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ABSTRACT
BACKGROUND: This study examined whether C-reactive protein (CRP), a marker of low-grade systemic
inflammation, mediates the association between vascular risk factor (VRF) burden and depressive symptoms.
METHODS: We drew on the prospective design of the UK Biobank to include participants with longitudinal data on
VRF burden, CRP, and depressive symptoms. Total, direct, and indirect effects were estimated using regression-
based mediation models while controlling for confounding by sociodemographic factors, baseline CRP, and
baseline depression. Sensitivity analyses probed the robustness of results to unmeasured confounding.
RESULTS:We analyzed data from 10,470 participants from the UK Biobank (mean age = 56.75 years at baseline). Net
of covariates, VRFs at baseline were associated with higher depressive symptoms at follow-up (total effect = 0.099;
95% CI, 0.002–0.163). CRP mediated this association (indirect effect = 0.010; 95% CI, 0.004–0.017), accounting for
10.0% (95% CI, 0.3%–30.0%) of the total effect of VRF burden on depressive symptoms. Exploratory analyses
suggested that the total and indirect effects pertained to somatic depressive symptoms (tiredness and appetite).
CONCLUSIONS: These results suggest that inflammation-promoting effects of VRFs may contribute to depressive
symptoms in mid- and later life. However, the mediating pathway via CRP explains only a small part of the
association between VRFs and depression after accounting for important covariates and may pertain to specific
depressive symptoms. Future studies leveraging similar longitudinal designs are needed to further disentangle the
time-varying effects between VRFs, inflammation, and certain depressive symptoms while addressing important
confounders.

https://doi.org/10.1016/j.bpsgos.2023.04.008
Hypertension, overweight and obesity, hypercholesterolemia,
diabetes, and smoking are important modifiable risk factors for
vascular diseases and major contributors to global disease
burden (1). Vascular risk factors (VRFs) have also been impli-
cated in the etiology of mood disorders, particularly in later-life
depression (2–4). Although findings have not been entirely
consistent (5–8), a number of prospective population-based
studies support that people with VRFs are at higher risk for
developing depression and depressive symptoms (9–13). This
association is particularly strong for burden from multiple VRFs
(10), which often tend to accumulate (14). However, mecha-
nistic explanations as to why VRF burden and depressive
symptoms are linked remain debated (6,15,16).

In recent years, low-grade systemic inflammation has
gained considerable attention as a potential link between
vascular and mental health (15,17–19). Low-grade systemic
inflammation reflects a chronic manifestation of the body’s
natural inflammatory response to physical injury or infection
(19). While an acute inflammatory response—as a temporally
and spatially restricted activation of immune cells—is typically
adaptive and resolves once the threat has passed (20,21), low-
grade systemic inflammation reflects a prolonged and
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unresolved activation of the immune system. Low-grade
inflammation is thus characterized by the systemic elevation
of inflammatory markers and has been connected to a broad
range of chronic diseases (19,21,22).

Increasing evidence supports that inflammatory processes
are involved in the pathophysiology of depression (23–25).
Earlier experimental evidence has shown that acute inflam-
mation is associated with protective behavioral responses
(“sickness behavior”), such as sadness, anhedonia, fatigue, or
social withdrawal (26,27), that mimic depressive symptoms.
Furthermore, mounting evidence from observational studies
has implicated low-grade systemic inflammation in the devel-
opment of depression (20,24,25). For example, elevated levels
of C-reactive protein (CRP), a hallmark of low-grade systemic
inflammation, have been associated with higher depressive
symptoms in population-based studies (28–31) and shown to
be present in a considerable proportion of patients with
depression (32). Recent findings have also highlighted that
these processes may not be general but rather specific to
certain somatic symptoms of depression (30,31,33–35).

VRFs have been discussed as one of the main sources of
low-grade systemic inflammation (36,37). Smoking, diabetes,
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and obesity especially have been linked to elevated plasma
levels of inflammatory proteins (38–41). For example, com-
pounds consumed from smoking tobacco increase proin-
flammatory cytokines and proteins due to the burden of free
radicals and induction of local inflammation in the lung pa-
renchyma (37,42). These inflammatory processes may in turn
contribute to the development of depressive symptoms
(15,17,18).

