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ARTICLE INFO ABSTRACT

Keywords: Exposure to and perceptions of stress have been associated with altered systemic inflammation, but the inter-

Stress mediate processes by which stress links to inflammation are not fully understood. Diurnal cortisol slopes were

Diurnal cortisol examined as a pathway by which self-reported psychosocial stress is associated with inflammation [i.e., C-

E?;zzst;z: d reactive protein (CRP), interleukin-6 (IL-6), fibrinogen, E-Selectin, and Intercellular Adhesion Molecule-1 (ICAM-
1)] in a large sample of adults (the Midlife in the US study; N = 914; 55.9% female; aged 34-84 years). Structural
equation modeling indicated that perceived psychological stress was associated with flattened diurnal cortisol
slopes and flatter diurnal cortisol slopes were, in turn, associated with heightened inflammation in these cross-
sectional analyses (index of indirect pathway, ® = 0.003, 95% CI [0.001, 0.004], wsrp = 0.027; with covariates,
® = 0.001, [0.0002, 0.002], wsrp = 0.011). A similar indirect effect was evident for self-reported traumatic life
events (®w = 0.007, [0.004, 0.012], wsrp = 0.030); however, inclusion of covariates (i.e., age, gender, race,
ethnicity, body mass index, and other factors associated with physical health) accounted for this finding (0 =
0.001, [—0.001, 0.004], wstp = 0.005). These results support an allostatic load model of psychosomatic health, in
which cortisol (along with other stress-responsive signaling molecules) is a necessary component for under-
standing links between stress exposure, perceived stress, and immune functioning.

1. Introduction

1.1. Perceived stress is linked to heightened biomarkers of inflammation
via diurnal cortisol

Psychosocial stress is a critical risk factor for worsened physical
health and for the onset of multiple physical illnesses, such as cardio-
vascular disease, respiratory conditions, rheumatoid arthritis, and even
some forms of cancer (Everson-Rose & Lewis, 2005; Glaser & Kiecolt-
Glaser, 2005; Huyser & Parker, 1998; Kiecolt-Glaser et al., 1995;
Powell et al., 2013; Steptoe & Kivimaki, 2012; Wright et al., 1998). For
example, one review estimated that chronic psychosocial stress was

associated with a 40%-60% increase in the occurrence of coronary heart
disease (Steptoe & Kivimaki, 2012). One physiological mechanism
through which psychosocial stress may affect physical health is systemic
inflammation, a critical part of the immune system’s response to injury
and illness (Cohen et al., 2016; Hansel et al., 2010; Liu et al., 2017).
Accumulating evidence has suggested an association between psy-
chosocial stress and systemic inflammation, which is commonly indexed
by inflammatory cytokines (e.g., interleukin-6 [IL-6]) and acute phase
proteins (e.g., C-reactive protein [CRP], fibrinogen; Hughes et al., 2017;
Johnson et al., 2013). Elevated systemic inflammation, in turn, has been
linked to a large number of negative health outcomes, including car-
diovascular disease, Type-2 diabetes, some cancers, rheumatoid
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arthritis, and Alzheimer’s disease (Ershler & Keller, 2000; Liu et al.,
2017; V. H. Perry, 2004). The intermediate processes through which
psychosocial stress is related to inflammation, however, have not been
thoroughly examined. The purpose of the current study was to examine
alterations in hypothalamic-pituitary-adrenal (HPA) axis activity
indexed by diurnal cortisol slopes as a potential pathway linking psy-
chosocial stress to inflammation.

Psychosocial stressors have been commonly linked to elevated
inflammation (Cohen et al., 2012, 2016; Ershler & Keller, 2000; Gouin
et al.,, 2012; Kiecolt-Glaser et al., 2011; Slopen et al., 2010). For
example, a meta-analysis reported that exposure to traumatic life events,
such as childhood adversity and violence, was consistently associated
with increased levels of IL-6 and CRP, though no association was found
with fibrinogen (Tursich et al., 2014). In addition to exposure to trau-
matic life events, perceived stress, the event-independent perception of
one’s ability to effectively deal with recent life stressors (Cohen et al.,
1983), has also been found to predict systemic inflammation (Cohen
et al., 2016). For example, perceived stress has been associated with
elevated CRP (Das, 2016; McDade et al., 2006). However, evidence in
this area is inconclusive as only weak associations between perceived
stress and CRP (McDade et al., 2013) or IL-6 have been reported
(Christian et al., 2009; Hostinar et al., 2015; O’Donovan et al., 2009),
and some studies have reported null associations between perceived
stress and IL-6 (Gassen et al., 2018; Grosse et al., 2016).

