
Brain, Behavior, & Immunity - Health 13 (2021) 100226
Contents lists available at ScienceDirect

Brain, Behavior, & Immunity - Health

journal homepage: www.editorialmanager.com/bbih/default.aspx
Inflammation is associated with future depressive symptoms among
older adults

Erin Bondy a,*, Sara A. Norton a, Michaela Voss a, Rebecca B. Marks a, Michael J. Boudreaux a,
Michael T. Treadway b, Thomas F. Oltmanns a, Ryan Bogdan a,**

a Department of Psychological and Brain Sciences, Washington University in St. Louis, USA
b Department of Psychology, Emory University, USA
A B S T R A C T

Inflammation has been reliably associated with depression. However, the directionality of this association is poorly understood, with evidence that elevated
inflammation may promote and precede the development of depression, as well as arise following its expression. Using data from older adults (N ¼ 1,072, ages 60–73)
who participated in the ongoing longitudinal St. Louis Personality and Aging Network (SPAN) study, we examined whether inflammatory markers (interleukin-6: IL-6,
C-reactive protein: CRP, and tumor necrosis factor α: TNFα) and depression were prospectively predictive of one another. Fasting serum samples and self-reports of
depressive symptoms (Beck Depression Inventory-II) were obtained from participants at 2 sessions approximately 2 years apart. Structural equation models as well as
regressions that accounted for a host of potentially confounding covariates and depression at baseline revealed that baseline IL-6 and CRP, but not baseline TNFα were
associated with elevated depressive symptoms at the follow-up session (IL-6: β ¼ 0.080, p ¼ 0.036; CRP: β ¼ 0.083, p ¼ 0.03; TNFα: β ¼ 0.039, p ¼ 0.314). However,
there was no association between baseline depressive symptoms and follow-up inflammatory markers (βs ¼ �0.12 to �0.006, all ps > 0.05). Collectively, these data
suggest that inflammation prospectively predicts depression, but depression does not predict inflammation in older age. These data add to a growing literature
suggesting that inflammatory signaling may plausibly promote the development of depression.
1. Introduction

Depression is a growing public health concern that manifests as in-
dividual suffering and substantial socioeconomic costs (GBD 2017 Dis-
ease and Injury Incidence and Prevalence Collaborators, 2018). While
depression is less common among older adults relative to younger adults,
later life depression is associated with increased age-related disease (e.g.,
cardiovascular disease) and reductions in cognitive and social function
(Fiske et al., 2009). Remarkably little is known about the etiology of late
life depression, but emerging evidence suggests that systemic inflam-
mation, which increases with age (Ferrucci and Fabbri, 2018), may play a
pivotal role.

Converging evidence supports theory that inflammation may causally
influence depression (e.g., Kiecolt-Glaser et al., 2015; Miller and Raison,
2016). First, depression has been robustly associated with elevated in-
flammatory markers, most notably interleukin-6 (IL-6), C-reactive pro-
tein (CRP), and tumor necrosis factor α (TNFα; for meta-analyses see:
Dowlati et al., 2010; Howren et al., 2009; Liu et al., 2017; Mac Giollabhui
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et al., 2020; Valkanova et al., 2013). Second, depression is common
among individuals with physical health conditions characterized by
elevated inflammation including cardiovascular disease and diabetes
(Ridker, 2007). Third, transient increases in proinflammatory cytokines
induce sickness behaviors that mirror depressive symptoms, such as
anhedonia, sleep disturbance, and fatigue (Anisman et al., 2005; Dantzer
et al., 2008; Sparkman et al., 2006). Fourth, inflammatory challenges in
non-human animal models (e.g., rodents, non-human primates; Kaster
et al., 2012, Dobos et al., 2012) and humans (Capuron et al., 2004;
Moieni et al., 2015; Reichenberg et al., 2001) induce depressive-like
symptomatology. Further, antidepressant medication and psychother-
apy reduce inflammatory signaling (Hannestad et al., 2011; Leonard,
2014; Moreira et al., 2015), and anti-inflammatory medication has
anti-depressant effects among depressed individuals (K€ohler et al., 2014;
Miller et al., 2009; Raison et al., 2013). Fifth, increases in central levels of
pro-inflammatory cytokines have a number of effects on monoamine
levels in a manner consistent with mechanisms thought to be involved in
major depression (e.g., reducing serotonin and dopamine, increasing
oxidative stress; Leonard, 2018; Treadway et al., 2019). Collectively, this
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Abbreviations:

IL-6 interleukin-6
TNFα tumor necrosis factor α
CRP C-reactive protein
BDI-II Beck Depression Inventory II

Fig. 1. A timeline of study assessments included in analyses. In-person follow-
up visits (IPFU) were conducted approximately 2.5 years apart. Fasting blood
draws were completed within two weeks of in-person follow-up visits.
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evidence suggests that inflammation may plausibly be depressogenic.
The majority of studies investigating links between inflammation and

depression have been cross-sectional, although there are accumulating
longitudinal efforts. A recent meta-analysis of prospective associations
between inflammation and depression found evidence for associations
between inflammation and subsequent depression for both CRP (study n
¼ 18, participant n ¼ 38,469, f(r) ¼ 0.058) and IL-6 (study n ¼ 11,
participant n ¼ 9,953, f(r) ¼ 0.053), but not TNFα (study n ¼ 5, f(r) ¼
-0.008; Mac Giollabhui et al., 2020). Further, baseline depression was
associated with future CRP (study n ¼ 14, participant n ¼ 32,078, f(r) ¼
0.051) and IL-6 (study n ¼ 6, participant n ¼ 2,949, f(r) ¼ 0.09), but not
TNFα (study n ¼ 5, f(r) ¼ 0.015). However, given animal and human
research demonstrating associations between TNFα and depression
(Kaster et al., 2012; Raison et al., 2013), further study is warranted.
Moreover, a previous meta-analysis established a link between TNFα and
major depression, noting however that significant variability across
studies weakened presumed associations (Haapakoski et al., 2015).
Indeed, the magnitude of associations across studies examining inflam-
matory markers and depression are often reduced when adjusted for
relevant covariates (Mac Giollabhui et al., 2020), and variability in the
use of covariates across studies may contribute to equivocal conclusions
across studies (Smith et al., 2018).