However, evidence on the mediating effect of inflammation
on the link between vascular risk and depressive symptoms is
still scarce. Previous studies have mostly been cross-sectional
(43–45), and few studies have tested or quantified the medi-
ating role of inflammation in the association between VRFs and
depression (46). Investigating the contribution of inflammation
to the association between VRFs and depressive symptoms is
furthermore complicated in that baseline levels of CRP and
depressive symptoms may act as important confounders. For
example, there is increasing evidence that CRP and depres-
sion are independent risk factors for poor vascular health
(37,47,48). To tease apart the mediating effect of inflammation
on the relationship between VRFs and depressive symptoms,
longitudinal data are needed that establish the temporal order
of the variables while also addressing confounding by previous
levels of CRP and depression (49,50).

In the current study, we drew on the prospective design of
the UK Biobank and applied regression-based mediation to
estimate the contribution of CRP as a marker of low-grade
systemic inflammation to the association between VRF
burden and depressive symptoms. Using longitudinal data
allowed us to estimate total, direct, and indirect effects based
on temporal ordering of VRFs (measured at baseline), CRP
(measured about 4 years later), and depressive symptoms
(measured about 8 years after baseline). Importantly, this
approach also allowed us to control for possible confounding
by sociodemographic variables, baseline CRP, and baseline
depression. We also performed sensitivity analyses to probe
the robustness of our results against unmeasured confound-
ing. Finally, given studies suggesting symptom-specific asso-
ciations with VRFs as well as inflammation (30,31,33–35,51),
exploratory analyses were conducted to test whether these
mediating effects of CRP are pertinent to specific depressive
symptoms.

METHODS AND MATERIALS

Participants

The UK Biobank is an ongoing cohort study that initially
recruited about 500,000 community-dwelling adults ages 37 to
73 years from across the United Kingdom (52). To ensure
temporal ordering of the variables under study, the current
study included data from 11,540 UK Biobank participants, who
consecutively underwent a baseline assessment between
2006 and 2010 (time [T] 1), a follow-up assessment between
2012 and 2013 (T2), and an online mental health assessment
between 2016 and 2017 (T3). From among those participants,
we excluded 1041 individuals with manifest vascular diseases,
autoimmune disorders, neurodegenerative or neuropsychiatric
disorders, or a previous diagnosis of depression at baseline.
Although participants with CRP levels exceeding 10 mg/L are
often excluded from analyses [e.g., (27,34)] because these
Biological Psychiatry: Global O
CRP levels may indicate an acute infection instead of chronic
low-grade inflammation, this exclusion criterion has been
criticized if researchers do not have additional information
about a participant’s acute health status (53,54). To avoid
excluding the data of such participants, we opted to use all
available data points but to winsorize CRP data. A detailed
flow chart of participant inclusion and exclusion is shown in
Figure S1. Details on the variables used for exclusion are
provided in Table S1.

The UK Biobank received ethical approval from the
North West Multi-centre Research Ethics Committee
(reference 11/NW/0382). All participants provided informed
consent.

VRF Burden

VRF burden was defined as the presence of 5 VRFs that have
been linked to an increased risk of vascular diseases: hyper-
tension, overweight or obesity, hypercholesterolemia, dia-
betes, and smoking (55). Hypertension was defined as either
reporting the presence of diagnosed hypertension or having
systolic blood pressure $ 130 mm Hg and diastolic blood
pressure $ 80 mm Hg (56). Overweight/obesity was defined as
having a body mass index $ 25 (57). Hypercholesterolemia
and diabetes were defined as reporting the presence of diag-
nosed high cholesterol and diabetes, respectively. Smoking
was defined as reporting (occasional) current smoking of to-
bacco. All 5 VRFs were coded as either present (1) or absent (0)
and summed into a composite score with a higher score
indicating higher VRF burden (total score range 0–5). Details on
the assessment of these variables used can be found in
Table S2.

C-Reactive Protein

Serum concentrations of high-sensitivity CRP were used as a
marker of low-grade systemic inflammation. Detailed infor-
mation on the blood sampling and the serum CRP measure-
ment can be found in the UK Biobank documentation (58–60).
In brief, participants provided a nonfasting blood sample on
the assessment day. Serum CRP levels were later determined
in stored samples using an immunoturbidimetric method
(Beckman Coulter AU5800) with a reportable range of high-
sensitivity serum CRP from 0.08 to 80 mg/L. For all ana-
lyses, we used the untransformed CRP values provided
(61,62). To potentially ease comparison with other studies, we
provide sensitivity analyses with log-transformed CRP values.
In addition, we included all participants with available CRP
data, but winsorized CRP with an upper boundary of 10mg/L
to limit the influence of outliers due to potential acute
infections.