The association between chronic psychosocial stress and inflamma-
tion is well illustrated in the allostatic load (AL) model, which proposes
that the wear and tear of the body caused by repeated exposure to stress
is regulated by an interconnected network of mediators, including stress
hormones and immune markers. Allostatic load specifically refers to the
physiological deterioration of the body, which results from chronic and
repeated experiences of allostasis, the transient and adaptive physio-
logical response mounted by the organism in the face of stressors
(McEwen & Stellar, 1993). In the AL model, the activation of various
interconnected physiological systems associated with stress are benefi-
cial to survival in the short term, but can be detrimental to health when
sustained (McEwen, 2000). In a cumulative fashion, stress can lead to
physiological dysregulation in multiple systems, including the immune
system. Presumably, this occurs through the chronic over-activation of
neuroendocrine stress-responses systems, particularly the HPA axis
(Juster et al., 2010), which in turn can alter immunity as described
below.

Stress-related alterations in the activity of the HPA axis represent an
intermediate pathway through which psychosocial stress ultimately
modulates inflammation. The stage model of stress and disease proposed
by Cohen et al. (2016) highlights the HPA axis as a crucial intermediary
for the effects of life stress and perceived stress on disease-related
physiological systems, such as the immune system, and ultimately the
onset or worsening of disease. The HPA axis is one endocrine component
of the stress-response system, and its function is commonly assessed by
cortisol secretion (Golden et al., 2011). In the AL model, cortisol and
certain cytokines are considered primary mediators while metabolic,
cardiovascular, and immune responses to the over/under production of
primary mediators are considered secondary outcomes (i.e., a prodro-
mal phase of disease). Disease endpoints, indicative of allostatic over-
load, are considered tertiary outcomes.

Chronic, uncontrollable stressors, particularly if perceived as
threatening to one’s physical integrity, lead to alterations in HPA axis
activity, which is commonly reflected by a relatively flat diurnal cortisol
profile across the day (Miller et al., 2007; Zilioli et al., 2018). Indeed,
both traumatic life events and perceived stress have been found to be
associated with flattened diurnal cortisol profiles among adults (Das-
gupta & Stout, 2014; Lovell et al., 2011; Sjors et al., 2014; Young et al.,
2019), though null findings have also been reported (Jobin et al., 2014;
Zilioli et al., 2016).

Cortisol has potent immunosuppressive and anti-inflammatory ac-
tions. Hence, disruptions in diurnal cortisol secretion (e.g., a flattened
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diurnal slope) can affect inflammation and immunity (Elenkov &
Chrousos, 2002). Alterations in cortisol secretion stemming from
chronic stress are associated with heightened inflammation in several
studies (Miller et al., 2002, 2009; Piazza et al., 2018). This elevated
inflammation is seemingly due to chronic stress decreasing the number
and sensitivity of immune cells’ glucocorticoid receptors, which de-
creases cortisol’s effectiveness at reducing or limiting inflammation
(Cohen et al., 2012; Miller et al., 2009)".

Flattened diurnal cortisol slopes have been consistently associated
with inflammation, indexed by elevated activation of CD4 + T cells and
low counts of natural killer cells, among clinical samples (for a review,
see Adam et al., 2017). Only a few studies, however, have explicitly
examined the effect of flattened diurnal cortisol slopes on systemic
inflammation among general populations. In one population-based
sample, a flattened diurnal cortisol slope was associated with elevated
IL-6 and tumor necrosis factor-alpha (TNF-a; DeSantis et al., 2012).
Although the relationships between 1) psychosocial stress and diurnal
cortisol secretion, and 2) diurnal cortisol secretion and inflammation
have been reported in previous studies, very few epidemiological studies
have examined diurnal cortisol secretion as a mediator of the association
between psychosocial stress and systemic inflammation.