Although inflammation and depression are associated across the
lifespan, emerging evidence suggests that this may be more pronounced
in later life. Aging is associated with elevated inflammation (Franceschi
et al., 2017; Franceschi and Campisi, 2014) and the association between
inflammation and depression is potentiated in late life (Grosse et al.,
2015; Mac Giollabhui et al., 2020), contributing to speculation that
inflammation may play a more prominent role in later-life depression
(Alexopoulos and Morimoto, 2011).

1.1. The current study

Here, we tested whether inflammation (i.e., CRP, IL-6, and TNFα) and
depression are prospectively predictive of one another. To this end, we
used data (n ¼ 327–791) from the ongoing longitudinal St. Louis Per-
sonality and Aging Network (SPAN) study of older adults (ages 60–73). In
light of existing literature, we hypothesized that higher IL-6, CRP, and
TNFα would be associated with greater future depressive symptoms. As
relationships between depression and future inflammation have been less
reliably reported in the literature (Mac Giollabhui et al., 2020), partic-
ularly among older adults (Au et al., 2015; Gimeno et al., 2009), we
hypothesized that depression may or may not predict future
inflammation.

2. Method

2.1. Participants and procedure

The SPAN study is an ongoing longitudinal study assessing a wide
range of personality, health, social, experiential, and biological charac-
teristics among a representative baseline sample of 1,630 older adults
residing in the St. Louis metropolitan area (ages 55–65 at baseline, M ¼
59.5, SD ¼ 2.7; 55% female; 65% European American; 32% African
American; Oltmanns, Rodrigues, Weinstein and Gleason, 2014). Partici-
pants were recruited using listed phone numbers that were crossed with
2

census data in order to identify households with at least one member in
the eligible age range. When more than one person in a household was in
the target age range, the conservative Kish method (Kish, 1949) was
used, which enables the random selection of one individual from the
household (i.e., sampling without replacement). If the target person
refused to participate, other eligible residents in the household were not
included (Oltmanns et al., 2014). Individuals were excluded if they
lacked a permanent residence, were not fluent in English, could not read
at a 6th-grade level, or had active psychotic symptoms.

Each participant completed a 3-h in-person assessment at baseline (N
¼ 1,630; baseline), and at 3 subsequent in-person follow-up (IPFU) ses-
sions approximately 2 years apart (IPFU-1, n ¼ 1,260; IPFU-2, n ¼ 1067;
IPFU-3, n ¼ 906, ongoing; Fig. 1). A fasting blood sample was collected
from consenting participants typically within 2 weeks of IPFU-2 (n ¼
791) and IPFU-3 (n ¼ 578). Participants were also asked to complete a
short sequence of mailed or online follow-up questionnaires that were
administered approximately every 6 months after entering the study.
Participants received $60 for each in-person interview and $10 for each
set of questionnaires completed. Participants who consented to the
optional blood draw at each time point were given $20 additional in
compensation. All protocols were approved by the Washington Univer-
sity in St. Louis Institutional Review Board. Data used in analyses of this
study include participants who completed at least one blood draw ses-
sions (i.e., IPFU-2 and/or IPFU-3). Compared to participants who
completed IPFU-2 but not the corresponding fasting blood draw, no
differences in depressive symptoms from those who had blood drawn
were found (t ¼ �0.312, p > 0.05). Similarly, participants who
completed IPFU-3 but not the corresponding fasting blood draw did not
differ from those did provide blood (t ¼ 0.5, p > 0.05). Analytic samples
varied based on available inflammatory marker data (bivariate correla-
tion Ns: 398–739; SEM analyses Ns: 379–463; regression with covariates
Ns: 327–457).When comparing participants included in the SEM analysis
of depression and IL-6 to those not included, group differences in
depressive symptoms and IL-6 levels at IPFU-2 emerged. Namely, those
who were not included in analyses (due to lack of IPFU-3 data) had more
depressive symptoms (t¼ 1.932, p< 0.05) and higher levels of IPFU-2 IL-
6 (t ¼ 3.241, p < 0.05) than those who completed the follow up. Simi-
larly, individuals not included in the SEM analysis of depression and CRP
had higher levels of CRP at IPFU-2 than those included (t ¼ 2.189, p <

0.05). No group differences emerged when comparing individuals
included in the depression and TNFα analysis to those not included.
2.2. Measures

2.2.1. Inflammatory markers
Morning fasting blood samples were collected between 7:30–10:00

a.m. via peripheral (primarily antecubital) venipuncture in an indepen-
dent session closely following the IPFU-2 and IPFU-3 sessions from
consenting participants in serum and plasma tubes. Samples were not
obtained from any participants reporting acute illness or injury. Samples
were processed according to standard operating procedures before being
stored at�80 �C (Tuck et al., 2009). Specifically, the serum samples used
for our analyses were collected in red top silicon-coated tubes with no
additives. Immediately following collection, tubes were kept upright for
40–60 min to allow for clot formation before being centrifuged (1300 g)
for 20 min at room temperature. Immediately after, samples were
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pipetted into 4–8 2mL tubes containing volumes of 500 μg or 1mL before
being frozen at �80 �C. Prior to analyses samples were removed from
�80 �C and thawed at room temperature for 45 min on a nutating mixer.
Samples were then centrifuged for 2 min at 3260�g to draw contami-
nants to the bottom of the tube. All reagents and samples were allowed to
reach room temperature before use.

