascular complications among
people with type 2 diabetes mellitus (T2DM) and the
potential mediating effect of circulating metabolites in the
health pathway. The search terms included “patients with
T2DM or diabetes” AND “depression, depressive symptoms,
or major depressive disorder (MDD)” AND “heart failure (HF),
cardiovascular disease, atherosclerotic cardiovascular disease
(ASCVD), coronary artery disease (CAD), ischemic stroke (IS),
peripheral artery disease (PAD), macrovascular complications,
microvascular complications, diabetic kidney disease (DKD),
diabetic retinopathy (DR), or diabetic neuropathy (DN)” AND
“mediating metabolites”. We found that existing cohort
studies yielded inconsistent results, and large-scale
prospective data is scarce on the associations of MDD and
depressive symptoms with a wide spectrum of individual
diabetes complications. Moreover, it remains unclear whether
the circulating metabolites contribute to the development of

Introduction

Type 2 diabetes mellitus (I2DM) has surged to an
epidemic level globally, with 536.6 million people living
with the condition in 2021." In individuals with T2DM,
vascular complications remain the leading cause of
hospitalization and mortality, accompanied by a dra-
matic rise in health expenditures,” posing a significant
public health challenge worldwide.

As a severe mental disorder commonly co-morbid
with diabetes,’ depression is frequently accompanied
by unhealthy behaviors such as smoking and physical
inactivity.* It has been reported that adults comorbid
with diabetes and psychological distress were more
likely to have inferior diabetes self-care and poor gly-
cemic control, all of which may contribute to vascular
dysfunction,” and therefore a worse prognosis.®” A
handful of studies have evaluated the associations be-
tween depression and a composite of vascular com-
plications but yielded inconsistent results, probably
due to the cross-sectional design, short-term follow-up,
and relatively small sample size.”® Prospective evi-
dence from large-scale and long-term follow-up cohort
studies is also available for the risk of total vascular
complications related to depression.'”'" However, the

vascular complications in people with T2DM comorbid with
depression.

Added value of this study

In this prospective cohort study of 13,706 UK adults with
T2DM, we found that the patients with comorbid MDD or
depressive symptoms had a higher risk of multiple adverse
vascular complications, including HF, total ASCVD, CAD, total
microvascular complications, DKD, and DN, with up to 7.8%
of the incident adverse complications attributable to MDD
and 3.8% to depressive symptoms. In addition, 7.29%-
26.87% of the associations between MDD and vascular
complications were jointly explained by a panel of biomarkers
including lipid profile, renal function, and inflammation.

Implications of all the available evidence

Our findings suggest that the effect of improving mental
health on vascular outcomes in patients with T2DM should be
investigated in future work.

associations of depression with a wide spectrum of
individual diabetes complications remain unclear,
which has limited the development of tailored pre-
ventive strategies.

Both depression and T2DM are associated with
dysregulation of the hypothalamic-pituitary-adrenal
pathway, leading to increased platelet activation,
elevated  insulin  resistance, and  aggravated
inflammation,”* The mechanisms that depression
enhances the risk of diabetes complications include
hyperglycemia and dyslipidemia due to chronic stress
and hypercortisolism which disturb the immune system
and synaptic plasticity.” Accumulating evidence sug-
gests that depression may trigger alternations in various
circulating metabolites, such as glucose metabolism,'
serum lipid profiles,"” biomarkers of renal function,
and systemic inflammatory factors.” Many of the me-
tabolites, particularly triglycerides and C-reactive pro-
tein, have served as biomarkers for adverse vascular
complications.” These observations, however, indicate a
bidirectional association between depression and
T2DM.”" It remains unclear whether these depression-
related biomarkers contribute to the development of
vascular complications in people with diabetes.
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To fill these knowledge gaps, we designed this pro-
spective study based on the UK Biobank to examine the
associations of major depressive disorder (MDD) and
depressive symptoms with the risks of heart failure
(HF), total and individual atherosclerotic cardiovascular
disease (ASCVD), and total and individual microvas-
cular complications among individuals with T2DM. In
addition, we explored the potential mediating effects of a
series of circulating metabolites in the relationships
between MDD and individual vascular complications
among adults with diabetes with a clear temporality.
This study has the potential to provide novel insight into
the role of metabolic markers in the pathway from MDD
to poor prognosis of diabetes.