The current study aimed to examine the mediating role of diurnal
cortisol secretion on the cross-sectional associations between two
indices of stress—perceived recent stress and traumatic life events—and
systemic inflammation using the biomarker subsample from the second
wave of Midlife in the United States (MIDUS 2). In our pre-registered
hypothesis (https://osf.io/h3ke7), it was proposed that perceived
stress [Hypothesis 1 (H1)] and traumatic life events (H2) would each be
associated with a flattened diurnal slope, which, in turn, would be
associated with elevated systemic inflammation.

2. Method
2.1. Participants and procedures

The sample was drawn from the National Survey of Midlife in the
United States (MIDUS). MIDUS is a multi-wave survey on health and
well-being among adults. Data were collected via phone interviews and
self-administered questionnaires in 1995-1996 (MIDUS 1) and
2004-2006 (MIDUS 2 and the Milwaukee African American project)”.
The present study utilized participants from MIDUS 2 (N = 4,963) and
two subprojects of MIDUS 2: The National Study of Daily Experiences
(NSDE; N = 2,022) and the Biomarker Study (N = 1,255; Almeida et al.,
2009; Love et al., 2010). The NSDE was conducted an average of 20.5
months (SD = 13.6) following the main MIDUS 2 assessment and
included four days of saliva collection and eight days of phone in-
terviews. Of the total NSDE sample, 1,736 (85.9%) individuals provided
salivary cortisol samples. The Biomarker Study took place an average of
25 months (SD = 14) following the main MIDUS 2 questionnaires and
required participants to travel to one of three MIDUS testing centers
(University of California — Los Angeles, University of Wisconsin-
Madison, or Georgetown University). At the testing center, individuals
provided information about their medical history, completed an exten-
sive physical examination, and underwent a fasting blood draw from
which markers of inflammation were derived.

Eligibility criteria for the current study required that participants
responded to self-reported stress questionnaires in the MIDUS 2 or
Milwaukee project collection, provided saliva samples in the NSDE,

1 Communication between the HPA axis and inflammation is bidirectional.
For example, IL-6 stimulates secretion of adrenocorticotropic hormone (ACTH)
from the pituitary gland and cortisol from the adrenal glands (Spath-Schwalbe
et al., 1994).

2 A third wave of self-report data, MIDUS 3, was collected in 2013-2014 but
the data are not available and are not examined here.
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responded to the Perceived Stress Scale (PSS), and provided a blood
sample in the Biomarker Project. Therefore, the final study sample
consisted of at most N = 914 adults (M = 55.4 years, SD = 11.6, range =
34-84 years; 18.3% people of color; 3.2% Hispanic/Latinx, 56.0% fe-
male). See Table 1 for means and correlations among variables for
participants in this report. All participants provided informed consent
and data collection was approved by the Institutional Review Board at
the University of Wisconsin-Madison, UCLA, and Georgetown
University.

3. Measures
3.1. Stress

Perceived Stress. Perceived stress was measured in the Biomarker
Study through the Perceived Stress Scale (PSS; Cohen et al., 1983). The
scale contained 10 items that indexed aspects of stress experienced
within the past month (e.g., “In the last month, how often have you been
upset because of something that happened unexpectedly?”). Responses
were measured on a 5-point scale (1 = never to 5 = very often). Posi-
tively valenced items were reverse coded so that a higher score indicated
greater perceived stress. The 10 items were summed for an overall score
of perceived stress with mean substitution for individual missing items
(o = 0.87, 95% CI [0.86, 0.88]).

Traumatic Life Events. Participants reported on whether major
stressors such as personal assault, death of a close other, financial
hardship, legal issues, or combat had occurred to them at any point
throughout their lives. These stressors were captured in MIDUS 2
through a checklist of 27 life stress events derived from the standard life
stressors measure (Turner et al., 1995). Participants responded to items
such as, “Has a parent ever died?” or “Have you ever experienced
combat?”. Responses were summed (Yes = 1; No = 0) so that a higher
score reflected a greater frequency of traumatic life events.

Cortisol. Saliva samples were collected during the NSDE for cortisol
assay. Participants were asked to provide four saliva samples per day
over four consecutive days using at-home saliva collection kits with
detailed instructions (Almeida et al., 2009, 2020). Color-coded Saliv-
ettes with cotton swabs (Sarstedt, Niimbrecht, Germany) were used to
collect saliva immediately after waking, 30 min after waking, before
lunch, and before bed. Participants were instructed not to eat, drink, or
brush their teeth prior to providing samples. Compliance was ensured
with nightly telephone interviews, paper-and-pencil logs, and, in
approximately 25% of the sample, by computerized timings from “smart
boxes.”