IL-6, CRP, and TNFα were assayed from serum in duplicate using
commercially available enzyme-linked immunosorbent assays (IL-6:
Quantikine HS Human IL-6, R&D Systems, Minneapolis, MN, USA; CRP:
EIA-3954 High Sensitivity C-Reactive Protein ELISA DRG International
Inc., USA; TNFα: Quantikine HS Human IL-6, R&D Systems, Minneapolis,
MN, USA). Intra- and inter-assay coefficients of variation were acceptable
(intra-assay CVs all <8%, inter-assay CVs all <14%). Samples producing
unreliable measures (i.e., intra-assay CVs>20%) of IL-6 (IPFU-2: N ¼ 38;
4.8% IPFU-3: N ¼ 7; 1.19%), CRP (IPFU-2: N ¼ 22; 2.8%; IPFU-3: N ¼ 1;
0.2%), or TNFα (IPFU-2: N ¼ 57; 8.7%; IPFU-3: N ¼ 4; 0.7%), even after
being re-assayed in duplicate were excluded (Table 1). Inflammation
markers (i.e., IL-6, CRP, and TNFα) were log transformed prior to ana-
lyses. Due to lack of consistency in results across inflammatory markers
according to meta-analyses, we examined these markers independently,
as opposed to forming an inflammatory index (Baumeister et al., 2016).

2.2.2. Depressive symptoms
The 21-item Beck Depression Inventory II (BDI-II; Beck et al., 1996)

was used to assess the severity of current depressive symptoms. The
BDI-II is rated on a 4-point, Likert-type scale ranging from 0 to 3. Data
from IPFU-2 (M ¼ 5.32 � 6.397, N ¼ 707, range ¼ 0–45, Cronbach’s α ¼
0.90) and IPFU-3 (M¼ 5.59� 6.781, N¼ 485, range¼ 0–54, Cronbach’s
α ¼ 0.92) from participants who had available inflammation data were
used in analyses.

2.3. Covariates

Age. Participant age at the initial blood draw session was calculated
using the participants’ date of birth and the date of their blood draw
appointment (M ¼ 65.92 � 2.89, N ¼ 791, range ¼ 60–72).

Sex. Participant self-reported sex was recorded at the initial study
baseline assessment (Nfemale ¼ 392).

Race/Ethnicity. Two non-exclusive dummy-coded dichotomous
variables were used to represent self-reported race and ethnicity as
White/not White1 and Hispanic/not Hispanic, respectively (NWhite ¼
528; NHispanic ¼ 17).

Socioeconomic Status. Socioeconomic status (SES) was assessed
using a composite score of participants’ standardized self-reported edu-
cation level, participants’ parental education, and household annual
Table 1
Mean concentrations of IL-6, CRP, and TNFα.

IPFU-2 IPFU-3 Sensitivity

M N M N

IL-6 0.259 753 0.274 578 0.11 pg/mL
CRP 0.409 769 0.148 533 0.10 mg/L
TNF⍺⍺ 0.150 650 0.110 539 0.049 pg/mL

Note. Mean concentrations (winsorized and log-transformed) for IL-6 (pg/mL),
CRP (mg/L), and TNF⍺ (pg/mL) from blood collected at baseline and follow-up
site visits.

1 As the sample was predominantly White and Black, one single dichotomous
variable was used. Coding additional variables (e.g., White/not White, Black/
not Black) resulted in collinear covariates.

3

income level at the baseline interview (M ¼ 0.11 � 0.845, N ¼ 722,
range ¼ -2 – 2).

Body Mass Index. Body Mass Index (BMI) was calculated from
participant height and weight, which were measured at blood draw (M¼
30.33 � 6.99, N ¼ 725, range ¼ 15–70).

Mean Arterial Pressure.Mean Arterial Pressure (MAP) was measured
directly at the blood draw appointment via inflatable blood pressure cuff
(M ¼ 102.63 � 13.826, N ¼ 702, range ¼ 66–160).

Medication. Medication use was assessed using lists of all current
prescription drugs, over the counter medications, and supplements pro-
vided by participants at the IPFU-2 interview and phlebotomy session.
Medications were logged within the following medication classes as
dummy-coded variables: beta blocker (N ¼ 148), calcium blocker (N ¼
144), statins (N ¼ 261), ACE inhibitor (N ¼ 257), benzodiazepines (N ¼
43), hormonal medications (N¼ 60), aspirin (N¼ 256), prescription pain
killer (N ¼ 84), non-steroidal anti-inflammatory drugs (NSAIDs; N ¼
134), steroid medication (N ¼ 94), antidepressant medication (i.e., a
TCA, SSRI, or SNRI; N ¼ 153).

Sleep. Average hours of sleep per night was assessed by participant
self-report at the blood draw appointment (M ¼ 6.80 � 1.301, N ¼ 628,
range ¼ 4–10).

