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Abstract

An array of negative psychological states — including depressive symptoms, perceived stress,
rumination, and negative affect — have been linked to immune function and inflammatory
responses. Herein we show evidence of gender-dependent associations between ex vivo
lipopolysaccharide (LPS)-stimulated cytokine responses and such psychological states, in both
cross-sectional and longitudinal analyses from three annual waves (N = 162 at baseline,

67.3% female). In cross-sectional analyses (at baseline), gender moderated the associations

of depressive symptoms (previously reported), perceived stress (B =-0.043, 95%CI [-0.080,
-0.015]), rumination (B = -0.500, [-1.015, —0.232]), negative affect (8= -0.020, [-0.020,
-0.005]), and positive affect (B =0.024, [0.008, 0.047]) with LPS-stimulated cytokine responses.
In each analysis, negative psychological states were positively associated with LPS-stimulated
cytokine responses among men but negatively among women (with associations for positive
affect in the opposite direction). In /ongitudinal analyses (across three annual measurements),
similar associations were seen for depressive symptoms (B = -0.024, [-0.059, —0.004]), perceived
stress (B =-0.045, [-0.069, —0.024]), and rumination (B = —-0.381, [-0.622, —0.120]). These
results indicate that gender is a critical factor in associations between a broad array of negative
psychological states and inflammatory responses and identify one pathway by which gender may
influence psychosomatic health.
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1. Introduction

Negative psychological states characterized by depressive symptoms or high self-reported
levels of psychological stress have been associated with increased risk of disease and death
[1-4]. This heightened risk may be partially explained by alterations in inflammation that
accompany depressed or stressed states. For example, depressive symptoms and recent stress
are each independently associated with heightened and prolonged inflammatory responses to
immune challenge [5-10]. High inflammation, indexed by levels of inflammatory cytokines
and C-reactive protein (CRP), is in turn implicated in the pathogenesis of many physical
health conditions [11].

A large and growing literature has focused on gender1 differences in inflammatory
responses to pathogens [12]. Our group recently showed that gender differences in

immune functioning are evident in links between inflammation and depressive symptoms
[13,14]. Specifically, higher depressive symptoms were associated with a larger ex vivo
lipopolysaccharide (LPS)-stimulated inflammatory response in men, but with a lower
response in women. A similar gender-dependent pattern between depressive symptoms and
CRP levels was observed in a large sample of older adults [15]. Heightened levels of

CRP and interleukin (IL)-6 have also been observed among men but not women with a
current diagnosis of major depression compared to healthy controls [9,16]. Thus, there is
emerging evidence that gender is an important determinant in the link between inflammatory
responses and depressive symptomology [17].

Inflammation is theorized to represent a shared pathway linking an array of positive and
negative psychological states with physical health [11,18]. As such, it is an open question
if the aforementioned gender difference in the link between depressive symptoms and
inflammatory responses is specific to depressive symptomology or if this association might
be evident for other negative psychological states. This study explored that possibility,
with a focus on perceived stress, rumination, and negative affect. Positive affect (a positive
psychological state) was also assessed. Examining the extent to which gender-dependent,
stimulated inflammatory responses generalize to a broader set of psychological constructs
beyond depressive symptoms may provide new targets for understanding psychosomatic
health for basic researchers and clinicians alike.

It is critical to better understand associations between perceived stress and gender-linked
inflammatory responses because of the robust associations of stress with health [4]. The
existing literature? provides mixed evidence for associations between perceived stress and

LHere we use “gender” to refer to the totality of biological and psychosocial differences between human men and women [61].

There is a small literature focused on changes in LPS-stimulated inflammatory responses due to acute experimental stressors. For
example, acute stress reduced men’s but not women’s LPS-stimulated cytokine responses in two laboratory studies, with some nuance
for which cytokines were affected [58, 59]. However, self-reported perceived stress, which we examine here, is a distinct concept from
acute, laboratory-induced stress.
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stimulated cytokine production. A positive relationship between perceived stress and ex vivo
inflammatory responses to LPS has been reported in two studies [18,19], whereas two other
studies demonstrated null relationships between perceived stress and 1) LPS-stimulated
inflammatory responses [20] and 2) ex vivo influenza vaccine [21]. None of these prior
studies examined or reported gender-specific associations between perceived stress and
inflammatory responses. In other work, self-reported chronic interpersonal stress [22] and
perceived stress [23] were each associated with heightened cytokine responses to ex vivo
LPS stimulation in two studies of women. Because these latter two studies did not include
men, these findings preclude an understanding of gender differences. Perceived stress and
stressor exposure have also been linked to heightened basal cytokines and CRP [23], with
some work further indicating that an allostatic load perspective is necessary to elucidate
associations between stress and basal cytokine concentrations [24,25]. Overall, past research
indicates that self-reported stress may be linked to stimulated inflammatory responses and
circulating inflammation, but examination of gender is needed.

