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Abstract

Aims/hypothesis Depression is twice as common in individuals with type 2 diabetes as in the general population. However, it
remains unclear whether hyperglycaemia and insulin resistance are directly involved in the aetiology of depression. Therefore,
we investigated the association of markers of hyperglycaemia and insulin resistance, measured as continuous variables, with
incident depressive symptoms over 4 years of follow-up.

Methods We used data from the longitudinal population-based Maastricht Study (n = 2848; mean age 59.9 + 8.1 years, 48.8%
women, 265 incident depression cases, 10,932 person-years of follow-up). We assessed hyperglycaecmia by fasting and 2 h post-
load OGTT glucose levels, HbA ;. and skin autofluorescence (reflecting AGEs) at baseline. We used the Matsuda insulin
sensitivity index and HOMA-IR to calculate insulin resistance at baseline. Depressive symptoms (nine-item Patient Health
Questionnaire score >10) were assessed at baseline and annually over 4 years. We used Cox regression analyses, and adjusted
for demographic, cardiovascular and lifestyle risk factors.

Results Fasting plasma glucose, 2 h post-load glucose and HbA . levels were associated with an increased risk for incident
depressive symptoms after full adjustment (HR 1.20 [95% CI 1.08, 1.33]; HR 1.25[1.08, 1.44]; and HR 1.22 [1.09, 1.37] per SD,
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What is already known about this subject?

e  Depression is twice as common in individuals with type 2 diabetes as in the general population. However, it
remains unclear whether hyperglycaemia and insulin resistance are directly involved in the aetiology of depression

e Few well-designed prospective studies have investigated the association of hyperglycaemia and insulin resistance

with incident depression in the general population

What is the key question?

e  Are markers of hyperglycaemia and insulin resistance, measured as continuous variables, associated with incident

depressive symptoms?

What are the new findings?

e  Multiple markers of hyperglycaemia are temporally associated with incident depressive symptoms, which may
indicate a mechanistic link between hyperglycaemia and the development of depression

e The overall evidence supports the concept that hyperglycaemia itself is involved in the aetiology of depression

e This may suggest that hyperglycaemia could be a target for the prevention of depression in individuals with and

without type 2 diabetes

How might this impact on clinical practice in the foreseeable future?

e Considering the high comorbidity of depression and type 2 diabetes, early treatment of hyperglycaemia may be
beneficial for mood regulation. Integrated care approaches for hyperglycaemia and depression need to be

implemented in diabetes care

respectively), while skin autofluorescence, insulin sensitivity index and HOMA-IR were not (HR 0.99 [0.86, 1.13]; HR 1.02

[0.85, 1.25]; and HR 0.93 [0.81, 1.08], per SD, respectively).

Conclusions/interpretation The observed temporal association between hyperglycaemia and incident depressive symptoms in
this study supports the presence of a mechanistic link between hyperglycaemia and the development of depressive symptoms.

Keywords Depression - Depressive symptoms - Epidemiology - Hyperglycaemia - Insulin resistance - Population-based cohort

study - Type 2 diabetes mellitus

Abbreviations
IGM Impaired glucose metabolism
IST Insulin sensitivity index

MDD  Major depressive disorder

NGM  Normal glucose metabolism

PHQ-9 Nine-item Patient Health Questionnaire
ROS Reactive oxygen species

SAF Skin autofluorescence

Introduction

The prevalence of depression is nearly doubled in individuals
with type 2 diabetes as compared with the general population,
with prevalence rates of 6.5% to 33% [1]. Comorbid depres-
sion in type 2 diabetes is associated with impaired quality of
life [2], worse self-care, suboptimal blood glucose levels and
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an increased risk for macro- and microvascular complications,
mortality [3] and dementia [4]. In addition, their co-
occurrence has an adverse economic impact with increased
healthcare costs and decreased work productivity [5].
Furthermore, depression appears to be highly persistent and/
or recurrent in type 2 diabetes [6]. Although there is evidence
for a bidirectional association between type 2 diabetes and
depression, the exact nature and the aetiological direction of
the relationship remain unknown [1].

Hyperglycaemia and insulin resistance are key features of
type 2 diabetes, and have been proposed as underlying mech-
anisms involved in the aetiology of depression [7]. Both fluc-
tuations in plasma glucose and prolonged hyperglycaemia
may be involved in the development of depression. The brain
is particularly vulnerable to fluctuations in plasma glucose
levels because neurons do not possess an active glucose trans-
porter. As a consequence, high extracellular glucose levels
lead to high intracellular glucose levels. The resulting
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biochemical changes, for instance the formation of reactive
oxygen species (ROS) or AGEs, and accumulation of the
resulting damage over the years, may lead to neuronal damage
and/or disturbances of the hypothalamic—pituitary—adrenal
axis, which eventually may lead to depression [7]. However,
current evidence on the temporality of these associations
remains scarce. A recent meta-analysis of prospective studies
found an association between prevalent diabetes and incident
depression but not between impaired glucose metabolism
(IGM) or newly diagnosed type 2 diabetes and incident
depression, compared with normal glucose metabolism
(NGM) [8]. However, numbers for incident depression with
IGM [9-11] or newly diagnosed type 2 diabetes were relative-
ly small [10—13] and thus confidence intervals were large, and
all studies used categorical instead of continuous values of
glucose metabolism.

With regard to insulin resistance, only four prospective
studies examined the association with incident depression.
One study found an association [14], while the others did
not [15-17]. However, these studies have important method-
ological limitations, such as a single follow-up assessment of
depression [14, 16, 17], inclusion of only men [15] or only
elderly men [14], a small study population [17] or a small
number of incident depression cases [14].