Caffeine. Average caffeine consumption (i.e., number of caffeinated
beverages consumed in the average day) was assessed by participant self-
report at the blood draw appointment (M ¼ 2.25 � 1.67, N ¼ 628, range
¼ 0–6).

Physical health. Physical health was assessed using participants’ self-
reported answers to the RAND-36 Health Status Inventory (Hays and
Morales, 2001) at the IPFU-2 interview. A physical health component
score was comprised of the Physical Functioning (PF), Role Limitations
due to physical health (RLP), Pain (PA), and General Health (GHP)
questions (M ¼ 59.89 � 9.533, N ¼ 705, range ¼ 31–74, Cronbach’s α ¼
0.93).
2.4. Statistical analyses

To maintain data variability but minimize the influence of extreme
outliers, outlier values on depression and inflammatory variables were
winsorized to �3 standard deviations before conducting analyses. Re-
sults were largely consistent when using raw values and excluding
extreme outliers (see Supplement for more information). We examined
associations between inflammatory markers and depressive symptoms
using a three-step analytic procedure. First, we tested cross-sectional and
prospective correlations between inflammation (i.e., IL-6, CRP, TNFα
measured at IPFU-2 and IPFU-3) and depressive symptoms (measured at
IPFU-2 and IPFU-3) without the inclusion of any covariates. We adjusted
for multiple testing using Benjamini Hochberg false discovery rate
correction (fdrBH) for 12 tests (i.e., IL-6, CRP, TNFα at 2 time points with
depressive symptoms at 2 time points). Second, for any prospective as-
sociations between inflammatory markers and depressive symptoms (i.e.,
IPFU-2 being associated with IPFU-3) that were significant after multiple
testing correction, we used a SEM framework to simultaneously examine
concurrent and prospective relationships between each inflammatory
marker and depression. Model fit was estimated by the chi-square esti-
mate of goodness of fit, comparative fit index (CFI), root mean square
error of approximation (RMSEA), and standardized root mean square
residual (SRMR). All indices suggested good model fit. Finally, we tested
whether associations were robust to the inclusion of potentially con-
founding covariates. Here, in a series of linear regressions, we entered all
covariates described above (i.e., age at blood draw, sex, race, BMI, MAP,
medication usage, sleep, caffeine, physical health and SES, see covariate
section) as well as the outcome variable assessed at IPFU-2, before
examining the association between the variables of interest (i.e.,
inflammation and depressive symptoms predicting one another at IPFU-2
and IPFU-3). All analyses were carried out using R Statistical Software
(SEM analyses conducted using lavaan package).
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3. Results

3.1. Correlations between measures over time

Bivariate correlations between inflammation measures (i.e. IL-6, CRP,
TNFα) from IPFU-2 and IPFU-3 are shown in Table 2. Each inflammatory
marker showed moderate correlation over time (IL-6: r ¼ 0.51, CRP: r ¼
0.59, TNFα: r ¼ 0.44) with evidence of correlation across markers, with
the exception of CRP and TNFα(see Table 2). Self-reported depressive
symptoms were highly correlated over time (r ¼ 0.72).
3.2. Inflammation and depression

Correlational Analyses. Inflammatorymarkers (i.e., IL-6, CRP, TNFα)
assessed at each time point were significantly coupled with depressive
symptoms measured at the same time (rs ¼ 0.09–0.22; all ps < 0.05; all
pfdrs < 0.054; Table 2), with the exception of TNFα and depressive
symptoms measured at IPFU-3 (r ¼ 0.05; p ¼ 0.22; pfdr ¼ 0.24).

CRP, IL-6, and TNFα measured at IPFU-2 were each significantly
associated with subsequent depressive symptoms at IPFU-3 (rs ¼
0.12–0.22; all ps < 0.01; all pfdrs < 0.02; Table 2; Fig. 2). Depressive
symptoms measured at IPFU-2 were significantly correlated with subse-
quent IL-6 levels at IPFU-3 (r ¼ 0.09, p ¼ 0.017, pfdr ¼ 0.030), but re-
lationships with CRP or TNFα did not reach statistical significance (rs <
0.07, ps > 0.2; all pfdrs > 0.24; Table 2; Fig. 2).

SEM Analyses. In the model for IL-6, higher levels of IL-6 at IPFU-2
were prospectively associated with higher levels of depressive symp-
toms (β ¼ 0.089, p ¼ 0.008, N ¼ 463), while depressive symptoms at
IPFU-2 were not significantly associated with later levels of IL-6 (β ¼
0.013, p ¼ 0.748, N ¼ 463). Similar results were found for CRP such that
CRP at IPFU-2 was significantly associated with later depressive symp-
toms (β ¼ 0.090, p¼ 0.007, N¼ 433), but the inverse was not significant
(β ¼ �0.044, p ¼ 0.263, N ¼ 433). Finally, the model for TNFα indicated
that neither prospective relationship was significant (βs < 0.04, ps >

0.23, N ¼ 379).
Linear Regression Analyses. Regression analyses including de-

mographic, behavioral, and medication covariates, as well as prior
depressive symptoms and physical health symptoms (measured at IPFU-
2), revealed that IL-6 and CRP, but not TNFα (measured at IPFU-2), were
independently associated with future depressive symptoms (measured at
IPFU-3; Table 3; IL-6: β ¼ 0.080, p¼ 0.036, N¼ 445; CRP: β ¼ 0.083, p¼
0.030, N ¼ 457; TNFα: β ¼ 0.039, p ¼ 0.314, N ¼ 391). There was no
evidence that depressive symptoms at IPFU-2 were associated with later
inflammatory markers after accounting for IPFU-2 levels of inflammation
and other covariates (Table 4; all βs ¼ �0.12 to �0.006, all ps > 0.05, Ns
¼ 327–457).
Table 2
Bivariate correlations between inflammation measures and beck depression inventor