Once all samples were collected, participants mailed the kit to the
MIDUS Biocore Laboratory (University of Wisconsin, Madison, WI)
where the kits were frozen at —60 °C until they were shipped on dry ice
to be assayed. Samples were processed at the Dresden LabService
(Dresden, Germany) using immunoluminescence assay (IBL Interna-
tional, Hamburg, Germany) to analyze concentrations of free cortisol.
Inter-assay and intra-assay coefficients of variance (CV) were below 5%.

Inflammation. Similar to prior work (Hostinar et al., 2015), we
focused on five markers of inflammation that were assessed during the
Biomarker Study via fasting blood draws: Interleukin-6 (IL-6), C-Reac-
tive Protein (CRP), E-Selectin, soluble Intercellular Adhesion Molecule-1
(ICAM-1), and fibrinogen. Blood was collected before breakfast and then
placed in an ice bath until samples were centrifuged to extract plasma.
Plasma was then stored at —70 °C until the samples were shipped on dry
ice for assay.

IL-6 is a pro-inflammatory cytokine released as part of the innate
immune response to antigens. This cytokine was processed in the MIDUS
Biocore Laboratory (University of Wisconsin, Madison, WI) and was
measured with a Quantikine high-sensitivity enzyme-linked immuno-
sorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN). The intra-
assay and inter-assay CVs were 3.7% and 15.7%, respectively.

The remaining inflammatory markers were assayed at the Laboratory
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for Clinical Biochemistry Research (University of Vermont, Burlington,
VT). CRP is an acute-phase protein released from the liver following
stimulation by rising IL-6 levels. CRP was measured with the BNII
nephelometer utilizing particle enhanced immunonepholometric assay
(Dade Behring Inc., Deerfield, IL).

Soluble E-Selectin is a cell adhesion molecule needed to recruit other
inflammatory mediators and was measured with a high-sensitivity
ELISA kit (Parameter human sE-Selectin Immunoassay; R&D Systems,
Minneapolis, MN). Cases in which E-Selectin values fell below the range
of detectable scores (i.e., concentrations less than 0.1 ng/ml) were
adjusted to 0.09 ng/mL.

ICAM-1 is a ligand protein on leukocytes and was measured with an
ELISA kit (R&D Systems, Minneapolis, MN). ICAM-1 values that fell
below the range of detectable scores (i.e., less than 45 ng/mL) were
adjusted to 44 ng/mL.

Fibrinogen plays a role in blood clotting and was measured by
immunochemical reaction using a BNII nephelometer (N Antiserum to
Human Fibrinogen; Dade Behring Inc., Deerfield, IL). The inter-assay
and intra-assay CVs were within acceptable ranges (less than12%).
Normalized (Z-score) and winsorized (absolute values > 3 SD from the
mean were converted to & 3 SD from the mean) concentrations of each
inflammatory marker were mean averaged to create a composite score of
inflammation (Hostinar et al., 2015).

Covariates. The individual components of the biological pathways
examined here have been linked with several factors. For example, age
has been associated with a flattening of diurnal cortisol curves (Gaffey
et al., 2016) and low-grade, chronic inflammation (Franceschi et al.,
2007; Franceschi & Campisi, 2014). Gender is a critical factor in im-
mune functioning (Marriott & Huet-Hudson, 2006) and has been
inconsistently linked to stress-associated diurnal cortisol patterns (Liao
et al., 2013). Obesity has been consistently linked to chronic low-grade
inflammation (Cancello & Clément, 2006). Race and ethnicity have each
been associated with cortisol and inflammation dysregulation due, in
part, to structural and individually-experienced racism (e.g., Adam
et al., 2015; Cuevas et al., 2020; Stepanikova et al., 2017).

Accordingly, analyses were statistically adjusted for age, gender® (1
= female, 0 = male), race (1 = person of color, 0 = white), and ethnicity
(1 = Hispanic/Latinx, 0 not Hispanic/Latinx), which were self-
reported in MIDUS 2 or the Milwaukee project. Body mass index
(BMI) was calculated from measurements of participant height and
weight in the Biomarker Study. Other covariates were related to physical
health, including the sum of participants’ self-reported responses to a list
of chronic medical conditions (1 = yes, have been diagnosed, 0 = no);
and participants’ current use of medication (1 = taking any medication,
0 = not taking any medication). Lastly, the average waking time on days
in which saliva samples were collected in the NSDE sampling period was
recorded as hours from midnight and included as a covariate.

