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ARTICLE INFO ABSTRACT

Keywords: Disruptions in stress-sensitive biological systems, notably the immune system and hypothalamic-pituitary-adrenal
COYUSOI_ axis, are strongly implicated in depression, and disturbances in these neuroendoimmune systems could reflect
Deé’ress‘mf potential pathways through which experiences of stress are translated into depression. To characterize the links
i: Gammatlon between stress and depression, the present study investigated whether neuroendoimmune activity mediates the
. relationship between perceived stress and depressive symptoms in 59 medically healthy adult females with
Neuroendoimmune system A . . . . . .
Stress varying levels of depression. Consistent with hypotheses, both greater perceived stress and higher concentrations

of the proinflammatory immune marker, interleukin-6 (IL-6), were associated with greater depressive symptoms.
Although neuroendoimmune activity did not significantly mediate the relationship between lifetime perceived
stress and depressive symptoms, when considered together, elevated concentrations of IL-6 and lower free cortisol
mediated the relationship between severity of childhood stress and current depressive symptoms. These findings
shed light on how early life stress may be translated into adulthood depression.

1. Introduction

Neuroendoimmunological research has produced evidence of a dy-
namic interconnection between stress and biological responses from the
immune system and hypothalamic-pituitary-adrenal (HPA) axis (Ménard
etal., 2017). Dysregulation (i.e., both increases and decreases in activity)
of these systems in isolation is reported extensively in relation to
depression and may directly contribute to depressive symptoms (Maes
et al., 2012; Ménard et al., 2017). However, capturing the interplay of
these systems in relation to both stress and depression has not been
comprehensively addressed.

Evidence from a mixed-gender sample suggests that an exaggerated
cortisol response under medically induced inflammatory challenge is
associated with a higher risk of developing a major depressive episode
(Capuron et al., 2003). However, sex-specific investigations demonstrate
the reverse in females, with hypocortisolism in the presence of immune
activity associated with depressive symptom severity in one study (Suarez
et al., 2015), and an acute laboratory stress paradigm in another (Miller
et al., 2005). Given that immune-related illnesses are more prevalent in
females (Desai and Brinton, 2019), and that females are 1.5-3 times more
likely to experience depression than males (American Psychiatric Associ-
ation, 2013), understanding sex-specific neuroendoimmune disruptions
may provide key insights into depression vulnerability.
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Beyond well-known variability in neuroendocrine responses across
the sexes, the timing and severity of stressors may play a critical role in
neuroendoimmune disruptions. Similar patterns of hypocortisolism have
been found in many chronic stress populations, such as posttraumatic
stress disorder (PTSD), caregivers of ill family members, irritable bowel
syndrome, chronic fatigue, and fibromyalgia (e.g., Bauer et al., 2010). In
a meta-analysis of chronic stressors with 8521 participants, an inverse
relationship was found between onset of chronic stress and daily cortisol
output, such that recent traumas are associated with higher cortisol
measurements across the day, and more distant traumas are associated
with hypocortisolism in the morning and flattened diurnal slopes (Miller
et al., 2007). Given that cortisol plays a critical role in regulating the
magnitude and duration of immune activity, and, in turn, immune ac-
tivity may directly contribute to depressive behaviours (Maes et al.,
2012; Ménard et al., 2017), analyzing cortisol directly in relation to
immune activity may provide a valuable approach to capture underlying
neuroendoimmune disruptions that increase one’s vulnerability to
depression (Suarez et al., 2015).

To examine the relationship of specific time periods of life stress with
depression, we utilized a cross-sectional approach to investigate the
extent to which neuroendoimmune activity (levels of both free cortisol
and immune activity) mediates the relationship between stress experi-
enced across the lifespan and depression severity in adulthood. We
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hypothesized that neuroendoimmune activity would mediate the rela-
tionship between cumulative life stress severity (i.e., the severity of
subjective ratings of stress experienced across the lifespan) and depres-
sion. Exploratory analyses were planned to examine this relationship
within the context of childhood stress severity (i.e. severity ratings of
stressful experiences prior to age 13).