Trait rumination is the degree to which one tends to focus on unconstructive, repetitive
thoughts [26]. Positive relationships have been reported between trait rumination and

basal inflammation [27,28], and trait rumination has been associated with heightened
inflammatory responses to psychosocial stress among women [29]. This prior work
suggests there is an association between rumination tendencies and inflammation that

may extend to ex vivo stimulated inflammatory responses. No work to our knowledge

has examined rumination’s association with stimulated inflammatory responses or potential
gender differences therein.

Levels of positive and negative affect and basal inflammation have been linked in multiple
studies [14,30-32], but few studies have examined affect and stimulated inflammation. In
past work, lower trait positive affect (but not negative affect) was associated with higher
LPS-stimulated IL-10 for men but not women, and higher IL-6 responses for both men and
women; no associations were evident between affect and IL-1f or tumor necrosis factor
(TNF)-a [33]. One other study found a positive association between trait negative affect and
LPS-stimulated IL-8 responses (not IL-14, IL-6, or TNF-a) in a large sample of men and
women [18].

Our prior work focused on gender-dependent associations between depressive symptoms and
inflammation in cross-sectional data [13,14]. Here we extend these analyses in the same
sample by examining, in a similar manner, an array of negative psychological states and
their cross-sectional associations with inflammation. We further extend our prior work by
examining longitudinal associations (including depressive symptoms) across three annual
timepoints. In particular, we focus on whether stimulated inflammatory responses and a
broader array of negative psychological states are coupled — i.e., whether changes in one
measure are reflected in changes in the other measure across time — and whether the
direction and magnitude of longitudinal coupling depends on gender. The goal for the
present report was to examine the separate associations of inflammatory markers with
depressive symptoms, perceived stress, rumination, and affect, both cross-sectionally and
across three annual waves of data collection, and to assess gender differences. Gaining

Physiol Behav. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knight et al. Page 4

a better understanding of these associations will inform both clinical and mechanistic
understandings of physical and mental health.

2. Material and Methods

2.1 Participants

The present work follows prior reports on this topic [13,14] from the “Effects of Stress

on Cognitive Aging, Physiology and Emotion” project [34]. Participants were recruited
using systematic probability sampling from the New York City Registered Voters List.
Briefly, potential participants were sent recruitment letters explaining the study goals, after
which eligible participants were enrolled via telephone. The parent study’s inclusion criteria
consisted of ambulatory men and women aged 25-65 who resided in Co-Op City (the
Bronx, New York), were fluent in English, and who were without visual impairment. As

in Majd and colleagues’ work [13], the present report included the following additional
criteria: No history of inflammatory-related illness (e.g., autoimmune disorders, diabetes,
cancer, HIV, chronic infections, cardiovascular, kidney or liver disease), no history of
psychiatric disorders other than depression, and not taking potent immunosuppressive drugs
including oral corticosteroids. This sample was racially and ethnically diverse (64% African-
American; 21% Hispanic) and consisted of 67% women.

2.2 Protocol

Participants provided informed consent, then, in each wave, completed a paper survey at
home and a laboratory visit at the Albert Einstein College of Medicine, followed by a
2-week burst of ecological momentary assessment (EMA,; not reported here) in each of three
waves3 (time between waves: Mean = 1.07 years, SD = 0.30). Following completion of

each wave’s EMA, participants returned to the laboratory for a 12-hour fasting blood draw.
Participants self-reported their gender as male or female (no participants reported non-binary
gender) in the first wave. Data were collected between 2012 and 2017.

2.3 Self-report Measures

2.3.1 Depressive Symptoms.—The Patient Reported Outcome Measurement
Information System — Depression (PROMIS Depression) short-form scale was used to
measure depressive symptoms [35]. Eight items were presented regarding the frequency of
depressive symptoms in the past seven days on a 1 (Never) to 5 (Always) scale (ICC =
0.79) 4. Raw scores were standardized to t-scores, such that the mean of the US population
was fixed at a score of 50 (£10). Participants responded to questionnaires during the initial
laboratory visit in each wave, which occurred approximately two weeks prior to the blood
draw.

2.3.2 Perceived Stress Scale.—The Perceived Stress Scale [36] was used to index the
frequency of participants’ subjective experiences of stressors in the past month (e.g., “How

3A fourth wave was completed for a much smaller number of participants but is not included here.
As an index of measure stability of each measure with the present sample, we report the intraclass correlation coefficient for the
“average of kfixed raters,” or ICC(3,k) in the parlance of Shrout and Fleiss [62], using the psych package (Version 2.0.8; [60]) in R.
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often have you been upset because of something that happened unexpectedly?”; ICC = 0.82).
Participants responded to 14 items on a Likert scale of 1 (Never) to 5 (Very often).