IL-6 at IPFU-2 CRP at IPFU-2 TNFα at IPFU-2 IL-6 at IPF

CRP at IPFU-2 0.54***
(N ¼ 739)

– – –

TNFα at IPFU-2 0.29***
(N ¼ 622)

0.16***
(N ¼ 637)

– –

IL-6 at IPFU-3 0.51***
(N ¼ 492)

0.35***
(N ¼ 499)

0.19***
(N ¼ 429)

–

CRP at IPFU-3 0.30***
(N ¼ 452)

0.59***
(N ¼ 461)

0.06
(N ¼ 405)

0.48***
(N ¼ 511)

TNFα at IPFU-3 0.13**
(N ¼ 458)

0.02
(N ¼ 467)

0.44***
(N ¼ 398)

0.26***
(N ¼ 513)

BDI-II at IPFU-2 0.22***
(N ¼ 735)

0.13***
(N ¼ 751)

.09*
(N ¼ 640)

0.09*
(N ¼ 552)

BDI-II at IPFU-3 0.22***
(N ¼ 548)

0.17***
(N ¼ 559)

0.13**
(N ¼ 478)

0.13*
(N ¼ 547)

Mean � SD 0.262 � 0.303 0.414 � 0.530 0.152 � 0.223 0.277 � 0.
Range �0.54–1.96 �1.23–2.15 �0.6–1.50 �0.57–1.6

* indicates that p < 0.05, ** indicates that p < 0.01, *** indicates that p < 0.001. Al
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4. Discussion

The current study examined the longitudinal relationship between
inflammation markers and depressive symptoms at two time points
approximately 2 years apart. Two primary findings emerged. First,
consistent with a wealth of cross-sectional research (Bremmer et al.,
2008; Danner et al., 2003; Dowlati et al., 2010; Wium-Andersen et al.,
2013), we found that CRP and IL-6, but not TNFα, were associated with
concurrently measured depressive symptoms. Second, and most inter-
estingly, both CRP and IL-6 prospectively predicted future depressive
symptoms, even after accounting for depression at baseline. However,
depression did not prospectively predict inflammation. Collectively,
these data contribute to a developing literature showing that depression
and inflammation are correlated and add temporal plausibility to spec-
ulation that inflammation may contribute to the development of
depression, but that depression may not independently contribute to
inflammation, at least in older age.
4.1. Inflammation is prospectively associated with depression

Elevated inflammatory cytokines have been associated with subse-
quent increases in depressive symptoms (Smith et al., 2018; Valkanova
et al., 2013). Other studies have found that depression predicts future
inflammation (e.g., Stewart et al., 2009) or failed to find any association
(Forti et al., 2010) when considering a host of medical and psychosocial
covariates. In the current study, cross-sectional analyses revealed asso-
ciations between inflammatory markers and depressive symptoms at
each timepoint. Moreover, our longitudinal findings support the former
studies by demonstrating that inflammatory markers were associated
with future depressive symptoms, even while controlling for initial
depression levels (Table 3). Interestingly, TNFα was not significantly
associated with future depression. Some studies have found elevated
TNFα in individuals with major depression compared to controls (Haa-
pakoski et al., 2015), and that TNFα inhibition can improve
depressive-like behavior in non-human animal models (Kaster et al.,
2012) and in clinical trials (Raison et al., 2013). However, other studies
(Mac Giollabhui et al., 2020; but see also Moriarity et al., 2020), much
like ours have failed to identify an association. It is possible that these
equivocal findings may be attributable to variability in methodology and
participants as well as consideration of confounds. Indeed, when not
considering covariates we did find hypothesized correlations between
TNFα and depression in some of our analyses.

Although prior work has found that depression predicts future
inflammation (Mac Giollabhui et al., 2020), the current study failed to
find such a relationship with any of the inflammatory makers examined.
Of note, the current study’s sample of older adults was demographically
y at in-person follow up 2 (IPFU-2) and at in-person follow up 3 (IPFU-3).

U-3 CRP at IPFU-3 TNFα at IPFU-3 BDI-II at IPFU-2 BDI-II at IPFU-3

– – – –

– – – –

– – – –

– – – –

0.09*
(N ¼ 497)

– – –

0.06
(N ¼ 509)

�0.02
(N ¼ 515)

– –

0.09*
(N ¼ 505)

0.05
(N ¼ 513)

0.72***
(N ¼ 720)

–

300 0.152 � 0.466 0.112 � 0.188 5.101 � 5.777 5.505 � 5.979
9 �1.35–1.81 �1.10–1.02 0–24.89 0–25.98

l values are winsorized and inflammatory markers were log-transformed.



Fig. 2. Correlations between inflammatory markers (winsorized and log-transformed) and depressive symptoms (winsorized) at IFPU-2 and IPFU-3.