2. Methods
2.1. Participants

Females with varying levels of depression were recruited to investi-
gate dimensional associations of depressive symptoms with stress and
neuroendoimmune biomarkers, rather than drawing comparisons be-
tween groups with clinical diagnoses. To ascertain participants with a
range of depressive symptoms, three groups were recruited to achieve
adequate sampling of depression symptoms and cumulative lifetime
stress across the full spectrum of severity: (a) participants diagnosed with
a depressive disorder (major depressive disorder [MDD] and/or persis-
tent depressive disorder [PDD]) and borderline personality disorder
(BPD), who were expected to have the most severe and persistent
depressive symptoms and exposure to stress; (b) participants with a
depressive disorder but without BPD, who were anticipated to have a
mild-to-moderate severity of depressive symptoms and stress exposure;
and (c) participants without a depressive disorder or BPD (although other
psychiatric diagnoses were permitted), to capture subthreshold levels of
depressive symptoms, as well as the absence of depressive symptoms, and
the lowest levels of stress exposure. Eligibility criteria included medically
healthy, female adults (ages 18-55) who were English-speaking and
right-handed (for inclusion in a larger fMRI study). Exclusion criteria for
all participants included a lifetime diagnosis of a psychotic disorder, bi-
polar disorder, current eating disorder, serious medical or neurological
illness, neurodevelopmental disorder, moderate or severe alcohol or
substance use disorder within the past three months, pregnancy, lacta-
tion, or current antibiotic or anti-inflammatory drug use.

Participants provided written informed consent and completed a
fasted (minimum of 8 h) blood draw between 8 a.m. and 9 a.m. on the
day of testing. Prior to providing a blood sample, participants agreed to
abstain from drug and alcohol use for two days before testing. They were
instructed to avoid anti-inflammatory medications and intense physical
exercise for 24 h prior to study participation and to aim for at least 8 h of
sleep the night before participating in the study.

2.2. Clinical measures

The Structured Interview for DSM-5 was used to determine the
presence of psychiatric diagnoses relevant to the study’s eligibility
criteria. The interview was administered by trained Ph.D. students and
supervised by a licensed psychologist. The 17-item Hamilton Depression
Rating Scale (HAMD; Hamilton, 1960) and the Beck Depression
Inventory-II (BDI-II; Beck et al., 1996) were used to assess depression
severity. Scores from the BDI-II were used as the primary outcome var-
iable in the analyses. The Stress and Adversity Inventory for Adults
(STRAIN), is a computerized measure with good psychometric properties
that was self-administered to characterize lifetime experiences of stress
(Slavich and Shields, 2018).

2.3. Biomarkers

Biomarkers of stress were measured via free cortisol and proin-
flammatory cytokine assays. IL-6 was selected as the primary proin-
flammatory immune marker in this study because of its consistent
relationship with both stress and depression (Osimo et al., 2020). How-
ever, additional proinflammatory immune markers (IL-1p, tumor necro-
sis factor-alpha [TNF-a], C-reactive protein [CRP]) were assayed for
exploratory analyses based on prior research implicating them in stress
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and depression (Haapakoski et al., 2015; Osimo et al., 2020). Plasma was
separated through centrifugation and transferred into 500 pL aliquots
and stored at —80 °C until analysis. IL-6, IL-1, and TNF-a were measured
by Bioplex 200 multiplex immunoassay system (BioRad, USA). The
4-plex plate was included in a kit from BioRad including all standards and
reagents. The analysis was carried out following established manufac-
turer protocols. The quantification range for these assays are 0.27-4457
pg/mL for IL-1p, 0.4-6557 pg/mL for IL-6, and 3.16-51852 pg/mL for
TNF-a, respectively. Analysis of high sensitivity CRP (hsCRP) was con-
ducted with a routine certified clinical assay for cardiovascular risk
assessment. Free cortisol assay was conducted using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) methodology
(Huang et al., 2007). Linear range was from 5nmol/L to 500 nmol/L.

2.4. Statistics

The statistical package lavaan in R was used to estimate structural
equation modeling. Bootstrapping with 10,000 resamples was used to
estimate standard errors and indirect effects for all mediation analyses to
make analyses more robust to potential violations of the normality
assumption. Additionally, 95% confidence intervals (CI) were computed
to quantify the margin of error around effects. Although medication use,
body mass index (BMI), and menstrual cycle were included as covariates
in the primary analysis between IL-6 and depressive symptom severity,
the a priori decision not to include covariates in the mediation models
was made based on power estimates.

3. Results
3.1. Preliminary analyses

In total, 64 participants consented to participate in the study (see
Supplementary Material for descriptive statistics). At the time of the
psychodiagnostic assessment, 28 participants met criteria for a full
episode of MDD (nine of whom also met criteria for PDD), 10 participants
were determined to be in partial remission from a major depressive
episode (one whom also met criteria for PDD), two participants met
criteria for PDD with no current major depressive episode, and 22 par-
ticipants did not meet criteria for any current depressive episode. Ac-
cording to severity ratings assessed by the HAMD, 31.7% of participants
reported depressive symptoms in the “normal” range, 20.6% in the “mild-
moderate” range, and 47.6% in the “severe” range. Prior to completing
any testing procedures, one participant discontinued participation as
they were deemed MRI incompatible and was thus excluded from
participating in the study. Following the completion of data collection,
three participants were removed from the final dataset due to moderate
to severe substance use disorder identified during the structured clinical
interview, and one due to an incidental MRI finding following neuro-
logical consult. After study exclusions, 59 individuals remained in the
final sample for analysis.