2.3.3 Rumination and Reflection.—The Rumination and Reflection Questionnaire
[26] was used to gauge the extent of participants’ tendency to focus on unconstructive,
repetitive negative thoughts (rumination) and their focus motivated by curiosity and
openness to experience (reflection). Twelve items each were averaged to index ruminative
thinking (e.g., “I always seem to be “re-hashing” in my mind recent things 1’ve said or
done.”; ICC = 0.88) and reflective thinking (e.g., “I love exploring my “inner” self.”; ICC =
0.85) on a Likert scale of 1 (Strongly Disagree) to 5 (Strongly Agree).

2.3.4 Positive and Negative Affect.—Participants reported positive and negative
affect experienced in the past month via the Brief Positive and Negative Affect Scale
(PANAS) [37]. Positive and negative affect were scored as the sum of responses to a series
of ten positive (i.e., alert, calm, relaxed, enthusiastic, excited, content, cheerful, satisfied,
happy, and peaceful; ICC = 0.82) and ten negative adjectives (i.e., irritable, tense, bored,
stressed, depressed, nervous, sad, sluggish, upset, and disappointed; ICC = 0.79) on a scale
from 1 (Not at all) to 7 (Extremely).

2.4 Covariates

Age and BMI were included as covariates in all models in order to control for known
associations between these variables and inflammation. Education (1 = at least some college;
0 = high school degree or less), household income (1 = $40K annual income or more; 0 =
<$40K annual income)5, marital status (1 = married or remarried; O = divorced, separated,
widowed, never married, or living with someone else but not married), and number of
individuals living in the household were each explored as potential covariates given the
possibility for gender differences in these variables. However, in each case, gender was not
significantly associated with these variables in this sample (income: X4(1) = 0.047, p=
0.828; education: X2(1) = 0.124, p= 0.725; marital status: X(1) = 0.285, p= 0.594; people
living in household: Bgenper = —0.071, {158) = -0.251, p= 0.802), so these variables
were not included as covariates in subsequent analyses.

2.5 Bioassays

A certified phlebotomist drew 12-hour fasting blood between 7 AM and 11 AM at the Albert
Einstein College of Medicine. Blood (5 mL) was collected in sodium heparin tubes to assess
basal and stimulated cytokine levels and C-reactive protein (CRP).

To determine basal inflammation and CRP, whole blood was centrifuged at 15009 for 15
min at room temperature. The supernatant was aliquoted and stored at —80°C. To determine
stimulated cytokine levels, 1 mL of whole blood was incubated with bacterial LPS (1
pg/mL, E. coli 055:B5, Sigma-100 mg) on a rotational shaker at 37°C in 5% CO2 for 2 h.

SIncome was split at the $40K income level to best reflect federal income limits for poverty in the United States, which was about
$25K by the end of the study. Splitting the data at a lower categorical response in the income questionnaire would have included
individuals who were below the poverty line in the higher income group. The median value from this survey question was 4 (mean =

3.93; mode = 3).
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Samples were then centrifuged at 1500g for 15 min at room temperature. The supernatant
was aliquoted and stored at —80°C for future analysis. As described in Majd et al. (2018),
basal and LPS-stimulated cytokines (IL-1p, IL-6, IL-8, IL-10, TNF-a) were quantified
using multiplex magnetic bead arrays (Life Technologies, Grand Island NY). The minimum
detection limit for these assays ranged from 0.02 to 2.77 pg/mL for each analyte and
inter-assay CVs were 7.0 to 9.8%. CRP was quantified via enzyme-linked immunoassay
(Cayman Chemical, Ann Arbor MI) with a detection limit of 46.9 pg/mL. Intra-assay CVs
ranged from 1.9 to 7.0%; the inter-assay CV was 9.84%.

Confirmed values below the minimum detection limit were replaced with zeros. All
cytokines were transformed via natural-log(x+1) to correct a positive skew in the distribution
while maintaining a meaningful zero value. CRP was also positively skewed and was
corrected with log-transformation for analysis [without the natural-log(x+1) transformation,
as there were no samples below the minimum detection limit].

2.5.1 Composite Scores for Cytokines.—As described in prior work, individual
cytokine levels were strongly correlated with one another, and a confirmatory factor analysis
at baseline revealed support for a basal cytokine factor and for a stimulated cytokine

factor (61% variance explained)[14]. We produced composite indices of cytokine levels

by normalizing (z-score) each cytokine measurement based on Wave 1 means and standard
deviations of each cytokine, then calculating the mean of these normalized values separately
across the basal and stimulated cytokines. Prior work has used a similar composite approach
to limit multiple comparisons [14,43].