4. Statistical analyses

Cortisol Slopes. Cortisol concentrations were natural-log-
transformed to correct a skewed distribution. To index cortisol’s
diurnal slope, a multilevel model was specified with cortisol concen-
tration regressed on time since midnight (in hours divided by 10 to scale
the resulting slope values) with random linear slope and intercept per
participant. The linear slope linking time of day to cortisol concentration
was calculated and extracted via empirical Bayes estimation from all
data available for each given participant (Zilioli et al., 2017).

Primary Analyses. Primary analyses examined the indirect pathway
linking self-reported stress (perceived stress and traumatic life events) to
inflammation (composite mean of all biomarkers) via diurnal cortisol

3 Here, we use “gender” throughout this report to fully encompass the psy-
chosocial and biological differences between men and women (Darnall &
Suarez, 2009).
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Table 1
Descriptive statistics and correlations among study variables.
Mean 1 2 3 4 5 6 7 8 9 10 11 12
(sD)
1. Gender (% 56.0%
female)
2. Race (% 18.3% 0.066*
People of
color)
3. Ethnicity (%  3.2% 0.035 0.146"""
Hispanic)
4. Age (years) 55.43 —0.046 -0.104"  —0.025
(11.56)
5. BMI 29.73 0.004 0.206™"  0.012 —0.026
(6.56)
6. Perceived 21.88 0.058 0.144""  0.004 —0.186""  0.098"
Stress Scale (6.33)
7. Traumatic 3.56 —0.053 0.243""  0.093”  0.014 0.154""  0.194™"
Life Events (2.51)
8. CRP (mg/L) 2.82 0.132"™" 0.086"" —0.012  0.002 0.323""  0.074* 0.060
(4.51)
9. FGN (mg/ 3427 0.156""" 0.169""  0.043 0.124™" 0.310""  0.058 0.135""  0.478""
dLy® (88.35)
10. IL-6 (pg/ 2.90 0.061 0.101"" —-0.029 0.160"" 0.236™"  0.050 0.085* 0.416™"  0.361""
mL) (2.83)
11. E-Selectin 40.5 -0.122™"  0.098" 0.007 -0.072* 0.219""  0.020 0.092” 0171 01017  0.132""
(ng/mL) (20.3)
12. ICAM-1 292.1 —0.007 0.005 —0.027  0.1217" 0.108""  0.013 0.083* 0.155""  0.187""" 0.1617"  0.135""
(ng/mL) (109.2)
13. Diurnal -1.23 —0.003 0.304™"  —0.035 0.106™ 0143 01217 01377 01187 0172 019177  0.083* 01117
Cortisol (0.46)
Slopes®
Note:

a. FGN = fibrinogen

b. Diurnal cortisol slopes are reported in units of natural-log transformed nmol/L per hours since midnight x10™!

*p < .05, **p < .01, ***p < .001

using structural equation modeling. All models were fit in R (v3.6.1)
using lavaan (Rosseel, 2012). Model fit was determined by a Xz test of
model fit, as well as observation of TLI, CFI, and RMSEA* using standard
cutoffs (CFI > 0.95; TLI > 0.95; RMSEA < 0.06; Hu & Bentler, 1999).

Estimates of the indirect effect were bootstrap bias-corrected (K =
1,000 resamples). All models were run with and without covariates
loaded onto diurnal cortisol and the composite inflammation variable.
Missing data were imputed via full-information maximum likelihood
estimation. The extent to which a 95% confidence interval contained
zero was taken as evidence of the robustness of the indirect association
among self-reported stress, cortisol, and inflammation.

Exploratory Analyses. In exploratory analyses, we examined the
extent to which the hypothesized pattern in the primary analyses was
evident for each individual biomarker of inflammation. The composite
inflammation variable was replaced by separate paths for each
biomarker of inflammation. The models were otherwise constructed as
found in the primary analyses.