Depressive Symptoms

Depressive symptoms were assessed at T3 using the Patient
Health Questionnaire-9, which is a well-established screening
instrument for diagnosing and monitoring the severity of
depression (63). Participants answered 9 items following the
DSM-5 criteria for major depressive disorder: 1) depression, 2)
inadequacy, 3) tiredness or low energy, 4) lack of interest or
pleasure in doing things, 5) poor appetite or overeating, 6)
thought of suicide or self-harm, 7) concentration problems, 8)
pen Science October 2023; 3:642–650 www.sobp.org/GOS 643
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Figure 1. Directed acyclic graph showing the assumed causal structure
of the effects between vascular risk factor (VRF) burden, C-reactive protein
(CRP), and depressive symptoms (DEP). The exposure VRF burden was
measured at time (T) 1 and assumed to affect CRP at T2, which in turn af-
fects DEP at T3. Sociodemographic covariates include age, gender, racial-
ethnic background, educational attainment, household income, and Town-
send deprivation index measured at T1; depression at T1 was assumed to
be a confounder and was measured by depressive symptoms at T1 and a
potential history of mood disorder; CRP at T1 was also assumed to be a
confounder.
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sleep problems, and 9) changes in speed. Answers were given
on a Likert scale ranging from 0 (not at all) to 3 (nearly every
day). For our analyses of overall depressive symptom severity,
we calculated a sum score (ranging from 0 to 27), with higher
values indicating more severe depressive symptoms.

Covariates

We considered sociodemographic factors (age, gender, racial-
ethnic background, educational attainment, household in-
come, and Townsend deprivation index, all assessed at base-
line), as well as baseline CRP, baseline depressive symptoms,
and a potential history of mood disorder as covariates. Age (in
years) was calculated by subtracting the date of birth from the
date of the baseline assessment. Gender was defined as a
dichotomous variable due to its binary assessment (woman/
man). We defined racial-ethnic background as a dichotomous
variable (White/person of color [including people who identified
as Asian or Asian British, Black or Black British, Chinese, Mixed,
or Other]) because most of the sample identified themselves as
White. Educational attainment was defined as a dichotomous
variable (college or university degree/no college or university
degree). Household income was assessed as a categorial
variable indicating total pretax household income in British
pounds sterling (,18,000/18,000–30,999/31,000–51,999/
52,000–100,000/.100,000). The Townsend deprivation index
reflects material deprivation within a population and was
assessed as a continuous variable with higher values indicating
greater deprivation (64,65). Baselinedepressive symptomswere
calculated as the sum score of 4 items assessing mood symp-
toms at baseline: frequency of depressed mood, frequency of
unenthusiasm/disinterest, frequency of tenseness/restless-
ness, frequencyof tiredness (answers ranged from0 [not at all] to
3 [nearly every day]). A potential history of mood disorder was
assessed at baseline by asking participants whether they had
ever seen a general practitioner for nerves, anxiety, tension, or
depression (yes vs. no). CRP at T1 as a covariate was assessed
as described above for CRP at T2. More details on the specific
variables used are provided in Table S2.

Statistical Analyses

Mediation Analysis. The proposed diagram for the rela-
tionship between VRF burden, CRP, and depressive
symptoms is shown in Figure 1. We assumed that VRF
burden at T1 (X) would lead to elevated levels of CRP at T2
(M), which would result in higher levels of depressive
symptoms at T3 (Y). Sociodemographic and socioeconomic
variables, baseline CRP, and baseline depression may
confound the effects between VRF burden, CRP, and
depressive symptoms.

To estimate the mediation models, we relied on a path-
analytic framework, which simultaneously estimates the
direct, indirect, and total effects (66). In these models, the
direct effect c reflects the association between the exposure
VRF burden at T1 (X) and the outcome depressive symptoms
at T3 (Y). It is the regression coefficient estimated by
regressing X on Y while accounting for covariates. The indirect
effect reflects the part of the association between X and Y that
is mediated by serum CRP measured at T2 (M). It is the
product of 2 path coefficients: the coefficient from regressing X
644 Biological Psychiatry: Global Open Science October 2023; 3:642–
on M (a) and the coefficient from regressing M on Y while
accounting for X and all covariates (b). The total effect is the
sum of the direct effect (c) and the indirect effect (a 3 b) and
reflects the association between X and Y that is direct and
mediated via M (67).