3 BMI was correlated with inflammatory markers at IPFU2 (IL-6: r ¼ 0.32, p <

0.001; CRP: 0.42, p < 0.001; and TNFα: r ¼ 0.11, p ¼ 0.007) and IPFU-3 (IL-6: r
¼ 0.30, p < 0.001; CRP: r ¼ 0.30, p < 0.001; TNFα: r ¼ 0.14, p ¼ 0.0013). SES
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similar to other studies that also failed to find evidence that depression
temporally precedes inflammation (Au et al., 2015; Gimeno et al., 2009;
van den Biggelaar et al., 2007; Zalli et al., 2016). Alongside this litera-
ture, and meta-analytic evidence that depression precedes greater
inflammation (Mac Giollabhui et al., 2020), our data raise the intriguing
possibility that elevations in inflammation preceded by depression may
be age dependent. Indeed, as aging is associated with increased inflam-
mation (Alexopoulos and Morimoto, 2011; Franceschi and Campisi,
2014), there may be less contribution of depression-related factors (e.g.,
smoking, poor exercise) that influence subsequent inflammation (Ironson
et al., 2018; Raposa et al., 2014). Alternatively, physical health condi-
tions, which become increasing prominent in later life, represent a
compelling putative mechanism through which depression may be
related to inflammation, particularly in older age (Gorska-Ciebiada et al.,
2015; Maggio et al., 2006; Stuart and Baune, 2012; Tracy, 2003). As such
our null association between depression and future inflammation may be
attributable to our inclusion of physical health as a covariate. However, if
we remove physical health as a covariate in our model, we still fail to find
that depression is predictive of future inflammation.2 Speculatively, it
may be that inflammation is more strongly predictive of future depressive
symptoms as individuals progress into old age and also experience
age-related increases in inflammation (Alexopoulos andMorimoto, 2011;
Franceschi and Campisi, 2014; Mac Giollabhui et al., 2020), Consistent
with this notion, a recent meta-analysis found the link between CRP and
future depression was greater in older individuals (Mac Giollabhui et al.,
2020). On the other hand, depression-related increases in later inflam-
mation may be more pronounced in younger life, when potential con-
sequences of depression (e.g., smoking, poor exercise) may more
prominently contribute to variability in inflammation (Ironson et al.,
2018; Raposa et al., 2014).

4.2. Limitations

Limitations of the current study are important to consider. First,
subject attrition between assessments may bias our results. Indeed, par-
ticipants who did not have complete data had higher levels of baseline
depression, IL-6, and CRP compared to those included in respective an-
2 Depression predicting later inflammation excluding self-reported physical
health and medication usage:.IL-6: β ¼ 0.053, p ¼ 0.235; CRP: β ¼ -0.035, p ¼
0.423; TNFα: β ¼ -0.064, p ¼ 0.219.
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alyses; as such, it is plausible that attribution related reductions on these
variables attenuated our observed effects. Second, we measured
depressive symptoms using a self-report questionnaire. As the relation-
ship between depression and physical health outcomes is strongest when
clinical levels of depression are assessed using clinical interview (Van der
Kooy et al., 2007), future studies may benefit from the use of
clinician-administered interviews. Third, we evaluated prospective re-
lationships across two timepoints and during older age only. The rela-
tionship between inflammation and depression is likely dynamic and
may vary across the lifespan, making it important for longer longitudinal
studies with multiple timepoints of assessment. Fourth, we constrained
our analyses to three commonly studied inflammatory markers; it will be
important for future studies to move beyond CRP, IL-6 and TNFα to study
other inflammatory markers (e.g., IL-1β, IL-8, IL-10) that can be reliably
assayed and may play important additive or unique roles. Relatedly, it
may be important to understanding inflammation in the context of
interacting systems (e.g., glucocorticoid receptor-induced gene tran-
scription). Finally, several potentially related factors were not considered
in the current study, including the impact of stress, substance use, and
social isolation on both depression and inflammation, which may play
prominent roles in these relationships. Notably, unlike prior research, the
current study found no association between BMI, sex, and SES and
inflammation when including all covariates in regression models
(Tables 3–4). However, there are significant bivariate correlations be-
tween inflammatory markers and these variables.3 The inclusion of
physical health and medications as covariates may yield these associa-
tions non-significant (Tables 3–4).

5. Conclusion and future directions

In a community sample of older individuals, we found that CRP and
IL-6, but not TNFα, were prospectively associated with later depressive
was correlated with IL-6 and CRP at IPFU-2 (IL-6: r ¼ �0.24, p < 0.001; CRP: r
¼ �0.24, p < 0.001) and IPFU-3 (IL-6: r ¼ �0.19, p < 0.001; CRP r ¼ �0.17, p
< 0.001) but not TNFα at either timepoint (rs < 0.-0.03, ps > 0.05). Sex was
only associated with CRP at IPFU-2 (r ¼ 0.15, p < 0.001) and IPFU-3 (r ¼ 0.12,
p ¼ 0.008) and TNFα at IPFU-2 (r ¼ �0.10, p ¼ 0.011).



Table 3
Regression analyses for inflammatory markers at IPFU-2 predicting depression (BDI-II) at IPFU-3.