Sensitivity Analyses. Sensitivity analyses were performed by re-
running the H1 and H2 models after removing instances of cortisol
concentration >60 nmol/L and removing participants with average
wake-up times before 4 AM or after 11 AM (for a similar approach, see
Karlamangla et al., 2019). In a third sensitivity analysis, we removed
participants from the models with CRP > 10 mg/L, which may be
considered evidence of current infection’. We further examined the
sensitivity of the results by applying all three filters simultaneously.

4 The SEM package, lavaan, sets RMSEA to zero when the y? test value is less
than the test’s degrees of freedom.
S This sensitivity analysis was not pre-registered.
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5. Results
5.1. Hypothesis H1: Perceived stress

Primary analyses. Fit indices for the H1 model were appropriate
()((l)2 = 0.418, p = 0.518, CFI = 1.000; TLI = 1.031; RMSEA = 0). In
support of hypothesis H1, an indirect pathway was evident linking
perceived stress and inflammation via cortisol slope (o = 0.003, 95% CI
[0.001, 0.004], wsyp = 0.027; Fig. 1). This model indicated that higher
levels of perceived stress were associated with flatter diurnal cortisol
slopes, which in turn were associated with elevated inflammation. A
second model was run with race, ethnicity, gender, age, sum of self-
reported chronic health conditions, use of medication, BMI, and
average wakeup time added as covariates. Fit statistics from this second
model were appropriate (X(l)2 = 0.050, p = 0.814, CFI = 1.000; TLI =
1.045; RMSEA = 0). Results from this model were similar to the indirect
path observed in the initial model, though of slightly weaker magnitude
(0 = 0.001, [0.0002, 0.002], wsgrp = 0.011).

Exploratory analyses. Our pre-registered exploratory analyses
examined whether the indirect pathway linking higher stress to flatter
cortisol slopes, and these slopes to elevated inflammation, was evident
for each individual inflammatory marker rather than the composite
mean. Fit statistics again indicated the model was fit appropriately
(x%(5) = 3.996, p = 0.550, CFI = 1.000, TLI = 1.011; RMSEA = 0).
Results indicated that the pattern observed in H1 was evident for IL-6
and fibrinogen and was in the same direction but of weaker magni-
tude for CRP, ICAM-1 and E-selectin (Table 2).

5.2. Hypothesis H2: Traumatic life events

Primary analyses. In Hypothesis H2, we replaced perceived stress
with the sum of traumatic life events experienced. An initial model
without covariates did not demonstrate appropriate fit indices (x%(1) =
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Table 2
Estimates of indirect pathways linking perceptions of recent stress (PSS), cortisol slopes, and individual biomarkers of inflammation from exploratory hypothesis H1.
Cortisol to Inflammation Path Estimate of Indirect Path (PSS to cortisol to inflammation)
Estimate, B 95%CI Estimate, ® 95%CI Standardized Estimate (wstp)
CRP 0.176 [0.007, 0.346] 0.001 [0.000, 0.003] 0.006
IL-6 0.220 [0.122, 0.338] 0.001 [0.0002, 0.003] 0.012
Fibrinogen 0.204 [0.062, 0.357] 0.001 [0.0001, 0.003] 0.008
E-Selectin 0.091 [—0.049, 0.229] 0.001 [—0.0003, 0.002] 0.004
ICAM-1 0.134 [0.000, 0.264] 0.001 [0.000, 0.002] 0.006

20.15, p < .001, CFI = 0.763, TLI = 0.288; RMSEA = 0.145) but the
addition of covariates improved model fit indices somewhat (Xz(l) =
7.390, p = 0.007, CFI = 0.984, TLI = 0.695; RMSEA = 0.084). The in-
direct pathway linking traumatic life events to inflammation via diurnal
cortisol slopes was evident in the (poorly fitting) model without cova-
riates (o = 0.007, [0.004, 0.012], wsp = 0.030; Fig. 1). However, the
addition of covariates substantially reduced the strength of this indirect Estimate,  95%CI Estimate,  95%CI Standardized

Table 3
Estimates of indirect pathways linking traumatic life events, cortisol slopes, and
individual biomarkers of inflammation from exploratory hypothesis H2.