2.6 Analyses

2.6.1 Cross-sectional.—We examined gender differences in the links between
inflammation composites and the array of self-reported psychological states (other than
depressive symptoms, which was examined previously; Majd et al., 2018) in the first

wave of data collection (N = 162). Separate linear regression models were fit for each
self-reported variable. A robustness check was performed for each of the separate interaction
regression models that included the main effects of all the self-reported variables as
covariates. Estimates are reported with bootstrap bias-corrected 95% confidence intervals
(95%Cl) using the adjusted bootstrap percentile (“Bca™) method.

2.6.2 Longitudinal.—We examined gender differences in the links between
inflammation and self-reported psychological states across waves of data collection using

a multilevel coupling approach [38]. This approach simply asks if changes in depressive
symptoms (for example) are associated with changes in inflammation levels. That is, across
three waves, when depressive symptoms decrease (or increase) more sharply within an
individual, inflammation may also decrease (or increase) more sharply, such that the changes
in the two variables are coupled over the course of the 3 annual waves. This coupling
approach allows for the examination of interindividual differences (i.e., the effect of gender)
in the association between the self-reported and inflammation variables while accounting
for intraindividual variability in this association. A model to examine coupled links between
depressive symptoms and inflammation was constructed as follows:
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Level 1:
Inflammation; j = fo+ pIPROMIS;; + ¢;
Level 2:
Po = 800 + 801 Gender; + gopAge; + go3BM I; + ug;
1 = g10 + g11Gender; + uy;
Full Model:

Inflammation;j = go0 + §10PROMLS; j + go1Gender; + g11 PROMIS; j X Gender; + gop Age; +
803BMI; + ug; +uyj+e;

In this model, /nflammation;;represents the level of inflammation (basal composite,
stimulated composite, or CRP) for person 7at time j; PROMIS;; represents depressive
symptom levels for person 7at time ;. The coefficient g;; represents the estimate of the
cross-level interaction between depressive levels and gender, which can be taken as evidence
of gender differences in the association between depressive symptoms and inflammation. A
separate model was fit for each self-reported negative variable (replacing PROMISj). For
models that did not satisfactorily converge, uy; (the error term representing the participant-
level random slope) was removed and the model re-fit (random intercepts were always
included). A robustness check was performed for each coupling model by including the
main effect of the average value of each of the self-reported variables as covariates in Level
2 of the multilevel model. Confidence intervals of estimates were bootstrap bias-corrected
using the adjusted bootstrap percentile (“Bca”) method.

This approach differs from other longitudinal approaches (e.g., growth-curve modeling)

as coupling does not require either variable to steadily increase or decrease; the coupling
approach merely determines if changes in the two variables are consistently associated
across time [38]. As with other multilevel approaches, coupling is able to use all available
data, despite loss of participants across waves. For the present protocol, coupling is
arguably more appropriate than a growth-curve model because there was not strong a priori
expectation of a specific trajectory of inflammation or negative psychological states across 3
annual waves among the age range evident in this sample of adults.

2.6.3. Follow-up Analyses.—Two follow-up analyses were conducted on both sets
of cross-sectional and longitudinal models. First, we examined self-reported, probable
depression as a covariate. Participants were asked “Have you ever been diagnosed with
or received treatment for emotional or psychiatric problems?” Participants that responded
with any version of the term “depression” were coded as having had probable depression
(although it is not known whether these responses represent major depressive disorder).

Second, we conducted follow-up analyses focused on participants’ menopausal status.
Women self-reported their menopausal status in the first wave of data collection. We re-ran
all analyses with the gender variable replaced with a two-level, Helmert contrast-coded
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variable that compared men versus women in the first level (controlling for differences
between pre- and post-menopausal women) and that compared pre- versus post-menopausal
women (controlling for differences between men and women) in the second level.

3. Results

3.1 Preliminary Results

Of the 162 participants at baseline who met this report’s criteria, 95 in the second wave and
71 in the third wave had both self-report and inflammation data available (see Table 1 for
descriptive statistics). Health status in this sample was diverse as indexed by relatively high
CRP concentrations (e.g., CRP in Wave 1, mean = 5.55 mg/L, SD = 8.14) compared to the
clinical cut-off for CRP as high risk for cardiovascular disease (> 3.0 mg/L).