After biomarker extraction, 29 participants produced IL-6 levels
below the range of detection, three had TNFa below the limits of
detection, and one participant’s plasma sample had insufficient supply to
complete the morning free cortisol assay. Of note, assays for IL-1f} were
also conducted but were below the detectable limit in this sample.
Limited detection of IL-1p and null associations have been typical in
other MDD samples (Haapakoski et al., 2015; Osimo et al., 2020). All
immune marker data were positively skewed (corrected via boot-
strapping) (see Table 1 for the correlation matrix).

3.2. Cumulative lifetime stress, neuroendoimmune activity, and depression

Cumulative lifetime stress severity (b = 0.46, p = <.01), and IL-6 (b =
10.78, p = <.01) were each significantly associated with depressive
symptom severity. A one-point increase in cumulative life stress severity
as measured by the STRAIN was associated with a 0.46-point increase in
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Table 1

Means, standard deviations, and bivariate correlations.
Variable M SD 1 2 3 4 5 6 7
1. BDI-II 25.2 17.0 1 44* 43 S57%* -.42 47 .25
2. Cumulative Life Stress 66.6 35.4 1 .58 .16 -.47 .23 .03
3. Childhood Stress 20.6 15.3 1 .36 -.38 .36 .25
4. IL-6 1.1 1.0 1 =12 .53* 61%*
5. Free Cortisol 21.5 8.5 1 .05 .13
6. TNFa 10.3 7.0 1 .32
7. CRP 3.0 4.3 1

Note n = 59 with the exception of biomarkers values. Biomarkers with quantification ranges below the limits of detection were removed from the primary analysis. After
removal, IL-6 had an n = 30, free cortisol n = 58, and TNFa n = 56. *p < .05. **p < .01. ***p < .001.

BDI-II scores, CI (0.22, 0.71). Similarly, a 1pg/mL increase in IL-6 con-
centration in the blood plasma is associated with a 10.78-point increase
in BDI-II scores, CI (4.62, 16.95). When covariates of medication use
(including both psychopharmaceuticals and birth control), BMI, and
menstrual cycle were analyzed, the relationship between IL-6 and BDI-II
scores remained significant, b = 7.90, p = <.01, CI (2.74, 13.05), sug-
gesting that the covariates did not account for a significant portion of the
variance in depression scores explained by IL-6.

To examine whether neuroendoimmune activity mediates the rela-
tionship between cumulative lifetime stress and depressive symptom
severity, stress was entered as the independent variable, IL-6 and free
cortisol as the mediators, and depressive symptom severity as the
dependent variable in a parallel mediation model (see Fig. 1(a)). Exam-
ining the total effect of the parallel mediation model, cumulative lifetime
stress severity was significantly associated with depressive symptom
severity, b = 0.26, p = <.01. Although the combined indirect effect did
influence the outcome by reducing the impact of cumulative life stress on
depression severity, the combined indirect effect of the mediators did not
reach significance. As such, no mediation effect was detected between
cumulative life stress and depression severity.

3.3. Exploratory analyses

The relationships of other immune markers (TNFa and CRP) with
stress and depression are presented in Table 1. Although both TNFa, r =
0.53, p = <.05, and CRP, r = .61, p = <.001, shared a positive rela-
tionship with IL-6, they were not significantly correlated with other
markers of stress or depressive symptom severity. Given these null
findings, no exploratory analyses were conducted with these additional
immune markers.

An exploratory mediation analysis applying the same parallel medi-
ation model as above was conducted to determine whether neuro-
endoimmune activity mediates the relationship between childhood stress
and depression (see Fig. 1(b)). Examining first the total effect of the
model, ratings of childhood stress were significantly associated with
depressive symptom severity, b = 0.59, p = <.01, CI (0.29, 0.88). The
combined effect of the mediators significantly decreased the total effect
of the model, b = 0.25, p = <.05, suggesting that collectively, there is a
mediation effect when both mediators are included. Here, when there is a
1pg/mL increase in IL-6 and a 1nmol/L decrease in free cortisol, there is a
0.25-point increase in BDI-II scores. When both mediators were added to
the model, the total effect was reduced by 42.3%. As such, it can be
concluded that neuroendoimmune activity mediated the relationship
between childhood stress appraisals and depressive severity in
adulthood.