All mediation models were fitted using the structural equa-
tion modeling package lavaan (68) in R version 4.1.1. To ac-
count for missing data, we used the robust full information
maximum likelihood estimation, which assumes that data are
missing at random (69). While this assumption is impossible to
test formally in practice, full information maximum likelihood
estimation can still provide less biased estimates even if data
are not missing at random and is preferable to other missing
data techniques, such as listwise deletion (70). In all models,
95% CIs were computed using bootstrapping (with 5000
bootstrapping samples) to test the direct, total, and indirect
effects. Effects were considered significant when the 95% CI
did not contain 0. The ratio of the indirect effect to the total
effect was used to quantify the proportion of the total effect
that was mediated by the indirect effect (71), and this pro-
portion mediated was calculated when both the total and in-
direct effects were significantly different from 0 and were in the
same direction (72).

Sensitivity Analyses. To test the sensitivity of the results of
the fully adjusted model (model 3) to unmeasured confound-
ing, we conducted a sensitivity analysis by examining how the
size of the indirect effect changed when we included an (un-
observed) confounder of the mediator-outcome relation of a
small (r = 0.1), a moderate (r = 0.3), and a large (r = 0.5)
magnitude (73). To test the sensitivity of the results of the fully
adjusted model (model 3) to the winsorization of CRP, we reran
model 3 with unwinsorized CRP data. Finally, to allow com-
parison with other studies in the field, we also estimated model
3 with log-transformed CRP.

Exploratory Analyses. Given findings of symptom-specific
associations of depressive symptoms with VRFs and CRP, we
performed a range of exploratory models with single
650 www.sobp.org/GOS
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depressive symptoms as outcomes. All single-symptom
models included the full set of covariates.

RESULTS

Sample Characteristics

The sample included 10,470 participants with longitudinal data
for VRF burden, CRP, and depressive symptoms. The baseline
characteristics of participants are shown in Table 1. Table S3
shows zero-order correlations between all study variables.
On average, participants were 56.75 years old at baseline
(SD = 7.30, range 40–70). Of the participants, 5109 participants
(48.80%) were women, 10,269 (98.08%) identified themselves
as White, and 4890 (46.70%) held a university degree.

Mediation Analysis

The estimated total, direct, and indirect effects are depicted in
Figure 2. The total effects showed a significant association
between VRF burden and depressive symptoms in all 3 models
with increasing covariate control, although increasing covari-
ate adjustment led to an attenuation of the estimated total
effects (model 1: total effect = 0.219, 95% CI, 0.155–0.284;
model 2: total effect = 0.123, 95% CI, 0.063–0.184; model 3:
total effect = 0.099, 95% CI, 0.037–0.163). This suggests that
Table 1. Baseline Characteristics of Study Participants,
N = 10,470

Variable Missing Data, n (%) n (%) or Mean 6 SD

Age at T1, Years 0 (0%) 56.75 6 7.30

Gender 0 (0%)

Woman 5109 (48.80%)

Man 5361 (51.20%)

Racial-Ethnic Background 21 (,0.01%)

White 10,269 (98.08%)

Person of colora 180 (0.02%)

Educational Attainment 290 (0.03%)

University degree 4890 (46.70%)

No university degree 5290 (50.52%)

Household Income, £ 1098 (10.49%)

,18,000 1237 (11.81%)

18,000–30,999 2412 (23.04%)

31,000–51,999 2890 (27.60%)

52,000–100,000 2304 (22.00%)

.100,000 529 (5.05%)

TDI 5 (0.05%) 22.23 6 2.54

VRF Burden 0 (0%) 1.33 6 0.94

Depressive Symptoms (T1) 0 (0%) 0.99 6 1.37

Doctor Visit Mood Disorder 2 (,0.01%)

Yes 2988 (28.54%)

No 7480 (71.44%)

CRP (T1), mg/L 802 (7.66%) 1.94 6 2.21

T1/T2, Days 0 (0%) 1547 6 335

T2/T3, Days 0 (0%) 1344 6 94

CRP, C-reactive protein; T, time; TDI, Townsend deprivation index; VRF,
vascular risk factor.

aIncludes people who identified as Asian or Asian British, Black or Black British,
Chinese, Mixed, or Other ethnic groups.
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after accounting for sociodemographic and socioeconomic
covariates, baseline mediator, and baseline outcome, 1 more
VRF at baseline was associated with 0.099 (95% CI,
0.037–0.163) additional depressive symptoms about 8 years
later (Figure 2A).