Methods

Study population

The UK Biobank is a large-scale population-based pro-
spective cohort study that enrolled over 500,000 adults
aged 37-73 years from 22 sites across England, Scot-
land, and Wales during 2006-2010.”*** Comprehensive
data were collected through self-completed touch-screen
questionnaires, physical and functional measures, and a
range of biochemical assays of baseline samples.”
Follow-up was conducted mainly through linkages to
routinely available national datasets. The disease and
death outcomes were initially ascertained using elec-
tronic and semi-automated sources and supplemented
by retrieval of case records, imaging data, or banked
tissue samples for validation and sub-classification.

The current study included men and women diag-
nosed with T2DM at baseline. A total of 23,856 prevalent
patients with T2DM were identified using a validated
algorithm based on self-report, primary, and secondary
care data.” After the exclusion of those who had missing
data on depressive symptoms (n = 2317), or prevalent
HF, ASCVD, and diabetes microvascular complications
identified by self-report, biological assays, or the Inter-
national Classification of Diseases 10th Revision [ICD-
10] code (n = 7828), or those who withdrew from the
UK Biobank study subsequently (n =5), a total of 13,706
individuals with T2DM were included in the final
analysis.

The UK Biobank study was approved by the North
West Multi-Centre Research Ethics Committee, and
written informed consent was obtained from all partic-
ipants on a touch screen using a signature capture de-
vice. This study is reported following the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) guideline.

Assessment of MDD and depressive symptoms

In this study, MDD was determined based on hospital
inpatient admission records using the ICD-10 codes F32
and F33,% as well as self-reported diagnoses of
depression from medical professionals. The depressive
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symptoms were assessed at baseline using the Patient
Health Questionnaire-2 (PHQ-2).” The PHQ-2 scale
consists of two questions about the frequency of
depressed mood and loss of interest over the past two
weeks. Response options include “not at all”, “several
days”, “more than half the days”, and “nearly every day”
scored as 0, 1, 2, and 3, respectively. The total PHQ-2
score ranges from 0 to 6, and a score of >3 indicates
possible depressive symptoms, which has been widely
adopted in previous studies.”**’

Assessment of the circulating biomarkers
Blood samples were obtained from the consenting par-
ticipants at baseline, processed into individual compo-
nents, and stored at the UK Biobank’s facilities at a
temperature of —80 °C or in a nitrogen atmosphere until
analysis. The UK Biobank confirms the reliability of
blood biomarkers through rigorous quality control
measures and provides comprehensive information on
assay performance at https://biobank.ndph.ox.ac.uk.
The selections of biological biomarkers that might
mediate the associations between MDD and vascular
complications were based on the knowledge of relevant
pathways.'*'7***! Finally, we extracted the data on circu-
lating metabolites that involve insulin-resistance [glycated
hemoglobin (HbA1lc), insulin-like growth factor-1 (IGF-
1)], lipid profile [total cholesterol (TC), high-density lipo-
protein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglycerides, apolipoprotein A,
apolipoprotein B, and lipoprotein A], liver function
[alanine aminotransferase (ALT), alkaline phosphatase
(ALP), aspartate aminotransferase (AST), gamma-
glutamyl transferase (GGT), total and direct bilirubin,
and albumin], renal function (cystatin C, creatinine,
urate, and urea), and inflammation [C-reactive protein
(CRP) and white blood cell count (WBC)].

Study outcomes

The primary outcomes were the incident HF, total and
individual ASCVD, as well as total and individual
microvascular complications. ASCVD was defined as a
composite of outcomes of coronary artery disease
(CAD), ischemic stroke (IS), and peripheral artery dis-
ease (PAD), while microvascular complications included
diabetic kidney disease (DKD), diabetic retinopathy
(DR), and diabetic neuropathy (DN). The secondary
outcomes were all-cause death and CVD-specific death.
The ICD-10 code for each T2DM complication and
diagnosis date are presented in Table S1. All the events
and deaths were identified by linking the cohort data-
base with the hospital inpatient admissions, the vital
statistics, the primary care data in the UK, and the self-
report of doctor-diagnosed conditions at repeated visits.

Covariates
Covariates obtained from the baseline survey were
considered as potential confounders, which included
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sociodemographic status (age, sex, ethnicity, Townsend
deprivation index), lifestyle factors (smoking status,
alcohol intake, body mass index), family history of dia-
betes, family history of CVD, medication (use of hypo-
glycemic agents, lipid-lowering agents), and duration of
diabetes. All participants were dichotomised into White
and non-White ethnicity and categorised into five
groups according to the quintiles of the Townsend
deprivation index. Body mass index (BMI) was calcu-
lated as weight (kg) divided by the square of height (m?),
and classified as obese (>30 kg/m? or non-obese
(<30 kg/m?). We further categorised participants into
3 smoking categories: never, former, and current
smokers, and 3 alcohol consumption categories: never,
former, and current drinkers. Duration of diabetes was
defined as the difference between the year/age of the
first episode of diabetes and the year/age of the baseline
survey.