Cortisol to Estimate of Indirect Path (traumatic life
Inflammation Path events to cortisol to inflammation)

pathway such that the pathway was no longer distinguishable from zero B @ Estimate
(® = 0.001, [-0.001, 0.004], wsp = 0.005). (©Os)
Exploratory analyses. As with H1, we explored the pathways CRP 0.176 0.008, 0.001 [-0.001, 0.003
linking life-course stress, cortisol, and individual inflammatory markers. L6 0.221 ([)0313 g 0.002 ([);0(2 ?)]()1, 0.005
Fit statistics indicated the exploratory model’s fit was appropriate (X2(5) 0.333] 0.005]
= 10.643, p = 0.059, CFI = 0.995, TLI = 0.937; RMSEA = 0.035). Fibrinogen  0.204 [0.060, 0.001 [-0.001,  0.004
Although pathways from cortisol to each individual inflammatory 0.350] 0.005]
. - E-Selectin  0.091 [-0.046,  0.001 [-0.001,  0.002
marker were essentially unchanged from H1, the relatively weak asso- 0.222] 0.003]
ciation between traumatic life events and cortisol reduced the strength ICAM-1 0.132 [-0.007, 0.001 [-0.001, 0.003
of the indirect pathways such that each of the pathways was indistin- 0.273] 0.004]

guishable from zero (Table 3).

which in turn were associated with increased levels of inflammatory
biomarkers. After adding covariates, this pattern was still observed for
perceived stress but not for traumatic life events. These associations
were evident despite a study design in which measurements of self-
reported stress levels and immune activity and measurements of
cortisol activity occurred at different times.

Critically, links between stress and biomarkers of inflammation were
weak or not evident without the inclusion of diurnal cortisol slopes as an
intermediary. Hence, the present findings may be explained in part by

6. Sensitivity analyses

Sensitivity analyses (removing instances of cortisol concen-
tration>60 nmol/L, removing participants with average wake-up times
before 4 AM or after 11 AM, and removing participants with CRP > 10
mg/L), performed individually and in concert, did not substantially alter
the results of the models (Table 4).

7. Discussion putative AL mechanisms described in prior research. Specifically, stress
has been linked to the downregulation of the sensitivity (Cohen et al.,

Psychosocial stress has been extensively linked to poor health out- 2012; Miller et al., 2002) and the concentration of glucocorticoid re-
comes. The present results add support to an AL model in which stress ceptors (Sapolsky et al., 1986). Downregulation of glucocorticoid re-
alterations in diurnal cortisol are associated with heightened systemic ceptors reduces the efficacy of cortisol as a stop signal in the HPA axis’
inflammation. In particular, higher levels of perceived stress and trau- negative feedback loop, which may flatten diurnal cortisol curves

matic life events were associated with flatter diurnal cortisol slopes,

w =0.003 Fig. 1. Representation of the primary models for

. - [0.001, 0.004] _ hypotheses H1 and H2 with unstandardized and
HypOthESIS 1 0%040'(())%?4 WsTp = 0.027 082060'022180 standardized coefficients (B, Bgp), indices of in-
. [B. o 0'121] Di | [B. ” 0'12 1] M direct pathways (0, wstp), and 95% confidence
Perce|Ved STD = U. lurna STD =Y. €an intervals. Values listed above each model are re-

Stress B =0.006 Cortisol Slope B=0.173 [9)iP=1aglaab=1fo]a] sults from the analyses without covariates; values
[0.001, 0.011] = 0.001 [0.096, 0.256] below each model are from the analyses with

Bsto = 0.086 [0.0('30_2, 6-0022] Bsto = 0.132 fzovariates. (regression p.aths on cortisol and

inflammation and covariance paths on stress/

Wstp =0.011 traumatic life events not pictured for covariate

variables). Secondary models were constructed

w = 0.007 similarly, but with mean inflammation replaced by

separate paths for each of the inflammation bio-
markers (see Table 2).

_ 0.004, 0.011] _
. B =0.025 [0.004, B = 0.291
Hypothesis 2 [0.013,0.036] _ WsTp=0.030 [0.210, 0.374]

Traumatic Bsto = 0.137 Diurnal Bstp = 0.222 Mean

Life Events IERTX AN Cortisol Slope RPN |nflammation
[-0.005, 0.021] w = 0.001 [0.086, 0.252]
Bsto = 0.038 [_0001, 0004] Bstp = 0.132
WwsTp = 0.005
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Table 4
Sensitivity analyses.