The estimated indirect effects showed that CRP mediated a
small but significant part of the association between VRFs and
depressive symptoms in all 3 models with increasing covariate
control, although increasing covariate adjustment also slightly
attenuated the strength of the indirect effects (model 1: indirect
effect = 0.034, 95% CI, 0.021–0.048; model 2: indirect effect =
0.025, 95% CI, 0.014–0.037; model 3: indirect effect = 0.010,
95% CI, 0.004–0.017). Thus, in model 3, with adjustment for
the full set of covariates, the estimated indirect effect via CRP
was 0.010 (95% CI, 0.004–0.017), which accounted for 10.0%
(95% CI, 3.4%–30.0%) of the association between VRFs and
depressive symptoms (Figure 2A, B).

Sensitivity Analyses

Sensitivity analyses building on the fully adjusted model
(model 3) were used to probe the indirect effect to an unob-
served confounder. The results indicated that the indirect ef-
fect (20.004, 95% CI 20.010 to 0.003) was not significantly
different from zero in the presence of an unobserved
confounder with a medium-sized effect. Additional sensitivity
analyses with unwinsorized CRP data showed similar results
as the main analyses (Table S4). Finally, sensitivity analyses
with log-transformed CRP data also showed similar results as
the main analyses (Table S5).

Exploratory Analyses

Additional analyses were used to examine the mediating role
of CRP in the association between VRFs and specific
depressive symptoms while controlling for all confounding
variables. The full results of all symptom-specific mediation
models are shown in Table 2. Significant total effects of VRF
burden were found on feelings of tiredness (0.036, 95% CI,
0.021–0.051), changes in appetite (0.041, 95% CI,
0.030–0.052), and sleep problems (0.021, 95% CI,
0.003–0.039). Significant indirect effects of CRP were found for
tiredness (0.003, 95% CI, 0.002–0.009), where CRP mediated
9.2% (95% CI, 4.7%–18.2%) of the association between VRFs
and depressive symptoms, and changes in appetite (0.002,
95% CI, 0.001–0.004), where CRP mediated 5.5% (95% CI,
2.3%–9.6%) of the association between VRFs and depressive
symptoms.

DISCUSSION

By drawing on the prospective design of the UK Biobank, we
investigated the extent to which CRP, as a marker of low-grade
systemic inflammation, might underly the association between
VRFs and depressive symptoms. Our results suggested that
after accounting for important covariates, middle-aged and
older adults with higher VRF burden at baseline had more
severe depressive symptoms about 8 years later and that a
small part of this association was mediated by serum CRP.
Exploratory analyses revealed that the mediating effect of CRP
was most prominent for 2 somatic symptoms, feelings of
tiredness and changes in appetite. However, our findings also
pen Science October 2023; 3:642–650 www.sobp.org/GOS 645
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Figure 2. Results of mediation models estimating the effects between vascular risk factor burden, C-reactive protein (CRP), and depressive symptoms
(Dep). (A) Direct, indirect, and total effect of 3 models with increasing covariate control (estimates and 95% CIs). Effects of model 1 (sociodemographic and
socioeconomic covariates only) are plotted in light green; effects of model 2 (sociodemographic covariates, depressive symptoms at time (T) 1, and potential
history of mood disorder) are plotted in forest green; effects of model 3 (sociodemographic covariates, depressive symptoms at T1, potential history of mood
disorder, and CRP at T1) are plotted in blue. (B) Proportion mediated of 3 models with increasing covariate control, which were calculated as the relation
between the indirect and the total effect. The colored sections (same colors as in plotting models 1, 2, and 3) represent the portion of the total effect between
vascular risk factors and depressive symptoms that is accounted for by the indirect effect via CRP, while the white sections indicate the unexplained portion of
the total effect. sociodem. cov, sociodemographic covariates.
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suggest that these results must be interpreted with caution
given that the estimated effects are relatively small and may be
somewhat sensitive to residual confounding.