Statistical analysis

Baseline characteristics were presented as median
(interquartile range, IQR) for continuous variables and
frequency (%) for categorical variables. Person-years
were calculated from the date of recruitment to the
date of occurrence of events, death, end of follow-up
(31 October 2022 for England sub-cohort, 31 May 2022
for Wales sub-cohort, and 31 August 2022 for Scotland
sub-cohort), or loss to follow-up, whichever occurred
first. Lost to follow-up was confirmed according to (1)
death reported to UK Biobank by a relative; (2) NHS
records indicating they were lost to follow-up; (3) NHS
records indicating they left the UK; and (4) UK Biobank
sources reporting they left the UK. Cox proportional
hazard models were applied to estimate the hazard ra-
tios (HRs) and 95% confidence intervals (95% ClIs) of
MDD and depressive symptoms with the risks of total
and individual vascular complications, as well as all-
cause deaths and CVD-specific deaths. The propor-
tional hazard assumptions were tested based on scaled
Schoenfeld residuals.

We fitted two statistical models: In model 1, we
adjusted for age (continuous, years) and sex (male, fe-
male). In the fully adjusted model (model 2), we further
adjusted for Townsend deprivation index, ethnicity,
smoking status, alcohol intake, BMI, family history of
CVD, family history of diabetes, diabetes duration, use
of hypoglycemic, and use of lipid-lowing agents. A total
of 516 participants (3.8%) had missing information on
at least one of the covariates, as presented in Table S2.
We imputed missing values for continuous covariates by
using multiple imputations (n = 5) and created a sepa-
rate response category for missing values of categorical
covariates. In addition, we calculated the population-
attributable fractions (PAFs) to quantify the contribu-
tion of MDD and depressive symptoms to each
outcome.*

Mediation effects of metabolic biomarkers on the
associations of MDD with the risks of individual
vascular complications were evaluated according to the
hypothesised pathway illustrated in Figure S1 and via
the quasi-Bayesian Monte Carlo method with 1000
simulations using the mediation package in R.”
Considering that MDD was diagnosed before the base-
line survey, while depressive symptoms were assessed
simultaneously with the assays of circulating metabo-
lites at baseline, we only used MDD as the exposure to
conduct mediation analyses to ensure temporality.

We identified potential mediators from selected
circulating metabolites for mediation analyses following
a two-step analysis. First, we assessed the associations of
MDD with the biomarkers using multiple linear
regression models. Second, we evaluated the associa-
tions of the significant biomarkers in the first step with
the risks of all the outcomes using the multivariable-
adjusted Cox regression model. Then we chose the
biomarkers significantly associated with any outcome
for corresponding mediation analyses. To assess the
extent to which all the mediators explain the total effect,
we summarised all the mediating biomarkers in multi-
ple principal components and then used the principal
components as mediators.*

We further conducted stratified analyses by age (<60,
>60 years), sex (male, female), smoking (ever, never),
diabetes duration (<5, >5 years), and use of lipid-
lowering medication (yes, no). Interactions between
MDD or depressive symptoms and stratified factors in
the risks of outcomes were examined using the likeli-
hood ratio test by adding product terms in the
multivariable-adjusted Cox models.

We performed several sensitivity analyses to test the
robustness of our results. First, to minimise the po-
tential reverse causation, we evaluated the associations
of MDD and depressive symptoms with vascular com-
plications after excluding the events that occurred
within 2 years of follow-up. Second, we performed the
association analysis of MDD with the outcomes by
including the incident T2DM during the follow-up
period as the study participants. Third, we applied the
Fine-Gray proportional subdistribution hazards model
by treating all-cause deaths or other-cause deaths as
competing events to compute the subdistribution HR
and 95% CI. Fourth, we regarded the users of antide-
pressant medications as potentially patients with MDD
and added them to the exposed group. Finally, consid-
ering the potential interactions between MDD and the
mediators, we used the four-way effect decomposition
approach to classify the total effect of MDD compared to
non-MDD into four components: controlled direct effect
(neither mediation nor interaction), pure indirect effect
(mediation only), reference interaction effect (interac-
tion only), and mediated interaction effect (both medi-
ation and interaction),” as illustrated in Figure S2.
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All statistical analyses were performed using SAS 9.4
(SAS Institute, Cary, NC, USA) and R software (4.3.1). A
two-tailed P < 0.05 was considered statistically signifi-
cant. P-values were adjusted for a false discovery rate
(FDR) of 0.05 using the Benjamini-Hochberg method
for multiple comparisons in analyses of circulating
biomarkers.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report. All authors had full access to the data in
the study, and W.H.X. had final responsibility for the
decision to submit for publication.