Inflammatory Markers

IL-6 (N ¼ 445) CRP (N ¼ 457) TNFα (N ¼ 391)

B SE B β p CI (95%) B SE B β p CI (95%) B SE B β p CI (95%)

Age 0.131 0.071 0.064 0.065 �0.008, 0.270 0.103 0.070 0.050 0.140 �0.034, 0.240 0.139 0.075 0.069 0.067 �0.009, 0.287
Gender �0.510 0.428 �0.043 0.234 �1.352, 0.332 �0.710 0.422 �0.060 0.094 �1.540, 0.120 �0.940 0.450 �0.081 0.037 �1.824, �0.056
Race 0.758 0.540 0.054 0.162 �0.305, 1.820 0.870 0.529 0.064 0.100 �0.169, 1.909 0.301 0.569 0.023 0.597 �0.819, 1.421
Ethnicity 0.827 1.278 0.022 0.518 �1.685, 3.339 1.032 1.268 0.027 0.416 �1.459, 3.523 1.660 1.413 0.043 0.241 �1.119, 4.439
SES �0.334 0.264 �0.047 0.207 �0.854, 0.185 �0.386 0.260 �0.055 0.138 �0.897, 0.125 �0.375 0.286 �0.054 0.191 �0.938, 0.188
BMI �0.041 0.033 �0.051 0.206 �0.105, 0.023 �0.066 0.034 �0.081 0.053 �0.132, 0.001 �0.022 0.033 �0.029 0.501 �0.088, 0.043
Physical Health �0.095 0.030 �0.148 0.002 �0.154, �0.035 �0.103 0.030 �0.162 0.001 �0.163, �0.044 �0.065 0.032 �0.104 0.043 �0.128, �0.002
MAP �0.013 0.015 �0.031 0370 �0.043, 0.016 �0.006 0.015 �0.016 0.654 �0.036, 0.022 �0.015 0.016 �0.036 0.336 �0.047, 0.016
Beta Blockers �0.571 0.512 �0.039 0.265 �1.577, 0.435 �0.378 0.503 �0.026 0.453 �1.367, 0.611 �0.575 0.550 �0.040 0.297 �1.656, 0.507
Calcium Blockers 0.354 0.523 0.024 0.499 �0.675, 1.383 0.553 0.510 0.039 0.279 �0.450, 1.555 0.591 0.542 0.042 0.276 �0.475, 1.658
Statins 0.751 0.454 0.060 0.099 �0.142, 1.644 1.005 0.445 0.082 0.028 0.131, 1.879 0.639 0.485 0.052 0.188 �0.314, 1.593
ACE Inhibitors �0.349 0.476 �0.028 0.464 �1.284, 0.587 �0.443 0.465 �0.036 0.340 �1.357, 0.470 �0.386 0.506 �0.031 0.445 �1.381, 0.608
Benzodiazepines 1.172 0.910 0.045 0.199 �0.617, 2.962 0.907 0.865 0.035 0.312 �0.853, 2.667 1.070 0.939 0.044 0.255 �0.776, 2.917
Hormones 0.305 0.719 0.014 0.672 �1.108, 1.717 0.592 0.710 0.028 0.405 �0.805, 1.988 �0.150 0.783 0.007 0.848 �1.690, 1.390
Aspirin �0.771 0.445 �0.063 0.084 �1.645, 0.104 �1.059 0.434 �0.087 0.015 �1.911, �0.207 �0.736 0.464 �0.062 0.114 �1.645, 0.178
Pain Medication �1.636 0.671 �0.090 0.015 �2.956, �0.316 �1.198 0.647 �0.068 0.065 �2.469, �0.073 �1.557 0.674 �0.090 0.021 �2.882, �0.232
NSAID 0.160 0.530 0.010 0.763 �0.882, 1.202 0.101 0.517 0.007 0.846 �0.915, 1.117 �0.408 0.549 �0.028 0.6458 �1.488, 0.672
Steroids 1.230 0.600 0.070 0.041 �0.052, 2.409 1.006 0.600 0.057 0.095 �0.174, 2.185 0.932 0.649 0.053 0.152 �0.345, 2.210
Anti-depressants 1.568 0.561 0.105 0.005 0.465, 2.671 1.401 0.550 0.094 0.011 0321, 2.481 1.999 0.597 0.136 <0.001 0.825, 3.172
Sleep �0.045 0.168 �0.010 0.790 �0.375, 0.285 �0.036 0.165 �0.008 0.82 �0.361, 0.289 �0.075 0.183 �0.016 0.681 �0.435, 0.285
Caffeine �0.167 0.122 �0.048 0.168 �0.407, 0.071 �0.099 0.122 �0.028 0.415 �0.339, 0.140 �0.082 0.134 �0.023 0.541 �0.344, 0.181
BDI-II at IPFPU-2 0.611 0.045 0.563 <0.001 0.522, 0.700 0.606 0.045 0.564 <0.001 0.518, 0.693 0.619 0.049 0.586 <0.001 0.523, 0.715
Inflammation at IPFU-2 1.758 0.835 0.080 0.036 0.116, 3.400 0.935 0.429 0.083 0.030 0.095, 1.778 1.049 1.041 0.039 0.314 �0.998, 3.097
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Table 4
Regression analyses for depression (BDI-II) at IPFU-2 predicting inflammation at IPFU-3.

Inflammatory Markers

IL-6 (N ¼ 404) CRP (N ¼ 378) TNFα (N ¼ 327)

B SE B β p CI (95%) B SE B β p CI (95%) B SE B β p CI (95%)