3.2 Cross-Sectional Analyses at Baseline

When examined cross-sectionally at baseline (wave 1), gender differences were evident

in the association between self-report variables and stimulated cytokine levels. Much like
depressive symptoms (previously reported in Majd et al., 2018), perceived stress (B =
-0.043, 95%CI[-0.080, —0.015], {156) = —2.53, p=0.013), a tendency toward ruminative
thinking (but not reflective thinking) (B = -0.500, [-1.015, —-0.232], {155) = -3.18, p
=0.002), and negative affect (B=-0.020, [-0.020, —0.005], {156) = —-2.07, p=0.040)
were positively associated with stimulated cytokines in men and negatively associated with
stimulated cytokines in women (Table 2; Figure 1; see also Table S1). An inverse of

this association was observed for positive affect: Men with lower positive affect exhibited
higher stimulated cytokine levels whereas women with lower positive affect displayed lower
stimulated cytokine levels (8= 0.024, [0.008, 0.047], £156) = 2.24, p=0.027). No such
associations were seen for basal cytokines or CRP.

3.2.1 Robustness check.—Including the main effects of each of the self-reported
variables as covariates did not affect the magnitude or interpretation of any of the models
performed (Table S3).

3.2.2 Follow-up analyses.—The covariate for self-reported depression did not alter
results or interpretation of the cross-sectional analyses (Table S4A). In addition, no
differences were evident between pre- and post-menopausal women and the interaction
terms for menopause status and negative psychological states did not associate with
stimulated cytokine levels. The inclusion of menopause status did not change the results
or interpretation of the cross-sectional psychological state x gender analyses (Table S5A).

3.3 Longitudinal Analyses

Within each longitudinal model, random intercepts and slopes were highly correlated, which
necessitated removal of the random error term for individual slopes (results are reported with
the individual level error terms removed; see supplement for comparison of models with

and without these error terms). We first examined the coupling of depressive symptoms with
inflammation across the three waves. The pattern that we reported cross-sectionally [13]
remained evident in the longitudinal coupling analyses, although the effect was somewhat
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weaker, with a bias-corrected confidence interval that does not include zero and marginal
statistical significance when including age and BMI as covariates (8 = —0.024, [-0.059,
-0.004], 184.6) = -1.78, p=0.051; Figure 2; Table S2). Specifically, across the three waves
of data collection, change in depressive symptoms was positively coupled with changes

in stimulated cytokine levels in men and negatively coupled with changes in stimulated
cytokine levels in women (Table 3).

We next examined the broader set of self-report variables using this longitudinal coupling
approach. Perceived stress (B = -0.045, [-0.069, —0.024], £256.7) = -2.89, p= 0.004) and
rumination (B =-0.381, [-0.622, —0.120], £218.8) = -2.70, p= 0.007; but not reflection)
were positively coupled with stimulated cytokines in men and negatively coupled with
stimulated cytokines in women across three waves of data collection (Table 3; Table S2).
Positive and negative affect were not found to be longitudinally coupled to stimulated
cytokines.

3.3.1 Robustness checks.—Inclusion of individual-level mean values for each of
the self-reported variables as covariates did not affect the magnitude or interpretation of
interactions of gender with perceived stress or rumination; the interaction of gender x
depressive symptoms was marginal in this model (Table S3).

3.3.2 Follow-up analyses.—The inclusion of the self-reported depression covariate did
not change the results or interpretation of the longitudinal analyses (Table S4B). In addition,
no differences were evident between pre- and post-menopausal women and the interaction
of menopause status and negative psychological states did not associate with stimulated
cytokines. The depressive symptom x gender interaction was marginal when controlling for
menopause status (and the bootstrap bias-corrected confidence interval included zero); the
inclusion of menopause status otherwise did not change the results or interpretation of the
psychological state x gender analyses (Table S5B).

3.4 Other biomarkers of inflammation

Analyses with basal cytokines and CRP did not demonstrate significant gender-dependent
associations with any of the negative psychological states.

4. Discussion

The present results add to our understanding of gender differences in the link between
depressive symptoms and systemic inflammatory responses by demonstrating that these
patterns generalize to an array of negative psychological states cross-sectionally and over
three annual measurements. In men, higher self-reported levels for an array of negative
psychological states [i.e., higher depressive symptoms [13], perceived stress, rumination,
negative affect, and lower positive affect] were related to higher ex vivo stimulated
inflammatory responses. Conversely, in women, these associations between negative
psychological states and stimulated cytokine levels were negatively correlated. Similar
gender differences were apparent in the longitudinal coupling of stimulated inflammatory
responses with depressive symptoms, perceived stress, and rumination across three annual
measurements. These longitudinal results suggest that psychological states and inflammation
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are entwined and persistent over time: Changes in depressive symptoms, rumination,
and stress correlated with changes in stimulated cytokine responses across three annual
assessments.