Results
Baseline characteristics
Of 13,706 participants with T2DM (61.0% male; mean
age of 59.5 years), 1336 (9.75%) were diagnosed with
MDD, and 1246 (9.09%) had depressive symptoms, of
whom 361 individuals (2.63%) had MDD and depressive
symptoms simultaneously. The flow chart for recruit-
ment of study participants is shown in Fig. 1.

The baseline characteristics of the participants with
and without MDD or depressive symptoms are shown

in Table 1. The individuals with depressive symptoms or
MDD were more likely to be female, younger, deprived,
smokers, and obese, but less likely to be drinkers. In
addition, the individuals with MDD were less likely to
use hypoglycemic agents and have a family history of
diabetes than those without.

Incidence of vascular complications

During the median follow-up period of over 13 years,
1070 of the total 13,706 participants (7.81%) were newly
diagnosed with HF, 2927 (21.36%) with ASCVD
(including 2205 CAD, 615 PAD, and 570 IS), and 2579
(18.82%) with microvascular complications (including
1114 DKD, 582 DN, and 1393 DR). In addition, 2157
(15.74%) participants died by the end of the follow-up,
with 465 (3.39%) dying from CVD. Participants with
MDD or depressive symptoms had significantly higher
cumulative incidences or age-standardised incidences of
HF, ASCVD, CAD, microvascular complications, and
DN compared with those without during the follow-up
period (Figures S3 and S4 and Table S3).

Associations of MDD and depressive symptoms
with outcomes

After adjusting for potential confounders as in model 2,
higher risks of most complications were observed in

Participants in the UK Biobank
(n=502,359)

Participants with type 2 diabetes mellitus

according to a validated algorithms (n=23,856)

Subjects excluded (n=7,828)
® With existing heart failure,
atherosclerotic cardiovascular disease,

or diabetic microvascular complications

Subjects excluded (n=2,317)

— ® No complete baseline data on

depressive symptoms

Eligible subjects for analysis (n=13,711)

Subjects excluded (n=5)
—

® Withdrawal from the study subsequently

Subjects included in the analysis
(n=13,706)

Fig. 1: Flowchart of the selection of study participants from the UK Biobank.
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Major depressive Non- major depressive P-values Depressive symptoms Non-depressive P-values
disorder disorder symptoms
Count (%) 1336 (9.75) 12,370 (90.25) 1246 (9.09) 12,460 (90.91)
Sex of male (%) 660 (49.40) 7705 (62.29) <0.0001 651 (52.25) 7714 (61.91) <0.0001
Age (years) 59 (53, 63) 61 (55, 65) <0.0001 56 (50, 62) 61 (56, 65) <0.0001
Ethnic (%) <0.0001 <0.0001
White 1233 (92.29) 10,862 (87.81) 907 (72.79) 11,188 (89.79)
Others 95 (7.11) 1453 (11.75) 331 (26.57) 1217 (9.77)
Townsend deprivation index <0.0001 <0.0001
1 (least deprived) 218 (16.32) 2525 (20.41) 141 (11.32) 2602 (20.88)
2 225 (16.84) 2490 (20.13) 172 (13.80) 2543 (20.41)
3 250 (18.71) 2511 (20.30) 201 (16.13) 2560 (20.55)
4 299 (22.38) 2438 (19.71) 304 (24.40) 2433 (19.53)
5 (most deprived) 344 (25.75) 2406 (19.45) 428 (34.35) 2322 (18.64)
Obese (%) 855 (64.00) 6674 (53.95) <0.0001 745 (59.79) 6784 (54.45) 0.0002
Alcohol intake (%) <0.0001 <0.0001
Never 93 (6.96) 959 (7.75) 175 (14.04) 877 (7.04)
Past 127 (9.51) 729 (5.89) 132 (10.59) 724 (5.81)
Current 1112 (83.23) 10,673 (86.28) 935 (75.04) 10,850 (87.08)
Smoking status (%) 0.0004 <0.0001
Never 581 (43.49) 5828 (47.11) 637 (51.12) 5772 (46.32)
Past 583 (43.64) 5238 (42.34) 426 (34.19) 5395 (43.30)
Current 171 (12.80) 1237 (10.00) 179 (14.37) 1229 (9.86)
Duration of diabetes (years) 3.00 (1.29, 6.00) 3.43 (1.39, 7.00) 0.024 3.00 (1.33, 7.00) 3.35 (1.37, 7.00) 0.90
Glycated hemoglobin (mmol/mol) 47.70 (41.60, 56.40) 48.70 (42.30, 56.80) 0.014 48.95 (41.90, 59.10) 48.60 (42.20, 56.60) 0.061
Use of hypoglycemic agents (%) 794 (59.43) 7824 (63.25) 0.0061 807 (64.77) 7811 (62.69) 0.15
Use of lipid-lowing medication (%) 985 (73.73) 9160 (74.05) 0.80 877 (70.39) 9268 (74.38) 0.0022
Family history of diabetes (%) 373 (27.92) 3986 (32.22) 0.0013 433 (34.75) 3926 (31.51) 0.019
Family history of CVD (%) 317 (23.73) 3206 (25.92) 0.082 268 (21.51) 3255 (26.12) 0.0004
Data presented as frequency (%) or median (Q,5-Qs). MDD, major depressive disorder. P-value for Mann-Whitney U tests (continuous variables) or Chi-squared tests (categorical variables). CVD,
cardiovascular disease. Major depressive disorder determined based on hospital inpatient admission records and self-report, and depressive symptoms assessed using the Patient Health Questionnaire-2.
Table 1: Baseline characteristics of the study participants by major depressive disorder or depressive symptoms.