The finding that VRF burden is associated with an increased
risk for depressive symptoms at follow-up in middle-aged and
older adults is consistent with previous work linking vascular
and mental health in later life (10,12,13). However, the reasons
why VRFs may increase the risk for depressive symptoms are
still being debated (6,15,16). Several authors previously pro-
posed inflammation as a possible mechanism linking vascular
and mental health (15,17–19). However, studies disentangling
the mediational effect of inflammation on the relationship be-
tween VRF burden and depressive symptoms are scarce and
mainly focused on cross-sectional data or bivariate associa-
tions (44,46,74). A strength of the current study is the
leveraging of longitudinal data from a large cohort study to
establish temporal ordering between VRFs, CRP, and
depressive symptoms while strengthening causal inference by
controlling for baseline CRP and baseline depression. By doing
so, the results of our study provide putative support for the
Table 2. Results of Longitudinal Mediation Analyses of VRF Bur

Symptom Total Effect (95% CI) Direct Effect (95%

Feelings of Depression 20.002 (20.012 to 0.008) 20.002 (20.012 to

Inadequacy 20.001 (20.012 to 0.009) 20.002 (20.013 to

Tiredness 0.036 (0.021 to 0.051) 0.033 (0.018 to 0.

Lack of Interest 0.002 (20.009 to 0.012) 0.001 (20.009 to

Changes in Appetite 0.041 (0.030 to 0.052) 0.039 (0.028 to 0.

Thoughts of Suicide 0.004 (20.001 to 0.009) 0.004 (20.001 to

Concentration Problems 0.001 (20.009 to 0.012) 0.000 (20.010 to

Sleep Problems 0.021 (0.003 to 0.039) 0.020 (0.003 to 0.

Changes in Speed 20.002 (20.008 to 0.004) 20.003 (20.009 to

All associations are adjusted for covariates (age, gender, racial-ethnic background,
depressive symptoms, potential history of mood disorder, and CRP at baseline).

CRP, C-reactive protein; VRF, vascular risk factor.
aProportion mediated was only calculated when total and indirect effects were sign

646 Biological Psychiatry: Global Open Science October 2023; 3:642–
hypothesis that a small part of the depressogenic effect of
VRFs may indeed be due to their inflammation-promoting
characteristics.

While our findings add to the literature on mechanisms
underlying the association between VRFs and depression, they
also suggest that the effect is small after accounting for
baseline CRP and depression and may be somewhat sensitive
to residual confounding. An advantage of our study compared
with cross-sectional studies is that the longitudinal study
design allowed us to provide more precise estimates of these
associations while considering important confounders.
Although the observed effects from this observational study
may not be directly applicable to clinical outcomes, our study
provides an important perspective on how inflammation may
contribute to the link between vascular risk and depressive
symptoms that could inform current clinical research and the
development of therapeutic approaches. Future population-
based and clinical studies are necessary to replicate and
extend our findings to make clear policy or clinical
recommendations.
den, Log CRP, and Single Depressive Symptoms

CI) Indirect Effect (95% CI) Proportion Mediateda (95% CI)

0.008) 0.000 (20.001 to 0.001) –

0.008) 0.001 (20.000 to 0.002) –

048) 0.003 (0.002 to 0.005) 9.6% (4.7% to 18.2%)

0.011) 0.001 (20.000 to 0.001) –

050) 0.002 (0.001 to 0.004) 5.5% (2.3% to 9.6%)