Overall, these findings emphasize the importance of considering gender as a factor, rather
than as a confounder, in studies of psychosomatic health. To wit, if gender had only been
considered as a covariate in the present study, associations between negative psychological
states and stimulated inflammation would not have been evident. Our results suggest that
gender is important for understanding links between inflammation and reactions to may have
translational implications for psychosomatic health. For example, heightened inflammatory
responses are a crucial factor leading to men’s increased morbidity and mortality due

to conditions like sepsis [12] and the novel coronavirus [39] and blunted inflammatory
responses have been linked to poorer wound healing and weaker responses to vaccine
among women [40,41]. This focus on gender comes amidst burgeoning evidence of the
critical importance of considering sex and gender in health research [42]. The present results
indicate that an array of negative psychological states — depressive symptoms, perceived
stress, rumination, heightened negative affect, and reduced positive affect — may influence
gender-dependent inflammatory responses and health outcomes.

The variables investigated in this report have similar features in that they are self-reported
psychological states with negative valence (or that lack positive valence) occurring in the
past few months. Yet, these variables are also distinct concepts that differ in salience

and severity. Prior work has tended to approach these questions from within a given
discipline’s silo — for example, by focusing on depressive symptoms per se as the

singular psychological component related to immune alterations despite prior theorizing that
inflammation represents a shared pathway linking psychological states and physical health
[11,18]. Other psychological states that share these features or other unknown features
may show similar gender-dependent associations with stimulated cytokine levels, such as
bereavement [43] or anger and hostility [44,45]. Role conflict — a negative psychological
state based on the degree to which the demands of one’s social roles (e.g., being a

parent, spouse, and friend) pull an individual in different directions — has also been
associated with heightened stimulated inflammatory responses for men, but not women
[46]. In sum, a variety of psychological states — including psychological states that may be
culturally specific or that may depend on social-contextual or idiosyncratic factors — may
impact health in a gender-dependent manner via similar inflammatory routes. A broader
approach that investigates wider sets of psychological concepts may provide new avenues
for understanding gender differences in mental and physical health outcomes.

The present results point to a specific, shared pathway linking psychological states and
inflammation: The gender-dependent associations between negative psychological states
and inflammation were specific to LPS-stimulated inflammatory responses and were not
evident for basal inflammation (either cytokine or CRP levels), a pattern evident in prior
reports from this same sample [13,14]. Several factors may contribute to this finding and
parsing these factors may be helpful for delineating mechanisms. For example, compared
to cytokines, CRP is a less specific inflammatory biomarker that generally fluctuates on a
slower timeline; it may be elevated for a number of reasons, including due to metabolic
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irregularities [47,48]. CRP levels in this sample were relatively high compared to other
studies, perhaps indicative of metabolic-related inflammation that may obscure gender-
dependent associations seen in prior work (15; for additional discussion, see 31). Regarding
basal cytokines, these exist at relatively low concentrations in the absence of acute infection
or other immunological challenge; stimulated cytokine concentrations occur at reliably
measurable levels, are more variable, and represent a measure of inflammation distinct from
basal cytokines [49]. This natural constriction of range in basal cytokine concentrations may
reduce the ability to detect associations with psychological states without larger samples.

Alternatively, there may be aspects of stimulated inflammatory responses (versus other
inflammatory biomarkers) that are specifically dependent on gender. For example, men have
been observed to respond with heightened inflammation to microbial agents (e.qg., bacterial
infection, which LPS mimics) compared to women who demonstrate more robust adaptive
immune responses (i.e., protective humoral and cellular mediated responses) [12,50]. A
variety of explanations for these gender-specific immune responses have been examined
including biological factors, such as genetic differences linked to the X chromosome [51],
modulation of immune activity by sex hormones [52], and psychosocial factors such as
behavioral gender differences that, in turn, relate to antigen exposure [53,54]. Basic research
using a rodent model of sepsis has also determined that sexual dimorphisms exist in the
pro-inflammatory pathways involved in responding to microbial challenge, including Toll-
like receptor (TLR)-4 and nuclear factor kappa B (NF-xB) mediated routes [55]. Hence,

the extent to which the observed associations are specific to gender dimorphisms in these
pathways could be investigated more directly by testing sensitivity and expression of TLR-4
and NF-xB pro-inflammatory pathways [55,56]. Future work should continue to investigate
a broad array of inflammatory measures — for example, CRP, basal and stimulated cytokines,
and more specific elements of pro- and anti-inflammatory mechanistic pathways — to

better understand psychosomatic associations with basal inflammation and inflammatory
responses.