In summary, there is a need for methodologically well-
conducted prospective studies to assess whether
hyperglycaemia and insulin resistance are temporally related
to the development of depression. Therefore, the aim of this
study was to examine the associations of markers of
hyperglycaemia and insulin resistance measured as continu-
ous variables with incident clinically relevant depressive
symptoms within the population-based Maastricht Study. In
addition, we assessed whether these associations were inde-
pendent of demographic, cardiovascular and lifestyle risk
factors, or differed between women and men. We
hypothesised that hyperglycaemia and higher levels of insulin
resistance are independently associated with incident clinical-
ly relevant depressive symptoms, and that these associations
are similar in women and men.

Methods

Study population and design The Maastricht Study is an
observational population-based cohort study. The rationale
and methodology have been described previously [18]. In
brief, the study focuses on the actiology, pathophysiology,
complications and comorbidities of type 2 diabetes and is
characterised by an extensive phenotyping approach.
Eligible for participation were all individuals aged between
40 and 75 years and living in the southern part of the
Netherlands. Participants were recruited through mass media
campaigns, the municipal registries and the regional Diabetes

Patient Registry via mailings. Recruitment was stratified
according to known type 2 diabetes status, with an
oversampling of individuals with type 2 diabetes, for reasons
of efficiency. The present report includes baseline data from
3124 participants, who completed the baseline survey
between November 2010 and September 2013. Figure 1 gives
an overview of the study design. The baseline examinations of
each participant were performed within a time window of
3 months. Follow-up data were only available for depression
data and were available in 91.9%, 85.4%, 79.9% and 71.4% of
the participants with available baseline data at, respectively, 1,
2,3 and 4 years of follow-up. The study has been approved by
the institutional medical ethical committee (NL31329.068.10)
and the Minister of Health, Welfare, and Sports of the
Netherlands (Permit 131088-105234-PG). All participants
gave written informed consent.

Figure 2 shows the flowchart of the study population. From
the initial 3451 participants we excluded individuals with
other types of diabetes than type 2 diabetes (n=41). For the
cross-sectional analyses we included participants with avail-
able hyperglycaemia, insulin resistance and nine-item Patient
Health Questionnaire (PHQ-9) data at baseline (n = 3124). For
the longitudinal analyses, we excluded participants with clin-
ically relevant depressive symptoms at baseline (PHQ-9 score
>10, n=139) or without any follow-up PHQ-9 data (n = 137)
to investigate the associations with newly developed depres-
sive symptoms during follow-up, resulting in a study popula-
tion of 2848 participants with an average follow-up duration
of 3.8+ 1.0 years.

Hyperglycaemia Markers of hyperglycaemia were measured
at baseline. Participants, except those who used insulin (as
endogenous insulin production is limited), underwent a
standardised 2 h 75 g OGTT to determine fasting and 2 h
post-load blood glucose levels after an overnight fast. For
safety reasons, participants with a fasting glucose level above
11.0 mmol/l, as determined by a finger prick, did not undergo
the OGTT (n=42). Venous fasting and 2 h post-load plasma
glucose levels were measured by the enzymatic hexokinase
method on two automatic analysers, the Beckman Synchron
LX20 (Beckman Coulter, CA, USA) for samples obtained
between November 2010 and April 2012, and the Roche
Cobas 6000 (Roche Diagnostics, Mannheim, Germany) for
samples obtained thereafter. Glucose metabolism status was
defined according to the World Health Organization 2006
criteria as NGM, prediabetes (fasting glucose 6.1-7.0 mmol/l
or 2 h post-load blood glucose 7.8—-11.1 mmol/l) or type 2
diabetes (fasting blood glucose >7.0 mmol/l or 2 h post-load
blood glucose >11.1 mmol/l, or used oral glucose-lowering
medication or insulin) [19]. Type 1 diabetes and other types
of diabetes were determined by use of a clinical interview.
HbA . was determined in fasting venous blood samples by
ion-exchange high performance liquid chromatography [18].
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Fig. 1 Study design
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Skin autofluorescence (SAF) was measured with the AGE
Reader (DiagnOptics Technologies, Groningen, the
Netherlands), which is a desktop device that uses ultraviolet
light to excite autofluorescence in human skin tissue to esti-
mate the level of AGE accumulation in the skin, as described

elsewhere [20].

Insulin resistance Insulin resistance was assessed by the
Matsuda insulin sensitivity index (ISI) and the HOMA-IR
[21] at baseline only. The ISI was calculated as suggested by
DeFronzo and Matsuda [22]: ISI = 10,000/(Gy * Iy X Gean ¥
Inean)1/2, where G and I represent plasma glucose (mmol dI™")

and insulin (mU 1) concentrations, respectively, and ‘0’ and
‘mean’ indicate fasting value and mean value during OGTT,

Fig. 2 Flowchart of study
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respectively. The reciprocal (i.e. 1/ISI) was used to reflect
insulin resistance as a risk factor. The ISI is strongly correlated
(r=0.73, p<0.0001) with the rate of whole-body glucose
disposal during the euglycaemic insulin clamp [23].

HOMA-IR was calculated with the HOMA?2 calculator
version 2.2.3 for Windows [24]. HOMA-IR is the most widely
used and validated surrogate marker of insulin resistance and
corresponds reasonably well to clamp-derived measures of
insulin sensitivity [25]. Neither measure was calculated for
participants receiving insulin treatment (rn = 169); as endoge-
nous insulin levels will be close to zero, ISI and HOMA-IR
calculations will result in zero as well.