patients with MDD, with HRs (95% CI) being 1.32
(1.09-1.61) for HF, 1.17 (1.03-1.32) for ASCVD, 1.26
(1.10-1.45) for CAD, 1.29 (1.14-1.46) for total micro-
vascular complications, 1.31 (1.09-1.59) for DKD, and
1.96 (1.57-2.45) for DN (Table 2). The estimated PAFs
of MDD to the complications ranged from 1.1% to 7.8%.
No significant association was observed between MDD
and the risks of PAD, IS, and DR.

A similar association pattern was observed for
depressive symptoms. The HR (95% CI) was 1.47
(1.20-1.79) with HF, 1.25 (1.10-1.42) with ASCVD, 1.27
(1.10-1.47) with CAD, 1.20 (1.05-1.37) with total micro-
vascular complications, and 1.49 (1.16-1.93) with DN,
and the PAFs to the outcomes ranged from 1.2% to 3.8%.
The associations of depressive symptoms with PAD, IS,
DKD, and DR were not significant in this population.

The individuals with MDD or depressive symptoms
also demonstrated a higher risk of all-cause death, with

R (95% CI) of 1.26 (1.09-1.44) for MDD and 1.26
(1.08-1.47) for depressive symptoms, and PAF of 2.0%
for MDD and 1.6% for depressive symptoms. However,

no excess risk of CVD-specific death was observed in the
individuals with MDD or depressive symptoms.