Three aspects of this study limit the generalizability of the results and warrant further
investigation. First, participants were a subsample of a diverse population who were not
selected based on a particular health condition. It is therefore unclear the extent to which
these patterns may be evident in populations with prevalent health conditions, including
mental health conditions such as major depressive disorder. Second, the focus on basal and
stimulated cytokine biomarkers and CRP is somewhat limited, especially given evidence
that women tend to respond to pathogens with greater humoral and cell-mediated immune
responses than men (e.g., high immunoglobulin-M concentrations, more robust antibody
production) [12]. Examining other biomarkers of innate and adaptive immune functioning
in response to other stimuli [e.g., polyinosinic-polycytidylic acid (poly I:C), which mimics
viral infection, or viral vaccine challenges [21]] may reveal additional associations between
negative psychological states and immune functioning that differ by gender (¢f. 57). Third,
the longitudinal analyses for negative and positive affect did not replicate the cross-sectional
results and an explanation for this pattern of results is not presently available®. Weaker

6The longitudinal analysis with depressive symptoms was also revealed to be less robust than analyses with other psychological states,
with marginal significance, in follow-up analyses focused on menopause status. As this effect was slightly weaker than other effects in
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associations between affect and inflammation may have been obscured by lower sample
sizes in later waves or perhaps changes in affect levels were simply unrelated to changes in
LPS-stimulated inflammatory responses. Future research with larger samples might employ
intensive measurement over longer time periods with broader indices of immune functioning
to further delineate associations between negative psychological states, gender, and physical
health.

4.1 Conclusions

Ultimately, the present work indicates that gender is a critical factor for understanding
psychosomatic health. Here we demonstrate that gender differences in the association
between depressive symptoms and stimulated inflammatory responses 1) generalize to

an array of negative psychological states (with the reverse pattern evident for positive
affect), and 2) are evident across three annual assessments. These findings suggest that
alterations in inflammatory responses to immune challenge are a commonality shared by
a variety of psychological states; subsequent health implications need to be more fully
explored. Continued investigation of gender in this context is needed to improve our
understanding of how, when, and for whom physical health conditions are linked with
depressive symptoms, stress, or other negative psychological states. Such work is essential
to gain a full understanding of gender as a critical factor in the intertwining of mental and
physical health.
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Highlights

. Inflammation was linked with depressive symptoms, rumination, stress,
affect.

. LPS-stimulated inflammation positively related to array of negative states in
men.

. For women, array of negative states linked with lower inflammatory
responses.

. Effects evident in cross-sectional and longitudinal coupling analyses.
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Figure 1.

The association of negative psychological states with LPS-stimulated cytokine response
depends on gender at baseline. Gender x negative psychological state interaction was
significant unless otherwise stated. A. PROMIS depressive symptom scale (previously
reported in Majd et al., 2018). B. RRQ- Rumination scale. C. RRQ — Reflection scale (the
coefficient for this interaction with gender was non-significant). D. Perceived Stress Scale.
E. PANAS - Negative Affect. F. PANAS - Positive Affect. Ribbons around lines represent
95% confidence intervals. Simple slopes: *p < .05; +p < .08.
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Figure 2.

Longitudinal coupling of negative psychological states with LPS-stimulated cytokine
response depends on gender. The solid red and dashed blue lines represent the fixed effects
for male and females; the thin dotted lines represent the individual level coupling effects (but
note that the models did not support this complexity, and individual slopes were ultimately
removed). The gender x negative psychological state interaction was significant unless
otherwise stated. A. PROMIS depressive symptom scale B. RRQ-Rumination scale. C. RRQ
— Reflection scale (the coefficient for this interaction with gender was non-significant). D.
Perceived Stress Scale. E. PANAS — Negative Affect (the coefficient for this interaction with
gender was non-significant). F. PANAS — Positive Affect (the coefficient for this interaction
with gender was non-significant). The * indicates the 95%CI of the estimated simple slope
did not contain zero.
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Table 1.
Mean (SD) of study variables.
Full Sample Men Women
Wave 1 Wave 2 Wave 3 Wave 1 Wave 2 Wave 3 Wave 1 Wave 2 Wave 3
Sample Size 162 95 71 53 32 22 109 63 49
Age 44.4 44.2 45.0 44.7 44.4 45.8 44.3 44.1 44.6
(11.2) (11.0) (11.1) (11.1) (10.3) (10.6) 11.2) (11.4) (11.3)
Basal Cytokine -0.05 -0.186 0.025 0.131 -0.137 0.107 -0.138 -0.209 -0.014
Composite (0.704) (0.419) (0.581) (1.032) (0.562) (0.664) (0.45) (0.328) (0.54)
(standardized
units)
Stimulated 0.005 0.03 -0.154 0.104 0.269 0.061 -0.043 -0.084 -0.251
Cytokine (0.743) (0.979) (1.116) (0.625) (0.826) (1.026) (0.792) (1.03) (1.15)
Composite
(standardized
units)
CRP (mg/L) 5.55 6.66 7.29 5.42 4.77 5.19 5.62 7.54 8.27
(8.14) (11.68) (13.19) (9.58) (11.17) (10.59) (7.38) (11.88) (14.24)
Depressive 52.5(9.2) 52.5(9) 51.3(9.2) 53.4(8.9) 51.9 (9) 51.1(9.6) 52.1(9.4) 52.8 (9) 51.5(9)
Symptoms
Perceived Stress 25.8(7.4) 246(7.3) 24.3(7.6) 26.5 (7) 246(6.1) 23.6(6.2) 255(7.7) 246(79) 246(8.1)
Rumination 3.08 3.11 2.96 3.14 3.15 2.97 3.05 3.09 (0.9) 2.95
(0.82) (0.88) (0.66) (0.75) (0.85) (0.65) (0.85) (0.67)
Reflection 3.4(0.7) 3.42 3.36 (0.6) 3.51 3.41(0.7) 3.34 3.35 3.42 3.37
(0.67) (0.75) (0.58) (0.68) (0.65) (0.61)
Negative Affect 36.2 36.4 34.3 35(13.4) 34.5(13) 325 36.8 37.3 35.1 (13)
(12.8) (12.9) (13.1) (13.6) (12.5) (12.9)
Positive Affect 448 44.8 45.6 449 45.5 46.6 447 44.4 45.1
(12.1) (11.3) (11.1) (11.4) (11.6) (11.3) (12.4) (11.3) (11.1)
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Table 2.