Depressive symptoms Depressive symptoms were assessed
by a validated Dutch version of the PHQ-9 [26] both at base-
line and during annual follow-up over 4 years. The PHQ-9 is a
self-administered questionnaire that assesses the presence of
the nine symptoms for the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV) criteria for a major depressive
disorder (MDD) [27] on a four-point Likert-scale ranging
from 0, ‘not at all’, to 4, ‘nearly every day’. When one or
two items were missing, the total score was calculated as
9 x (total points/9 —number of missing items) and rounded
to the nearest integer. When more items were missing, the
total score was scored as missing.

A cut-off score of >10 is most often used as a dichotomous
scoring system for defining clinically relevant depressive
symptoms, with sensitivity and specificity of, respectively,
88% and 78% [28]. Online PHQ-9 questionnaires were
completed annually during a follow-up period of 4 years.
Prevalent depressive symptoms were defined as clinically
relevant depressive symptoms at baseline (PHQ-9 >10).
Incident depressive symptoms were defined as no depressive
symptoms at baseline (PHQ-9 <10) and presence of clinically
relevant depressive symptoms on at least one follow-up
moment (PHQ-9 >10). In addition, at baseline only, current
and lifetime diagnosis of MDD was assessed by the Mini-
International Neuropsychiatric Interview (MINI) [29].

General characteristics and covariates General characteristics
and covariates were measured at baseline. Educational level
(low, intermediate, high), partner status (partner/no partner),
history of CVD, smoking status (never, current, former), alco-
hol consumption (none, low, high), physical activity and
Mediterranean diet score were assessed by questionnaires
[18]. We measured height, weight, waist circumference, office
blood pressure, plasma lipid profile, ¢GFR (in ml min "
1.73 m72) and 24 h urinary albumin excretion (twice).
Urinary albumin excretion was defined as normal (<15 mg/
24 h), microalbuminuria (15 to <30 mg/24 h) or
macroalbuminuria (>30 mg/24 h). Medication use was
assessed in a medication interview where generic name, dose
and frequency were registered. More details about these

general characteristics and covariates are provided in the elec-
tronic supplementary material (ESM) methods.

Statistical analysis All statistical analyses were performed
by use of the Statistical Package for Social Sciences
(version 25.0; IBM, Chicago, Illinois, USA). General char-
acteristics of the study population were evaluated using
independent ¢ tests, Mann-Whitney U tests or x° tests.
Negative binomial and logistic regression analyses were
used to investigate the cross-sectional associations of
markers of hyperglycaemia and insulin resistance per SD
with, respectively, depressive symptoms and clinically
relevant depressive symptoms. We used Cox proportional
regression analyses to assess the association of markers of
hyperglycaemia and insulin resistance per SD with inci-
dent depressive symptoms (PHQ-9 >10), with time-in-
study as time axis. Participants were censored at the date
of the event or, in case of attrition, the last available date
of follow-up, whichever came first. Hazard ratios indicate
the increased risk for incident depressive symptoms per
SD higher marker of hyperglycaemia or insulin resistance.
We performed complete case analyses in which associa-
tions were adjusted for potential confounders in four
models: model 1, crude; model 2, adjusted for demograph-
ic confounders (age, sex and educational level); model 3,
additionally adjusted for cardiovascular risk factors (waist
circumference, office systolic blood pressure, blood
pressure-lowering medication, total-to-HDL-cholesterol
ratio, lipid-modifying medication, eGFR and history of
CVD); and model 4, additionally adjusted for modifiable
lifestyle-related risk factors (smoking behaviour and alco-
hol use). We also investigated whether there was an inter-
action with sex in the fully adjusted model.

Several additional analyses were performed. To study
whether the associations were driven by the oversampling
of individuals with diagnosed type 2 diabetes, we addition-
ally adjusted for type 2 diabetes, and excluded participants
with type 2 diabetes from the analyses. To reduce potential
misclassification of participants with subthreshold depres-
sion (MDD but low PHQ-9 scores due to remission or
treatment), we performed the following sensitivity analyses;
first, we additionally adjusted for use of antidepressant
medication at baseline; second, we excluded participants
who used antidepressant medication at baseline; and third,
we excluded participants who had an MDD diagnosis at
baseline. To restrict analyses to ‘de novo’ depression, we
excluded participants who had a lifetime MDD diagnosis.
We also applied stricter rules on the follow-up data,
allowing no or a maximum of one missing follow-up
measurement. Furthermore, we additionally adjusted for
physical activity and Mediterranean diet score, as these data
were missing in more participants. Finally, we replaced
office systolic blood pressure with 24 h ambulatory systolic
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Table 1 General characteristics and markers of hyperglycaemia and insulin resistance according to incident depression status

Characteristic No depressive symptoms at baseline Incident depressive p value
and follow-up symptoms (PHQ-9 >10)
(n=2583) (n=265)

Demographics
Age (years) 59.9+8.1 59.8+8.2 0.768
Sex, n (% female) 1263 (48.9) 127 (47.9) 0.796
Educational level, low/medium/high, n (%) 766/723/1048 (30.2/28.5/41.3) 114/79/69 (43.5/30.2/26.3) <0.001
Partner status, n (%) (partner) 2187 (85.8) 218 (82.9)

Depression
Depressive symptoms (PHQ-9 score) 20+2.1 45+28 <0.001
MDD (MINI), n (%) 23 (1.0) 18 (7.1) <0.001
Anti-depressive medication, 1 (%) 124 (4.8) 40 (15.1) <0.001