Mediation analyses

MDD was significantly associated with 14 of 22 circu-
lating metabolites involving lipid profile, liver function,
renal function, IGF-1, and inflammation at FDR <0.05.
As shown in Table S4, the adjusted regression co-
efficients (95% ClIs) ranged from —0.14 (—0.20, —0.09) to
0.17 (0.11, 0.22). The associations between selected
biomarkers and all outcomes are shown in Table S5.
A total of 11 significant mediators were identified in the
association of MDD with CAD and 4 in the association
with HF, mainly involving lipid profile, renal function,
and inflammation. The mediators accounted for 1.6%-
9.8% of the MDD-CAD association and 2.1%-7.8% of
the MDD-HF association. Specifically, the relationship
between MDD and the risk of DKD was mediated by
cystatin C, GGT, HDL-C, triglycerides, CRP, and apoli-
poprotein A, with the proportions of mediation effect of
2.3%-17.0%. The association between MDD and DN
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Incidence (per 1000 Cases/deaths Major depressive disorder PAF, % Depressive symptoms PAF, %
[FEEE R, HR1 (95% Cl) HR2 (95% Cl) HR1 (95% Cl) HR2 (95% Cl)
ASCVD 18.00 2927 1.21 (1.08-1.37) 1.17 (1.03-1.32) 11 1.37 (1.21-1.55) 1.25 (1.10-1.42) 14
CAD 13.26 2205 130 (1.13-1.49) 1.26 (1.10-1.45) 19 1.39 (1.20-1.60) 1.27 (1.10-1.47) 17
PAD 3.52 615 1.19 (0.91-1.55) 1.07 (0.82-1.40) = 1.47 (1.13-1.92) 1.30 (0.99-1.69) -
S 3.26 570 0.93 (0.67-1.27) 0.90 (0.66-1.23) = 1.10 (0.80-1.50) 0.97 (0.71-1.34) =
HF 6.16 1070 1.43 (1.18-1.74) 132 (1.09-1.61) 25 1.69 (1.39-2.06) 1.47 (1.20-1.79) 31
Microvascular complications
Overall 15.42 2579 1.30 (1.15-1.47) 1.29 (1.14-1.46) 2.0 1.31 (1.15-1.50) 1.20 (1.05-1.37) 12
DKD 6.42 1114 1.36 (1.13-1.65) 1.31 (1.09-1.59) 23 1.22 (0.99-1.51) 1.09 (0.88-1.36) =
DN 333 582 2.06 (1.66-2.57) 1.96 (1.57-2.45) 7.8 1.62 (1.26-2.09) 1.49 (1.16-1.93) 3.8
DR 8.10 1393 0.96 (0.80-1.16) 0.99 (0.83-1.20) = 1.25 (1.04-1.49) 1.13 (0.94-1.35) =
All-cause death 12.16 2157 1.39 (1.21-1.59) 1.26 (1.09-1.44) 2.0 1.38 (1.18-1.60) 1.26 (1.08-1.47) 1.6
CVD-specific death 2.62 465 136 (1.01-1.83) 1.26 (0.93-1.70) = 1.12 (0.79-1.59) 1.01 (0.71-1.44) =
HR1 (95% Cl): adjusted for age and sex. HR2 (95% Cl): adjusted for age, sex, ethnicity, Townsend deprivation index, smoking status, alcohol intake, body mass index, family history of cardiovascular disease,
family history of diabetes, diabetes duration, use of hypoglycemic agents, and use of lipid-lowing medication. Major depressive disorder determined based on hospital inpatient admission records and self-
report, and depressive symptoms assessed using the Patient Health Questionnaire-2. ASCVD, atherosclerotic cardiovascular disease; CAD, coronary artery disease; DKD, diabetic kidney disease; DN, diabetic
neuropathy; DR, diabetic retinopathy; HF, heart failure; HR, hazard ratio; IS, ischemic stroke; PAD, peripheral artery disease; PAF, population attributable fraction.
Table 2: Associations of major depressive disorder and depressive symptoms with the risk of total and individual vascular complications and death among individuals with type 2
diabetes mellitus.

explained by the selected metabolites was relatively low
(up to 4.6% by triglycerides) (Fig. 2).

After summarizing the mediating metabolites in
principal components, we found that the mediators
jointly explained 21.39% (95% CI: 12.18-46.91), 10.49%
(95% CI: 3.31-31.61), 26.87% (95% CI: -10.56 to
109.94), and 7.29% (95% CI: 3.72-11.92) of the associ-
ations of MDD with CAD, HF, DKD, and DN, respec-
tively (Table S6). The decomposed effects of MDD on
vascular complications mediated by selected circulating
metabolites are shown in Table S7.

After excluding the users of lipid-lowering agents, we
found that the associations remained significant for
MDD with 10 of 16 significant biomarkers identified in
all individuals (Table S4), and for 8 selected circulating
metabolites with at least one vascular complication
(Table S5). Eight significant mediators were detected in
the associations of MDD with the risk of vascular
complications: ALT, apolipoprotein A, apolipoprotein B,
AST, TC, IGF-1, LDL-C, and triglycerides (Table S8).

Subgroup and sensitive analyses

Generally, the associations of MDD and depressive
symptoms with vascular complications were consis-
tently observed across subgroups stratified by sex (male,
female) (Figure S5), age (<60, >60 years) (Figure S6),
diabetes duration (<5, >5 years) (Figure S7), smoking
status (never, ever) (Figure S8), and use of lipid-lowing
agents (yes, no) (Figure S9). The associations between
MDD or depressive symptoms and the outcomes were
seldom modified by the factors. We only observed sig-
nificant interactions between MDD and smoking on
DN, between depressive symptoms and use of lipid-
lowing agents or duration of diabetes on DN, and
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between MDD and use of lipid-lowing agents on IS (all
p for interaction <0.05).

Sensitivity analyses did not show substantial changes
in the mediation effects of the selected biomarkers in
the associations of MDD with the outcomes by
excluding the events within 2 years of follow-up,
including incident T2D patients during the follow-up,
using Fine-Gray models to perform competing risk
analyses, or by regarding the users of antidepressant
medications as individuals with MDD (Tables S9-S12).
Table S13 shows the results of the four-way effect
decomposition analysis. No significant interaction was
found for MDD with the mediating metabolites (all p for
interaction >0.05). Therefore, excess relative risks of
MDD on vascular complications compared to non-MDD
were attributable to the controlled direct and pure in-
direct effects (mediation only).