Cross-sectional analysis (baseline only) linking negative self-reported psychological states to gender-specific

stimulated cytokine levels

Page 21

Full Sample Simple slopes
Men Women
g2 Cl p B b Cl p B b Cl p
D . ¢ -0.033 [-0.071,-0.010] .017 0.016 [-0.006,0.039] .154 -0.017 [-0.031,-0.002] .027
epressive symptoms
Perceived Stress -0.043 [-0.085,-0.015] .013  0.027 [-0.001,0.056] .061 -0.016 [-0.034,0.002] .084
Rumination -0.500 [-1.001,-0.209] .002 0.314 [0.052, 0.576] .020 -0.186 [-0.348,-0.023] .026
Reflection -0.206 [-0.471,0.124] .249  0.069 [-0.207,0.344] .625 -0.137 [-0.345,0.070] .197
Negative Affect -0.020 [-0.037,-0.005] .040 0.008 [-0.007,0.022] .322 -0.012 [-0.023,-0.001] .035
Positive Affect 0.024 [0.008, 0.048] .027 -0.017 [-0.035,0.0002] .055 0.006 [-0.005, 0.018]  .269
Notes:

a . - . . . . .
Represents the regression coefficient for the interaction between gender and a given negative self-reported psychological state. See supplemental

materials for full model results.

Represent the simple-slope for linking self-reported negative psychological states to stimulated cytokine levels for men and women

The cross-sectional, gender-dependent association of depressive symptoms and individual cytokines (not a composite cytokine score) was

reported previously for this sample in Majd et al., 2018
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Table 3.

Page 22

Longitudinal coupling analysis for gender-specific associations of negative self-reported psychological states
and stimulated cytokine levels.

Full Sample simple Slopesa
Male Female
B b Cl p B¢ Cl B¢ Cl
Depressive symptoms  —0.024  [-0.058, -0.004] .051  0.016 [-0.003,0.035] -0.007  [-0.021, 0.006]
Perceived Stress -0.045 [-0.075,-0.026] .004  0.031 [0.005, 0.057] -0.013  [-0.029, 0.003]
Rumination -0.375 [-0.626,-0.122] .007 0.207 [-0.023,0.437] -0.174 [-0.325, -0.024]
Reflectior -0.097 [-0.393,0.184] .551  0.002 [-0.254,0.258] -0.095 [-0.282, 0.091]
Negative Affect -0.007 [-0.021,0.007] .408  0.008 [-0.006, 0.022] 0.001 [-0.009, 0.011]
Positive Affect 0.016 [0.000, 0.034] .088 -0.015 [-0.031,0.0004] 0.001 [-0.009, 0.012]

Notes:

a. . . o Lo . .
Pvalues cannot be reliably calculated for simple slopes produced within the longitudinal coupling analyses. We encourage readers to consider the
size and direction of the confidence intervals instead.

Represents the cross-level interaction of the fixed effects of gender and negative self-reported psychological states on stimulated cytokine levels.

[ . . . . .
Represents the simple slope self-reported negative psychological states to stimulated cytokine levels for men and women.
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