Cardiovascular risk factors
BMI (kg/m?) 26.7+4.3 28.5+52 <0.001
Waist circumference (cm) 94.7+13.1 100.0£15.2 <0.001
Office systolic BP (mmHg) 1346179 135.6+£19.5 0.397
Office diastolic BP (mmHg) 76.1+£9.7 76.6+11.2 0.480
Antihypertensive medication, n (%) 953 (37.0) 133 (50.2) <0.001
Hypertension, n (%) 1405 (54.5) 165 (62.3) 0.016
Total-to-HDL-cholesterol ratio 3.6£1.1 39+1.3 0.003
Triacylglycerols (mmol/1) 14+0.8 1.7+1.3 <0.001
Lipid-modifying medication, n (%) 860 (33.4) 109 (41.1) 0.012
eGFR (ml min~' 1.73 m™?) 88.3+14.3 86.6+16.6 0.124
Albuminuria, normal/micro/macro, n (%) 2238/157/15 (92.9/6.5/0.6) 214/29/4 (86.6/11.7/1.6) <0.001
History of CVD, n (%) 376 (15.0) 66 (25.4) <0.001
Type 2 diabetes mellitus, n (%) 612 (23.7) 110 (41.5) <0.001
Diabetes medication (all types), n (%) 456 (17.7) 92 (34.7) <0.001
Diabetes medication (insulin), n (%) 102 (3.9) 32 (12.1) <0.001

Lifestyle factors
Smoking, never/former/current, n (%) 929/1340/278 (36.5/52.6/10.9) 77/129/56 (29.4/49.2/21.4) <0.001
Alcohol use, none/low/high, n (%) 399/1443/702 (15.7/56.7/27.6) 68/144/49 (26.1/55.2/18.8) <0.001
Physical activity (/week) 14.4+8.0 13.0+£8.8 0.008
Mediterranean diet score 45+1.7 42+1.6 0.008

Markers of hyperglycaemia and insulin resistance
Fasting plasma glucose (mmol/l) 59+14 6.6+22 <0.001
2 h post-load glucose (mmol/l) 7.6+4.0 89+49 <0.001
HbA . (mmol/mol) 39.9+8.5 444+£11.5 <0.001
HbA,. (%) 5.8+0.8 62+1.1 <0.001
SAF (AU) 24+0.5 25+0.6 0.010
HOMA-IR 1.7+1.1 1.9+1.2 0.021
ISI 4.1+2.7 36+24 0.008

Data are presented as mean+SD or number and percentage, as appropriate

AU, arbitrary units

blood pressure, waist circumference with BMI and total-to- Results
HDL-cholesterol ratio with triacylglycerols. A two-sided p

General characteristics of the study population During 10,932
person-years of follow-up, 265 (9.3%) participants developed
clinically relevant depressive symptoms (PHQ-9 >10; average

value <0.05 was considered statistically significant.
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Table 2  Cross-sectional associations of markers of hyperglycaemia and insulin resistance with prevalent depressive symptoms

Model Prevalent depressive p value Prevalent clinically relevant p value
symptoms depressive symptoms (PHQ-9 >10)
Rate ratio (95% CI) OR (95% CI)

Markers of hyperglycaemia
Fasting plasma glucose (per 1 SD)

Model 1 1.08 (1.04, 1.12) <0.001 1.30 (1.15, 1.46) <0.001
Model 2 1.15 (1.10, 1.20) <0.001 1.41 (1.25, 1.60) <0.001
Model 3 1.08 (1.03, 1.13) 0.001 1.17 (1.00, 1.36) 0.045
Model 4 1.07 (1.02, 1.12) 0.008 1.13 (0.97,1.32) 0.130
2 h post-load glucose (per 1 SD)
Model 1 1.04 (1.00, 1.08) 0.074 1.19 (1.01, 1.41) 0.042
Model 2 1.10 (1.05, 1.15) <0.001 1.35(1.13,1.61) 0.001
Model 3 1.03 (0.98, 1.09) 0.298 1.06 (0.84, 1.33) 0.619
Model 4 1.02 (0.97, 1.08) 0.407 1.05 (0.84, 1.33) 0.656
HbA,. (per 1 SD)
Model 1 1.12 (1.07, 1.16) <0.001 142 (1.26, 1.61) <0.001
Model 2 1.18 (1.13, 1.23) <0.001 1.54 (1.35, 1.75) <0.001
Model 3 1.11 (1.06, 1.16) <0.001 1.30 (1.11, 1.52) 0.001
Model 4 1.08 (1.03, 1.13) 0.002 1.21 (1.03, 1.42) 0.022
SAF (per 1 SD)
Model 1 1.03 (0.99, 1.08) 0.122 1.18 (1.00, 1.39) 0.051
Model 2 1.11 (1.06, 1.16) <0.001 143 (1.19, 1.72) <0.001
Model 3 1.07 (1.02, 1.13) 0.004 1.31 (1.07, 1.60) 0.009
Model 4 1.04 (0.99, 1.09) 0.152 1.18 (0.95, 1.45) 0.129
Markers of insulin resistance
ISI (per SD)*
Model 1 1.04 (1.00, 1.09) 0.056 1.16 (0.93, 1.45) 0.182
Model 2 1.10 (1.05, 1.15) <0.001 1.29 (1.02, 1.63) 0.033
Model 3 1.02 (0.96, 1.07) 0.598 0.89 (0.69, 1.15) 0.363
Model 4 1.01 (0.96, 1.07) 0.621 0.88 (0.68, 1.14) 0.323
HOMA-IR (per SD)
Model 1 1.07 (1.02, 1.12) 0.004 1.20 (1.02, 1.42) 0.032
Model 2 1.12 (1.07, 1.17) <0.001 1.28 (1.08, 1.53) 0.005
Model 3 1.03 (0.97, 1.09) 0.345 0.95 (0.75, 1.20) 0.665
Model 4 1.02 (0.96, 1.08) 0.485 0.93 (0.73, 1.18) 0.561