0.008) 0.000 (20.001 to 0.001) –

0.011) 0.001 (20.000 to 0.002) –

039) 0.001 (20.001 to 0.002) –

0.003) 0.001 (20.000 to 0.002) –

educational attainment, household income, Townsend deprivation index, baseline

ificantly different from 0.
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Further high-quality research replicating and extending our
findings is also important given the bidirectional effects among
the variables under study. Several lines of research support
potential bidirectional pathways: Depression, especially in
adolescence and young adulthood, may increase the risk of
inflammatory processes and the development of higher
vascular risk (75,76). Inflammation also increases the risk of
manifest cardiovascular diseases independent of classical
VRFs (37,47). Some studies have even suggested that
inflammation may explain part of the increased risk of manifest
vascular diseases (e.g., heart disease, stroke) in depression,
although results have been inconsistent (77–80). We aimed to
minimize confounding by these bidirectional effects by ac-
counting for baseline CRP and baseline depression when
testing our mediational hypothesis (36,44,74). However, future
studies will benefit from going one step further to elucidate the
temporal ordering and causality between VRFs, inflammation,
and depressive symptoms. For example, a study with at least 3
waves of data among the variables under study would allow
extension of the longitudinal design and use of advanced
causal inference methods, such as marginal structural models
or g-estimation, which would more appropriately address time-
varying effects of VRFs, CRP, and depressive symptoms
(81,82). While the current study aimed to test one specific
pathway and was limited to the available data from the UK
Biobank, such approaches would be a fruitful avenue for future
research.

Causal inference could also be strengthened in future
research by taking an interventionist approach. Indeed, alter-
native designs based on interventional effects and intensive
sampling approaches have also been called for recently to
better understand the temporal sequence and causal re-
lationships in this area (83). For example, our results point to
the possibility that VRF burden may be a promising shared
upstream target for preventing depressive symptoms and in-
flammatory processes (84). One avenue for future research will
be to investigate whether interventions or policies aimed at
reducing VRF burden (and preventing vascular diseases) could
alleviate low-grade systemic inflammation and depressive
symptoms. Large-scale randomized controlled trials that could
answer these research questions in the future are underway
with multiple components of interventions in middle-aged and
older adults (85,86). Moreover, it remains to be investigated
whether inflammation-reducing treatments are an effective
complementary treatment for depressed patients with high
VRF burden (87).

Importantly, the symptom-specific associations observed in
our study are consistent with recent work suggesting that
depression is not a homogeneous construct but rather an
interplay of symptoms that can have different risk factors
(88,89). Several previous studies have supported that VRFs as
well as inflammation have distinct associations with specific
depressive symptoms that are related to somatic or metabolic
processes (30,31,33,51,74). Our findings are consistent with
this research, supporting the notion that VRFs and low-grade
inflammation may promote a specific symptom profile in
depression. Thus, our findings may be informative for novel
research on the recently proposed immuno-metabolic subtype
of depression, which has been characterized by altered
Biological Psychiatry: Global O
vascular and metabolic functions, disturbances in immune
function, and specific behavioral symptoms (90).

There are several limitations to our study. One limitation is
that our study sample may have limited generalizability. While
the UK Biobank offers a unique data source with extensive
health data and a longitudinal design, the sample has been
shown to be selective and healthier than the general UK
population (91). The UK Biobank is known to be less diverse
with respect to racial-ethnic identity than the general popu-
lation of the UK (92). The generalizability of our results is
further constrained by the restriction to a longitudinal sample,
which was even less diverse and more highly educated than
the UK Biobank sample overall. To better understand mech-
anisms between VRFs, inflammation, and depression, future
studies using large, representative, and more diverse
samples—especially with a particular focus on retaining
people in the study longitudinally—are needed. Moreover,
future studies are needed to replicate our results. This is
especially important for the single-symptom analyses, which
were not corrected for multiple comparisons due to their
exploratory nature. Another limitation is that we were unable
to include data on VRFs, CRP, and depressive symptoms at
all 3 time points because these variables were not consis-
tently assessed across measurement occasions in the UK
Biobank. Therefore, although we included a covariate of CRP
and depression at baseline, we were not able to disentangle
more complex, bidirectional associations over time. Finally,
given the age range of UK Biobank participants, we were not
able to include data from before midlife. While middle-aged
and older adults are at increased risk for VRFs and inflam-
mation (93,94), the underlying pathological processes prob-
ably start much earlier in life. For example, recent studies
have demonstrated that VRFs are associated with depressive
symptoms during the first 18 years of life (75,95) and that
inflammation is already linked to depressive symptoms in
younger adults (96). Future studies including assessments
during childhood and adolescence would be needed to
extend our findings and disentangle the associations between
VRFs, inflammation, and depressive symptoms across the life
span.

In this longitudinal study, we showed that the association
between VRFs and depressive symptoms in mid- and later life
may be mediated to a small extent by low-grade systemic
inflammation. Therefore, the current study adds some weight
to the notion that inflammation plays a role in linking vascular
and mental health. Furthermore, exploratory results suggest
that vascular and inflammatory processes pertain to a certain
(somatic) subgroup of depression.
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