Age 0.010 0.004 0.099 0.024 0.001, 0.018 0.004 0.007 0.029 0.506 �0.009, 0.018 0.006 0.003 0.093 0.082 �0.001, 0.012
Gender �0.009 0.026 �0.016 0.726 �0.061, 0.043 0.038 0.043 0.041 0.377 �0.046, 0.123 0.016 0.020 0.043 0.443 �0.024, 0.055
Race �0.049 0.033 �0.076 0.137 �0.115, 0.016 �0.063 0.055 �0.059 0.256 �0.171, 0.046 0.004 0.026 0.010 0.870 �0.047, 0.056
Ethnicity �0.022 0.079 �0.012 0.778 �0.177, 0.132 �0.068 0.124 �0.023 0.586 �0.312, 0.176 0.026 0.064 0.022 0.689 �0.100, 0.151
SES �0.011 0.016 �0.032 0.502 �0.043, 0.021 �0.023 0.026 �0.042 0.385 �0.075, 0.029 �0.004 0.013 �0.017 0.777 �0.029, 0.022
BMI 0.003 0.002 0.082 0.111 �0.001, 0.007 0.002 0.004 0.035 0.513 �0.005, 0.010 0.001 0.002 0.021 0.728 �0.002, 0.004
Physical Health �0.004 0.002 �0.121 0.047 �0.007, 0.000 �0.001 0.003 �0.030 0.621 �0.007, 0.004 �0.002 0.001 �0.091 0.211 �0.005, 0.001
MAP 0.001 0.001 0.067 0.145 0.000, 0.003 0.003 0.002 0.088 0.064 0.000, 0.006 <0.001 0.001 0.036 0.524 �0.001, 0.002
Beta Blockers 0.016 0.031 0.023 0.605 �0.046, 0.077 0.035 0.052 0.031 0.497 �0.067, 0.137 �0.006 0.025 �0.014 0.798 �0.055, 0.043
Calcium Blockers �0.003 0.031 �0.004 0.922 �0.065, 0.059 0.002 0.052 0.002 0.964 �0.100, 0.105 0.006 0.025 0.014 0.801 �0.043, 0.055
Statins <0.001 0.027 <0.001 0.995 �0.054, 0.054 �0.040 0.046 �0.042 0.379 �0.130, 0.050 �0.019 0.022 �0.048 0.388 �0.061, 0.024
ACE Inhibitors �0.049 0.029 �0.082 0.087 �0.105, 0.007 �0.013 0.047 �0.013 0.781 �0.106, 0.079 0.014 0.023 0.035 0.553 �0.031, 0.059
Benzodiazepines 0.012 0.054 0.011 0.817 �0.093, 0.118 0.088 0.088 0.045 0.322 �0.086, 0.262 0.032 0.044 0.042 0.458 �0.053, 0.118
Hormones 0.029 0.045 0.029 0.515 �0.059, 0.118 0.041 0.079 0.023 0.609 �0.115, 0.197 0.047 0.037 0.067 0.209 �0.026, 0.121
Aspirin �0.009 0.027 �0.016 0.730 �0.062, 0.044 0.001 0.044 0.001 0.983 �0.086, 0.088 0.038 0.021 0.103 0.062 �0.002, 0.080
Pain Medication 0.005 0.042 0.006 0.906 �0.078, 0.088 �0.048 0.067 �0.034 0.480 �0.180, 0.085 �0.013 0.030 �0.025 0.655 �0.072, 0.040
NSAID 0.029 0.033 0.039 0.375 �0.035, 0.093 0.093 0.054 0.079 0.083 �0.012, 0.198 �0.013 0.024 �0.029 0.595 �0.061, 0.035
Steroids 0.005 0.037 0.006 0.899 �0.070, 0.077 �0.012 0.063 �0.008 0.854 �0.136, 0.112 �0.016 0.028 �0.030 0.578 �0.072, 0.040
Anti-depressants 0.031 0.035 0.045 0.368 �0.037, 0.100 0.037 0.058 0.032 0.522 �0.077, 0.152 �0.002 0.027 �0.003 0.955 �0.053, 0.056
Sleep 0.005 0.010 0.024 0.618 �0.015, 0.025 0.005 0.017 0.014 0.773 �0.028, 0.038 �0.003 0.008 �0.019 0.750 �0.019, 0.014
Caffeine 0.012 0.008 0.072 0.105 �0.003, 0.027 0.023 0.013 0.081 0.073 �0.002, 0.048 �0.001 0.006 �0.009 0.864 �0.013, 0.011
IL-6 at IPFPU-2 0.492 0.052 0.454 <0.001 0.389, 0.595
CRP at IPFU-2 0.530 0.046 0.558 <0.001 0.441, 0.620
TNFα at IPFU-2 0.346 0.048 0.405 <0.001 0.251, 0.440
BDI-II at IPFU-2 �0.003 0.003 �0.064 0.227 �0.008, 0.002 �0.007 0.004 �0.090 0.095 �0.016, 0.001 �0.004 0.002 �0.121 0.067 �0.008, <0.001
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symptoms. However, despite evidence from meta-analytic studies (Mac
Giollabhui et al., 2020), we found no evidence that depression is asso-
ciated with later inflammation. It is possible that during older age, as
inflammation rises, its association with future depression is potentiated
but that depression may only precede elevations in inflammation during
younger ages, when depression-related behaviors may potentiate lower
baseline levels of inflammation. These equivocal results may also reflect
heterogeneity in depression and inflammation that suggest additional
moderating and mediating factors should be considered (Raison et al.,
2006). As such, future research will benefit from examining potential
pathways that contribute to depression in the context of increased
inflammation, such as stress exposure and reward-related behaviors
(Slavich and Irwin, 2014; Treadway, 2016). Finally, inflammation rep-
resents a promising treatment target, at least in some cases. Studies have
found evidence that inhibition of pro-inflammatory cytokines may have
antidepressant effects (K€ohler et al., 2014; Müller et al., 2006), and that
inhibition of inflammation may especially benefit depressed patients
with high baseline levels of inflammation biomarkers (Raison et al.,
2013). Targeting inflammation to treat depression may be particularly
beneficial to older adults.
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