Total number of participants included in model 1: n=3121 (fasting plasma glucose); n=2920 (2 h post-load glucose); n=3115 (HbA,.); n=2959
(SAF); n=2709 (ISI); and n =2814 (HOMA-IR)

Number of prevalent depression cases in model 1: n =138 (fasting plasma glucose); n =113 (2 h post-load glucose); n =139 (HbA.); n=131 (SAF),
n=101 (ISI); and HOMA-IR (n=110)

Model 1: crude
Model 2: adjusted for age, sex and educational level. Data missing, n = 60 (fasting plasma glucose)

Model 3: additionally adjusted for waist circumference, office systolic blood pressure, antihypertensive medication, total-to-HDL-cholesterol ratio, lipid-
modifying medication and history of CVD. Additional missing data, n = 128 (fasting plasma glucose)

Model 4: additionally adjusted for smoking behaviour and alcohol use. Additional missing data, n =97 (fasting plasma glucose)
 The reciprocal was used for the ISI (1/ISI)

follow-up time of 2.5+ 1.2 years), which yields an inci-  statistically significantly younger, had a lower level of
dence rate of 24 cases per 1000 person-years. education, less often had a partner, had higher levels of
Participants not included in the analyses (n=603) were  hyperglycaemia and insulin resistance, and had a worse
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Table 3 Associations of markers of hyperglycaemia and insulin resis- cardiometabolic risk profile than participants included in
tance with incident depressive symptoms
the analyses (data not shown).
Model Incident depressive symptoms p value Table 1 shows the general characteristics of the study popu-
(PHQ-9 =10) HR (95% CI) lation at baseline, stratified for incident depressive symptoms.
] Participants had a mean age of 59.9+8.1 years and 48.8%
Markers of hyperglycaemia .. i . .
) were women. Participants with incident depressive symptoms
Fasting plasma glucose (per 1 SD) had a worse cardiometabolic risk profile compared with
Model 1 1.35(1.25, 1.46) <0.001 participants free of depressive symptoms.
Model 2 133(1.22,1.45) <0.001 In cross-sectional analyses, markers of hyperglycaemia and
Model 3 121 (1.09,1.34) <0.001 insulin resistance were associated with prevalent depressive
Model 4 1.20 (1.08, 1.33) 0.001 symptoms. However, associations with insulin resistance
2 h post-load glucose (per 1 SD) were attenuated after adjustment for cardiovascular and life-
Model 1 1.32 (118, 1.47) <0.001 style factors, in particular waist circumference (Table 2).
Model 2 1.29 (1.14, 1.45) <0.001
Model 3 1.26 (1.09, 1.46) 0002 Associations of hyperglycaemia with incident depressive
Model 4 1.25 (1.08, 1.44) 0.003 symptoms Table 3 shows the associations of markers of
HbA (per 1 SD) hyperglycaemia with incident depressive symptoms. Fasting
Model 1 1.44 (1.32, 1.57) <0.001  plasma glucose, 2 h post-load glucose and HbA . levels were
Model 2 1.40 (1.27, 1.53) <0.001  associated with an increased risk for incident depressive
Model 3 1.28 (1.15, 1.43) <0.001  symptoms after full adjustment (HR 1.20 [95% CI 1.08,
Model 4 1.22(1.09, 1.37) 0.001 1.33]; HR 1.25 [1.08, 1.44]; and HR 1.22 [1.09, 1.37] per
SAF (per 1 SD) SD, respectively). SAF was not associated with incident
Model 1 1.15 (1.02, 1.30) 0.019  depressive symptoms (HR 0.99 [0.86, 1.13] per SD). No inter-
Model 2 1.12.(0.99, 1.28) 0.075 actions were found with regard to sex for fasting plasma
Model 3 1.06 (0.93, 1.22) 0.401 glucose (p-interaction = 0.981), 2 h post-load glucose (p-inter-
Model 4 0.99 (0.86, 1.13) 0.831 action = 0.234) and HbA |, (p-interaction = 0.686). There was
Markers of insulin resistance an interaction with sex for SAF (p-interaction=0.031);
ISI (per SD)* however, associations were not significant in stratified analy-
Model 1 1.22 (1.05, 1.43) 0.010 ses formen (HR 1.13[0.94, 1.37] per SD) or women (HR 0.83
Model 2 1.21 (1.03, 1.42) 0.018 [0.67, 1.02] per SD).
Model 3 1.03 (0.86, 1.23) 0.748
Model 4 1.03 (0.86, 1.23) 0.783 Associations of insulin resistance with incident depressive
HOMA-IR (per SD) symptoms Table 3 shows the associations of insulin resistance
Model 1 1.19 (1.06, 1.34) 0.003 with incident depressive symptoms. A lower ISI and a higher
Model 2 1.19 (1.05, 1.34) 0.006 HOMA-IR were associated with an increased risk for incident
Model 3 0.99 (0.84, 1.17) 0.962 depressive symptoms after adjustment for age, sex and educa-
Model 4 0.98 (0.83, 1.15) 0.766 tional level (HR 1.21 [103, 142] and HR 1.19 [105, 134] per

Total number of participants included in model 1: n =2846 (fasting plas-
ma glucose); n=2683 (2 h post-load glucose); n=2842 (HbA.); n=
2710 (SAF); n=2496 (ISI); and n=2585 (HOMA-IR)