Discussion
In this prospective cohort study including 13,706 UK
adults with T2DM, we found that people with comorbid
MDD or depressive symptoms had a higher risk of
multiple adverse vascular complications, including HF,
total ASCVD, CAD, total microvascular complications,
DKD, and DN, with up to 7.8% of the incident adverse
complications attributable to MDD and 3.8% to depres-
sive symptoms. Moreover, 7.29%-26.87% of the associ-
ations between MDD and vascular complications were
jointly explained by a series of biomarkers involving lipid
profile, renal function, and inflammation.

The positive associations of MDD and depressive
symptoms with incident macrovascular events in this
study were generally consistent with previous studies
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Fig. 2: Associations and mediation effects of MDD-related metabolic biomarkers with incident CAD, HF, DKD, and DN among people with type 2
diabetes Models adjusted for age, sex, ethnicity, Townsend deprivation index, smoking status, alcohol intake, body mass index, family history of
cardiovascular disease, family history of diabetes, duration of diabetes, use of hypoglycemic agents, and use of lipid-lowing medication. CAD, coronary
artery disease; DKD, diabetic kidney disease; DN, diabetic neuropathy; FDR, false discovery rate; HDL, high-density lipoprotein; HF, heart failure; IGF-1,
insulin-like growth factor-1; LDL, low-density lipoprotein; MDD, major depressive disorder.

and demonstrated equally substantial increased risks of
vascular complications among individuals with
T2DM.*”* In a cohort study involving 259,875 Scottish
patients with T2DM, the individuals with a history of
MDD had a 1.59-fold higher risk of developing com-
posite CVD events.® Similar results were observed in
two cohort studies but with a slightly lower magnitude
of the associations.”** However, these previous studies
mainly focused on CVD events, and the evidence for
specific vascular events is still limited, which may not be
conducive to tailored prevention strategies. In this study,
we find that the associations of MDD and depressive
symptoms with the composite ASCVD events were sig-
nificant only for CAD but not for IS and PAD, incon-
sistent with the reported 19% elevated risk of IS in
patients with depression relevant to those without any
mental disorders in South Korea.*® Due to the different
control settings, further research is needed to evaluate the
associations and elucidate the potential biological mech-
anisms. However, given the wide confidence intervals in

our analysis, the non-significant associations of MDD or
depressive symptoms with PAD and IS may be due to
insufficient statistical power. Longer follow-up of the
study participants is warranted to reveal the associations.
Regarding the risk of HF, we provide the first prospective
evidence for the association of MDD with the develop-
ment of the disease among adults with T2DM, which
may be used to screen high-risk populations.

Prior research on MDD or depressive symptoms and
microvascular complications in people with diabetes has
produced inconsistent findings. In line with our results,
a longitudinal study including 4623 patients with T2DM
demonstrated a significant association of depression
symptoms assessed by the PHQ-9 with the risk of total
microvascular complications.” In a matched cohort
study in Taiwan covering 192,685 diabetes adults,
however, no significant association was observed be-
tween MDD and microvascular complications,** which
may be explained by the inclusion of patients with type 1
diabetes and the broad definitions of the outcomes. In
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this study, we evaluated the relationship of MDD and
depressive symptoms with individual microvascular
complications and observed significant associations of
MDD and depressive symptoms with DN and DKD. Of
note, the associations of MDD and depressive symptoms
with DN were stronger than those with other microvas-
cular complications, suggesting the pivotal role of
depression in nerve damage in the population with
T2DM.* In addition, the association with DKD was only
observed for MDD but not for depressive symptoms,
indicating the importance of containing the progression
of depressive symptoms to MDD in the prevention of
DKD. The null association of MDD and depressive
symptoms with DR may be partly explained by reduced
retinopathy screening in people concurrently with T2DM
and psychiatric disorders (including depression).**

Identifying mediators, especially those modifiable,
might gain better insight into the underlying mecha-
nisms and facilitate the development of optimal in-
terventions in clinical and public health practice.*® Our
data show that the MDD-related risk of CAD was
mainly explained by the lipid profile, i.e. the levels of
triglycerides, LDL-C, HDL-C apolipoprotein A, apoli-
poprotein B, and TC. The results were supported by the
significantly attenuated associations observed among
the users of lipid-lowering agents. Biologically, MDD is
characterised by an overall increase in oxidative dam-
age to lipids and significantly reduced reverse choles-
terol transport, which could promote atherogenicity,
lipid peroxidation, and inflammation.””** Moreover,
cystatin C possessed relatively high mediation pro-
portions in the relationship between MDD and DKD
(17.0%) and HF (7.8%), which is biologically plausible.
Observational studies showed that elevated cystatin C
is an independent risk factor for depression and con-
tinues to worsen in patients.'®*' In addition to being a
direct marker of glomerular filtration rate,* cystatin C
is significantly associated with heart failure.* Of note,
despite the strong association of MDD with DN
observed, the extent of explanation by the identified
mediators is relatively limited (7.3%). Although the
exact pathophysiological mechanisms of DN remain
unclear, hyperlipidemia may be one of the key factors.*
This is supported by the significant mediating effect of
triglycerides (4.6%) in this study.