Estimate, 95%CI Standardized Estimate,
0] WsTD
Hypothesis H1: Perceived Stress
Primary Model 0.0010 [0.0002, 0.011
0.0022]
Removed Cortisol > 60 0.0013 [0.0003, 0.010
nmol/L 0.0025]
Mean Wake: 4 AM — 11 0.0011 [0.0003, 0.013
AM 0.0021]
Removed CRP >10mg/  0.0010 [0.0003, 0.013
L 0.0021]
All filters 0.0010 [0.0002, 0.011
0.0022]
Hypothesis H2: Traumatic Life Events
Primary Model 0.0012 [—0.0009, 0.005
0.0036]
Removed Cortisol > 60 0.0012 [-0.0008, 0.004
nmol/L 0.0041]
Mean Wake: 4 AM — 11 0.0011 [—-0.0014, 0.005
AM 0.0042]
Removed CRP >10mg/  0.0012 [-0.0010, 0.005
L 0.0036]
All filters 0.0012 [—0.0009, 0.005
0.0036]

(Jarcho et al., 2013). Downregulation of glucocorticoid receptors also
reduces cortisol’s anti-inflammatory properties, potentially leading to
greater inflammatory activity (Miller et al., 2014).

Alternative and complementary explanations are evident in the
broader AL literature, including stress-induced increases in sympathetic
activity and reductions in parasympathetic activity, which both may
serve to increase pro-inflammatory activity in a context dependent
manner (Pongratz & Straub, 2014; Williams et al., 2019); stress-linked
increases in gut permeability, which result in increased exposure to
endotoxin and pro-inflammatory signaling (de Punder & Pruimboom,
2015; Knight et al., 2020); and behavioral responses to stress, including
consumption of high-fat diets, alcohol, and tobacco (Khan et al., 2019;
Kiecolt-Glaser, 2010; Raposa et al., 2014). Future work may begin to
unravel these interconnected systems by studying stress-linked physi-
ology and behavior more broadly and comprehensively in experimental
and naturalistic settings.

Indirect pathways linking stress, cortisol, and inflammation were
evident and robust for a measure of recent perceived stress. These
pathways were not as robust for traumatic life events, particularly when
controlling for relevant demographic and health covariates. Part of the
explanation for these differences may be explained by the more diffuse
nature of the traumatic life events measure. Such a broad concept - i.e.,
capturing lifetime racial and ethnic disparities, childhood adversity,
familial loss, and other stressors — may work through multiple routes to
impact stress physiology and health, and not through alterations in
diurnal cortisol activity per se. Further, the possible intersectionality of
these traumatic life events — that is, the compounding effect of being a
member of multiple marginalized groups and/or having experienced
multiple adversities as a result of holding multiple social identities — may
synergistically dysregulate physiological responses to stress in a manner
not readily evident in these analyses (Crenshaw, 1989; Perry et al.,
2013; Seng et al., 2012). Yet, some prior work has shown that traumatic
life events are linked to alterations in cortisol activity (Doom et al.,
2018; Tursich et al., 2014). Future work must consider these associa-
tions more carefully, perhaps through cohort designs that track in-
dividuals across the life-course in order to examine acute and longer-
term changes in stress and health physiology.

Several aspects of the present analyses may limit the potential impact
of the findings. In particular, the cross-sectional study design prevents
any inference of causality. Measuring stress, cortisol, and inflammation
concurrently over longer and more intensive durations (e.g., a mea-
surement burst design; Sliwinski, 2008) could improve understanding of
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the time-course and causal associations among these variables. The
present report is also limited by a relatively short list of inflammatory
biomarkers examined, focused on pro-inflammatory (and not anti-
inflammatory) signaling in plasma. A broader approach, encompassing
basal and stimulated, pro- and anti-inflammatory biomarkers would
allow for more precise understandings of the immune pathways
impacted by stress and their relation to HPA axis activity.

Lastly, the MIDUS sample is relatively homogenous in terms of race,
and ethnicity. Consequently, these analyses do not readily speak to the
multiple, intersectional factors linked to inequalities in stress and
health. It will be critical to continue to examine these patterns in more
representative samples and in specific subpopulations who may be at
greater risk for stress-linked deficits in health and well-being. Such work
will help provide targets on which to intervene to improve physical and
mental resilience among marginalized and at-risk groups.
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