Number of incident depression cases in model 1: 7 =265 (fasting plasma
glucose); n =226 (2 h post-load glucose); n=264 (HbA,.); n=254
(SAF); n=212 (ISI); and n =220 (HOMA-IR)

Model 1: crude

Model 2: adjusted for age, sex and educational level. Data missing, n =49
(fasting plasma glucose)

Model 3: additionally adjusted for waist circumference, office systolic
blood pressure, antihypertensive medication, total-to-HDL-cholesterol
ratio, lipid-modifying medication and history of CVD. Additional miss-
ing data, n="71 (fasting plasma glucose)

Model 4: additionally adjusted for smoking behaviour and alcohol use.
Additional missing data, n = 133 (fasting plasma glucose)

#The reciprocal was used for the ISI to define it as risk factor (1/IST)
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SD, respectively). After additional adjustment for cardiovas-
cular risk factors, these associations were attenuated (HR 1.03
[0.86, 1.23] and HR 0.99 [0.84, 1.17] per SD, respectively).
These attenuations were mainly caused by waist circumfer-
ence (model 2 additionally adjusted for waist circumference:
HR 1.04[0.87, 1.24] and HR 1.02 [0.87, 1.19] per SD, respec-
tively). No interaction with regard to sex was found for ISI (p-
interaction = 0.589) and HOMA-IR (p-interaction = 0.621).

Additional analyses Results of additional analyses are shown
in Table 4. Additional adjustment for type 2 diabetes, and
excluding participants with type 2 diabetes from the analyses,
did not materially change the associations. As expected, addi-
tional adjustment for type 2 diabetes attenuated the associa-
tions, but HRs remained directionally similar.
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Table 4  Additional analyses for associations of markers of hyperglycaemia with incident depressive symptoms

Model Incident clinically relevant p value

depressive symptoms
(PHQ-9 >10) HR (95% CI)

Fasting plasma glucose (per 1 SD)
Model 4 1.20 (1.08, 1.33) 0.001
Model 5: model 4 + type 2 diabetes 1.12 (0.99, 1.27) 0.085
Model 6: model 4 excl. type 2 diabetes (excluded data n = 683) 1.35(0.81, 2.25) 0.255
Model 7: model 4 + antidepressant medication 1.20 (1.08, 1.33) 0.001
Model 8: model 4 excl. antidepressant users (missing data n = 152) 1.18 (1.05, 1.33) 0.006
Model 9: model 4 excl. baseline MDD (excluded data n = 150) 1.19 (1.06, 1.33) 0.003
Model 10: model 4 excl. lifetime MDD (excluded data n =897) 1.06 (0.87, 1.29) 0.580
Model 11: model 4 + physical activity (missing data n = 160) 1.19(1.07, 1.33) 0.002
Model 12: model 4 + Mediterranean diet (missing data n = 123) 1.18 (1.06, 1.32) 0.002
Model 13: model 4 replacing office SBP for 24 h SBP (missing data n =294) 1.19 (1.06, 1.33) 0.003
Model 14: model 4 replacing waist circumference for BMI 1.21 (1.09, 1.34) <0.001
Model 15: model 4 replacing total-to-HDL-cholesterol ratio for triacylglycerols 1.17 (1.05, 1.30) 0.004

2 h post-load glucose (per 1 SD)
Model 4 1.25(1.08, 1.44) 0.003
Model 5: model 4 + type 2 diabetes 1.16 (0.93, 1.45) 0.192
Model 6: model 4 excl. type 2 diabetes (excluded data n =539) 1.19 (0.78, 1.83) 0.419
Model 7: model 4 + antidepressant medication 1.27 (1.10, 1.47) 0.001
Model 8: model 4 excl. antidepressant users (missing data n = 132) 1.26 (1.08, 1.47) 0.003
Model 9: model 4 excl. baseline MDD (excluded data n = 143) 1.23 (1.05, 1.44) 0.009
Model 10: model 4 excl. lifetime MDD (excluded data n = 840) 1.18 (0.94, 1.49) 0.163
Model 11: model 4 + physical activity (missing data n = 153) 1.22 (1.04, 1.42) 0.014
Model 12: model 4 + Mediterranean diet (missing data n=116) 1.24 (1.06, 1.44) 0.006
Model 13: model 4 replacing office SBP for 24 h SBP (missing data n =274) 1.23 (1.05, 1.44) 0.008
Model 14: model 4 replacing waist circumference for BMI 1.25 (1.08, 1.44) 0.002
Model 15: model 4 replacing total-to-HDL-cholesterol ratio for triacylglycerols 1.21 (1.04, 1.40) 0.015

HbA,. (per 1 SD)
Model 4 1.22 (1.09, 1.37) 0.001
Model 5: model 4 + type-2 diabetes 1.14 (1.00, 1.31) 0.057
Model 6: model 4 excl. type-2 diabetes (excluded data n = 684) 1.23 (0.82, 1.83) 0.318
Model 7: model 4 + antidepressant medication 1.23 (1.10, 1.38) <0.001
Model 8: model 4 excl. antidepressant users (missing data n = 152) 1.18 (1.03, 1.34) 0.017
Model 9: model 4 excl. baseline MDD (excluded data n = 150) 1.21 (1.07, 1.37) 0.003
Model 10: model 4 excl. lifetime MDD (excluded data n = 894) 1.08 (0.87, 1.33) 0.486
Model 11: model 4 + physical activity (missing data n = 160) 1.25 (1.11, 1.41) <0.001
Model 12: model 4 + Mediterranean diet (missing data n = 123) 1.20 (1.06, 1.35) 0.004
Model 13: model 4 replacing office SBP for 24 h SBP (missing data n =294) 1.23 (1.08, 1.41) 0.002
Model 14: model 4 replacing waist circumference for BMI 1.23 (1.10, 1.38) <0.001
Model 15: model 4 replacing total-to-HDL-cholesterol ratio for triacylglycerols 1.20 (1.07, 1.35) 0.002