This exploratory study is among the first to investi-
gate the relationship between MDD or depressive
symptoms and individual vascular complications of
diabetes. The strengths of this study included the pro-
spective study design, the large sample size (tens of
thousands), and the long-term follow-up (median follow-
up of 13 years), which enabled us not only to examine
the associations of MDD and depressive symptoms with
the risks of composite vascular complications in UK
adults with T2DM, but also the risks of specific out-
comes, including HF, CAD, IS, PAD, DKD, DN, and
DR. The extensive data collection on circulating
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metabolites allows us to identify potential mediators
from a series of metabolic biomarkers, and compre-
hensively evaluate the potential mechanisms underlying
the observed associations. Finally, we applied multiple
statistical methods to evaluate the associations of MDD
and depressive symptoms with vascular complications,
estimated the mediation effects of circulating metabo-
lites in the associations, and performed various sensi-
tivity analyses to test the robustness of our results, all of
which ensured the accuracy of our results.

However, this study should be interpreted in light of
its potential limitations. First, as the incident vascular
complications were identified through hospital inpatient
records, part of primary care data (about half of the
study population), and death registries, there may be
underreporting of the outcomes. Full linkage to primary
care data is warranted for its huge advantages in
improving the ascertainment of diabetes complications
at baseline and during follow-up. Second, depressive
symptoms were assessed using one-time PHQ-2 at
recruitment, which might change over the follow-up
period; therefore, the exposure data might be prone to
measurement error, leading to non-differential
misclassification bias and attenuating the associations.
However, MDD in the UK Biobank was diagnosed by
medical professionals, minimizing the potential mea-
surement error. Similarly, we used the biomarkers
measured at baseline only, which may lead to an un-
derestimation of the magnitude of the associations be-
tween the biomarkers and outcomes. However, we did
not find a significant difference between the measure-
ments at baseline (2006-2010) and those at the first
repeat assessment (2012-2013) (data not shown), partly
mitigating our concern about the possible information
bias. In addition, the assessment of depressive symp-
toms using the simplified PHQ-2 may introduce infor-
mation bias. However, the results for depressive
symptoms measured by the PHQ-9 remained un-
changed (data not shown), mitigating our concern about
the potential misclassification bias. Third, the potential
false negatives may have led to differential or non-
differential misclassification bias. If false negatives
occurred in both exposed and unexposed groups inde-
pendent of depressive status, the induced non-
differential misclassification bias may have resulted in
underestimated associations; if false negatives occurred
less in the exposed group due to more opportunities to
detect diabetic complications, the differential misclas-
sification bias may have led to underestimation or
overestimation of the associations. Fourth, mediation
analyses assume the causality of MDD with the bio-
markers and vascular complications among individuals
with T2DM, which largely remain unclear. Fortunately,
MDD was determined before the baseline survey,
guaranteeing the temporality of diagnosis of MDD,
measurements of circulating metabolites, and incident
vascular outcomes in mediation analysis. Furthermore,
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since not all eigenvalues of the principal component
analysis (only >95%) were used for the mediation anal-
ysis, the mediation effect of the biomarkers may be
underestimated. Fifth, although we have made great
efforts to adjust for potential confounders, residual or
unknown confounders might exist due to the observa-
tional design of the study, which may have biased our
results. Finally, as a majority of the participants of the
UK Biobank were of British or Irish ancestry, our
findings may not be fully generalised to other racial and
ethnic populations. Further studies are warranted to test
our results in other ethnic populations.

In conclusion, this prospective study contributes to
the literature regarding the potential effect of MDD or
depressive symptoms on the risks of vascular compli-
cations among individuals with T2DM. Once the cau-
sality of the associations is confirmed, it may be a cost-
effective measure to prevent advanced complications
by prompt treatment of depression in patients with
T2DM, which should be investigated in future work.
Furthermore, the mediation effect of biomarkers
involving lipid profile, renal function, and systemic
inflammation in the associations indicates the great
potential in reducing the risk of advanced complica-
tions through metabolic modification interventions.
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