4. Discussion

We utilized a cross-sectional research design to investigate the asso-
ciations among cumulative lifetime stress, IL-6 activity, and depressive
severity. Further, we examined whether neuroendoimmune activity
mediates the relationship between childhood stress and depression
severity in adulthood. We found links among cumulative lifetime stress,
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Fig. 1. Results of Primary and Exploratory Mediation Analyses. Parallel medi-
ation was used to test whether neuroendoimmune activity (IL-6 and free
cortisol) mediates the relationship between appraisals of cumulative life stress
(Fig. 1a) and childhood stress (<12 years of age; Fig. 1b) as measure by the
STRAIN and depressive symptom severity measured by the BDI-II. Bracketed
numbers represent 95% confidence intervals; solid lines indicate significant
regression pathways; dotted grey lines indicate relationships that were
not significant.

neuroendoimmune activity, and depression. On average, individuals
with higher IL-6 reported greater depressive symptoms. In total, IL-6
accounted for 32% of the variance in depressive symptoms in the sam-
ple. This finding is consistent with other similar studies, including several
meta-analyses (e.g., Haapakoski et al., 2015; Osimo et al., 2020).

In exploratory analyses, we determined that immune and HPA axis
biomarkers were associated with depression and mediated the relation-
ship between childhood stress and current adulthood depression severity.
Specifically, elevations in IL-6 and lower morning levels of free cortisol
contributed to the mediation effect between childhood stress appraisals
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and adulthood depressive severity. This pattern of high immune activity
and low cortisol is theoretically consistent in relation to more severe
levels of depression and stress (Ménard et al., 2017) and has been
documented in relation to depression in female samples (Suarez et al.,
2015; Miller et al., 2005).

Childhood stress and trauma are potent risk factors for depression in
adulthood (Danese and Baldwin, 2017). The possibility that neuro-
endoimmune disruptions may be one mechanism through which these
vulnerabilities are sustained has significant implications. Such findings
may signal the influence of these stress-sensitive biological systems,
especially during critical periods of development, on vulnerability to
depression across the lifespan (Danese and Baldwin, 2017). It is impor-
tant to consider, however, that the mediation analyses carried out in the
present study were based on cross-sectional data. Therefore, the results
reflect observed associations and do not infer or prove causality. How-
ever, the components of the models and the model parameters were
selected based on theoretical rationale and prior research demonstrating
a temporal sequencing of the variables (e.g., that immune activity most
commonly precedes depressive symptoms; Huang et al., 2019). Similarly,
all metrics of stress utilized in the present study incorporated time pe-
riods of stress appraisals (i.e., cumulative lifetime, early childhood) that
either precede and/or subsume the period of depression being analyzed
(i.e., past two weeks) to strengthen the assumptions of the mediation
models. To uncover the potential causal effects of childhood stress on
stress-sensitive biological systems and the downstream impacts on
depression in adulthood, prospective longitudinal research is needed.

Biological sex has a significant moderating effect on stress biomarkers
with some studies reporting higher ACTH and cortisol response and less
reliable elevations in proinflammatory cytokines under chronic stress
conditions in males compared to females (Birur et al., 2017). Given that
the bulk of immune-depression research consists of mixed-gender sam-
ples that are unbalanced and underpowered to examine sex-specific
patterns (Haapakoski et al., 2015; Osimo et al., 2020), future studies
may prefer to opt for sex-specific investigations to prevent confounding
results.

In the present research, a significant portion of immune markers were
below the limits of detection. The decision to exclude these individuals
from the relevant analyses was done to provide a more conservative
analysis, although some researchers choose to assign values at the lower
limits of detection (Maes et al., 2012). Unobserved immune concentra-
tions are commonly reported in the literature (Haapakoski et al., 2015;
Osimo et al., 2020). To prevent these losses, future research may prefer to
select methodological approaches more appropriately suited to mole-
cules at these low quantities in both non-psychiatric and depressed
samples or adopt functional genomic techniques that examine immune
response genes to provide a more fine-grained transcriptional profile of
immune activation (Almeida and Turecki, 2017).

The findings of our study were identified in a transdiagnostic sample
of participants who carried diagnoses of many stress-linked disorders
(e.g., MDD, BPD, PDD, and PTSD). This signals the possibility that there
are common neuroendoimmune pathways that may lead to these bio-
behavioral relationships regardless of the specific psychiatric diagnosis,
although more research is needed to confirm and extend these initial
findings. Research adopting both transdiagnostic and dimensional ap-
proaches to study the relationships among stress, neuroendoimmune
activity, and depression is crucial for advancing understanding of the
neurobiology of depression and is consistent with neuroscience-based
research frameworks for psychiatric illness (e.g., NIMH Research
Domain Criteria initiative). Overall, this study provides new insights into
potential pathways among stress, the neuroendoimmune system, and
depression, shedding light on how early life stress may be translated into
depression later in life.
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