SAF (per 1 SD)
Model 4 0.99 (0.86, 1.13) 0.831
Model 5: model 4 + type-2 diabetes 0.94 (0.85, 1.11) 0.606
Model 6: model 4 excl. type-2 diabetes (excluded data n = 658) 0.87 (0.72, 1.05) 0.154
Model 7: model 4 + antidepressant medication 1.00 (0.87, 1.15) 0.975
Model 8: model 4 excl. antidepressant users (missing data n = 147) 1.01 (0.87, 1.18) 0.852
Model 9: model 4 excl. baseline MDD (excluded data n = 145) 1.01 (0.87,1.17) 0.876
Model 10: model 4 excl. lifetime MDD (excluded data n = 854) 1.00 (0.81, 1.25) 0.985
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Table 4 (continued)

Model Incident clinically relevant p value
depressive symptoms
(PHQ-9 >10) HR (95% CI)
Model 11: model 4 + physical activity (missing data n = 150) 1.03 (0.89, 1.19) 0.696
Model 12: model 4 + Mediterranean diet (missing data n=117) 1.00 (0.87, 1.16) 0.986
Model 13: model 4 replacing office SBP for 24 h SBP (missing data n =280) 0.93 (0.81, 1.08) 0.353
Model 14: model 4 replacing waist circumference for BMI 0.99 (0.86, 1.14) 0.897
Model 15: model 4 replacing total-to-HDL-cholesterol ratio for triacylglycerols 0.98 (0.86, 1.13) 0.800

Total number of participants in model 4: n =2714 (fasting plasma glucose); n =2565 (2 h post-load glucose); n=2710 (HbA,.); n =2582 (SAF)
Incident depressive symptoms in model 4: n =254 (fasting plasma glucose); n =217 (2 h post-load glucose); n =253 (HbA,.); and n =244 (SAF)

Model 4 is adjusted for age, sex, educational level, waist circumference, office systolic blood pressure, antihypertensive medication, total-to-HDL-
cholesterol ratio, lipid-moditying medication, history of CVD, smoking behaviour and alcohol use

Excl., excluding; SBP, systolic blood pressure

Adjustments to reduce potential misclassification of partic-
ipants with subthreshold depression did not materially change
our results. Furthermore, applying stricter rules on the follow-
up data, allowing no or a maximum of one missing follow-up
measurement for the control participants, did not materially
change our results (data not shown).

Similar strengths of the associations were found after addition-
al adjustment for physical activity or Mediterranean diet score.
Furthermore, our results were not materially changed by replac-
ing office systolic blood pressure with 24 h ambulatory systolic
blood pressure, replacing waist circumference with BMI or
replacing total-to-HDL-cholesterol ratio with triacylglycerols.

Discussion

This population-based study demonstrates that fasting plasma
glucose, 2 h post-load glucose and HbA;. were associated
with incident depressive symptoms, with an increased risk of
~20% per SD higher level of hyperglycaemia markers. These
associations were independent of demographical, cardiovas-
cular and lifestyle-related risk factors, and were similar in
women and men. The association of insulin resistance with
incident depressive symptoms was explained by cardiovascu-
lar risk factors (waist circumference). Our results suggest that
hyperglycaemia precedes the development of depression, and
may be directly involved in its aetiology.

Our finding that hyperglycaemia is associated with incident
depressive symptoms corroborates and further extends previous
evidence of an association between type 2 diabetes and incident
depression [30], and provides additional evidence that
hyperglycaemia as such may be involved in the development
of depression. This is in line with results of a large-scale cross-
sectional study that showed an association between both diag-
nosed and undiagnosed diabetes and higher prevalence of
depression [31]. Although a previous meta-analysis concluded

@ Springer

that hyperglycaemia is unlikely to be causally related to incident
depressive symptoms [8], this study did not investigate a linear
contribution of hyperglycaemia to the incidence of depression.
Several pathophysiological pathways may explain the
association between hyperglycaemia and incident depression.
Hyperglycaemia is associated with generalised microvascular
dysfunction [32], which may consequently lead to cerebral
small vessel disease and subsequent depression [33]. Indeed,
a recent meta-analysis showed that cerebrovascular damage
was associated with incident depression [34]. Optimising
blood glucose levels is the most effective therapy to prevent
the development of microvascular complications in type 2
diabetes, and could potentially also contribute to preventing
or slowing down the development of depressive symptoms.
Alternatively, suboptimal blood glucose levels may also iden-
tify those individuals at high risk for depression. Furthermore,
hyperglycaemia has been associated with low-grade inflam-
mation [35], which in turn has been associated with cerebro-
vascular damage [36] and incident depression as well [37]. In
support of this potential mechanism, several studies have
shown that treatment resistance to antidepressants is associat-
ed with low-grade inflammation [38] and that anti-
inflammatory therapy may be beneficial to individuals with
depression [39]. Moreover, hyperglycaemia may activate the
polyol pathway which induces oxidative stress, increases lipid
peroxidation and imbalances the generation of ROS [40].
These processes may lead to apoptosis in the brain, which
may eventually lead to depression via shrinkage of specific
brain structures (atrophy) [41]. This assumption is supported
by a stronger association between oxidative stress and depres-
sion in individuals with IGM and type 2 diabetes than in those
with NGM [42]. Furthermore, previous studies have assumed
that diabetes may increase risk of depression because of
disease burden [8]. However, disease burden alone may be
not sufficient to explain the association between
hyperglycaemia and incident depression, since 65% of the



Diabetologia (2020) 63:2315-2328

2325

association remained after additional adjustment for type 2
diabetes. In addition, the suggestion that somatic symptoms
may explain this association is unlikely, as a previous study of
our group has shown that affective and somatic symptoms do
not differ between individuals with and individual without
type 2 diabetes [43].

We found no association between SAF and incident depres-
sive symptoms, although earlier cross-sectional analyses in a
smaller dataset (n = 866) from The Maastricht Study did show
an association between higher SAF and prevalent depression
[20]. SAF is thought to represent the accumulation of fluores-
cent AGEs in the skin, but may be a less specific measure of
hyperglycaemia, as it also measures other fluorescent proteins
in the skin and does not reflect non-fluorescent AGEs [44].
Nevertheless, there are currently no other prospective studies
available that have assessed this association. Therefore, this
finding warrants replication in other prospective population-
based studies in order to draw firm conclusions.

We found that the association of insulin resistance with inci-
dent depression was explained by CVD risk factors, in particu-
lar central obesity. This is in contrast with results of the
Whitehall II Study, the Caerphilly Study and the Pittsburgh
Healthy Heart Project, which did not show an association
between insulin resistance and incident depression after adjust-
ment for age only [15, 16]. Furthermore, our results contrast
with the results of the Health in Men Study, which did show an
association between higher insulin resistance and incident
depression after adjustment for cardiovascular risk factors
including central obesity [14]. However, the Health in Men
Study only included older men aged 70-93 years, which
hinders direct comparison with our somewhat younger popula-
tion. There are several explanations for the attenuation of the
association between insulin resistance and incident depressive
symptoms after adjustment for central obesity. First, central
obesity may be on the causal pathway from insulin resistance
to depression, which might have resulted in overadjustment.
Second, as performing clamps is not feasible in large-scale
studies, we used surrogate markers of insulin resistance.
These markers moderately reflect hepatic and muscular insulin
resistance, which may or may not coincide with cerebral insulin
resistance [45]. Consequently, we cannot fully exclude the
possibility that cerebral insulin resistance is involved in the
development of depression. Third, insulin resistance is less
precisely measured than hyperglycaemia. The use of surrogate
markers of insulin resistance may have created more noise in
the data as compared with the direct markers of
hyperglycaemia. Alternatively, hyperglycaemia may be one of
the mechanisms linking insulin resistance to depression.
Obesity is associated with the development of insulin resis-
tance, but only individuals who lack sufficient insulin secretion
to match the degree of insulin resistance will develop type 2
diabetes [46].

The association of hyperglycaemia with an increased risk
of depressive symptoms has important clinical implications.
First, professionals in diabetes care should be aware of the
prevalence of depression, and use diagnostic skills to recog-
nise and treat depression properly. For this, specific guidelines
to identify and manage depressive symptoms in diabetes care
have been developed [47]. In addition to these guidelines, it is
important to distinguish between need for treatment and a high
score on a questionnaire [48]. Since depression in individuals
with type 2 diabetes is often persistent [6], and is related to
suboptimal blood glucose levels [3], early recognition and
treatment of depressive symptoms could have a favourable
effect on the outcome of both diseases [49]. Considering the
high comorbidity of depression and type 2 diabetes, integrated
care approaches that treat these conditions jointly need to be
implemented in diabetes care.

Strengths of our study include its large sample size and
population-based longitudinal design; the oversampling of indi-
viduals with type 2 diabetes which results in more variability
within the high ranges of hyperglycaemia; the annual assessment
of the PHQ-9 to assess depressive symptoms over a 4 year peri-
od; the comparable incidence rate of depression to other
population-based studies; the use of multiple continuous markers
of hyperglycaemia; the extensive assessment of potential
confounders; and the execution of several sensitivity analyses.

This study has some limitations. First, there could have
been selection and/or attrition bias, which is inherent to
prospective population-based studies; individuals with more
severe depressive symptoms or with greater comorbidity may
have been more likely not to participate or to withdraw, which
may have led to an underestimation of the observed associa-
tions. Second, the study population was relatively well treated
with regard to glucose metabolism, which may mean that the
effects of fasting plasma glucose, 2 h post-load glucose and
HbA . on incident depression were suppressed. Estimates of
post-load glucose, ISI and HOMA-IR, did not include insulin
users, which may have led to an underestimation of the
observed findings in more severe type 2 diabetes. Third, the
population was mainly of white ethnicity and aged 40—
75 years, which should be considered when extrapolating
these findings to other populations. Fourth, we measured
depressive symptoms with the PHQ-9 questionnaire. High
scores on this questionnaire are suggestive for depressive
symptoms, but do not necessarily equate with MDD.
Finally, because follow-up data were only available for
depression data, we could not rule reverse causality; there
might be a reciprocal relation in which depression may also
lead to hyperglycaemia.
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Conclusion

In conclusion, we showed that higher levels of
hyperglycaemia were associated with incident depressive
symptoms in a population-based setting, independent of major
demographical, cardiovascular and lifestyle risk factors. The
association of insulin resistance with incident depressive
symptoms was dependent on cardiovascular risk factors, in
particular, central obesity. These findings establish a temporal
relation between hyperglycaemia and incident depressive
symptoms, supporting the concept that hyperglycaemia itself
is involved in the aetiology of depression, and thus may
provide a potential target for the prevention of depression in
individuals with and without type 2 diabetes.
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